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Abstract
The development of complex animal morphology requires the extremely sophisticated spatiotemporal coordination of cell behaviour and communication. Homeobox genes
encode transcription factors that are deployed in developmental processes to control the
expression of other genes in particular locations and contexts. Many homeobox genes are
highly conserved and act in similar roles between distantly-related animals that derive
from the roles of their ancestral orthologues. The way that these genes have diﬀerentially
evolved between taxa, and the eﬀect that these changes have on the development and
morphology of animals, is critical to our understanding of metazoan evolution. One particular developmental context, the regeneration of missing tissue, oﬀers a unique perspective on evolutionary developmental biology because of its relationship to ontogenic development and its surprising diversity of retention and process between animal taxa.
I examined the homeobox gene content of transcriptomes taken from the mature
and regenerating tissue of the post-anal tail of Branchiostoma lanceolatum, a well-studied
cephalochordate with a highly conserved genome, and the evolutionarily novel operculum
of Spirobranchus lamarcki, a sedentarian annelid. In S. lamarcki regeneration, a diverse
variety of homeobox genes is expressed, and the regenerative expression response is substantial. The discovery of several diﬃcult-to-classify homeobox genes lead to the substantial expansion and improvement of the classiﬁcation of a variety of homeobox genes undergoing unusual rapid and expansive evolution in the Spiralia, including dozens of TALE
and PRD class genes, a new orthology group, and a strange S. lamarcki Hox gene.
In B. lanceolatum, a similar diversity of expressed genes is observed but a milder
regenerative response. One transcriptomic sequence in particular, identiﬁed as Pax3/7, led
to the discovery that this well-studied gene has a previously unnoticed duplication in
cephalochordates. This discovery has implications for ongoing study of vertebrate and
cephalochordate neural plate border evolution.
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GENERAL INTRODUCTION

1. General introduction
1.1. Regeneration
Regeneration is the post-ontogenic replacement of damaged or severed tissues or
structures by an animal. The ability to regenerate is common amongst the Metazoa, but
displays a remarkable diversity at large and small taxonomic scales in the degree of regenerative capacity and the mechanism by which it is achieved (Brockes and Kumar 2008;
Tiozzo and Copley 2015). Some animals, like some annelid and planarian worms, are able
to regenerate complete adults from a small fraction of their bodies, while others, like adult
humans, are almost entirely incapable of regeneration beyond homeostasis of their organs.
Some animals maintain a population of pluripotent stem cells that is induced to form new
tissue while others must remodel their existing tissue. Regenerative ability is also clearly
frequently lost or diminished in taxa. These dissimilarities between animals lead to a multitude of evolutionary questions; for example, how did the capacity for regeneration evolve,
and how many times? Which common ancestors of extant taxa could regenerate, how did
they do it, and how extensively? Why do some animals lose the capacity for regeneration?
Why is there such a diversity in the regenerative mechanisms of distantly- or even closelyrelated animals?
The post-ontogenic regenerative development of a tissue or structure is analogous
if not necessarily homologous to the process that produced the original. This equivalence
poses a further question; how does the regeneration of a structure relate to its original
development? These questions fall within the purview of evolutionary developmental biology, which aims to understand how the evolution of morphological features is inﬂuenced
by the molecular mechanisms that produce them and how those mechanisms themselves
evolve.
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1.1.1.

Regeneration and ontogenesis

It is expected from a theoretical point of view that regeneration would, in some
senses, be a recapitulation of ontogenic developmental processes. It would be bizarre for
animals to have one set of developmental processes to produce the structure the ﬁrst time,
and a second unrelated set of processes to produce subsequent versions of the same structure. It is expected that the identities of the cells within the replacement structures are
the same insofar as the replacement tissue is a faithful facsimile, and that the mechanisms
for placing those cellular identities in the correct patterns to produce the structure are at
least very similar.
However, regeneration cannot be a straightforward recapitulation of the complete
ontogenic programme in four respects. Firstly, regeneration must only occur when a structure is damaged or severed, and so is likely to have an initiating signal produced by those
events that is diﬀerent to those involved in development. Secondly, there are substantial
histological diﬀerences between the embryonic tissues in which the original ontogenesis
occurs, and the tissues of a mature, injured animal; speciﬁcally, the general preponderance
of undiﬀerentiated pluri-/multipotent stem cells in the former, and their contrasting paucity in most examples of the latter. Thirdly, ontogenesis always occurs to produce a complete structure, whereas the required replacement tissues are likely to be only a portion of
the original tissues. Finally, the completed ontogenic patterning programme typically produces a juvenile structure smaller than the regenerating one, so the process may require
scaling up (although regeneration typically produces replacements smaller than the original tissue). Therefore, we expect to ﬁnd both similarity of developmental control gene
deployment and diﬀerences to the molecular mechanisms of ontogenesis caused by the
diﬀerent requirements of the two contexts.

1.1.2.

Typologies, mechanisms, & principles of regeneration

Regeneration can occur at diﬀerent levels within the body structures of animals,
and is accordingly divided into ﬁve categories (Bely and Nyberg 2010). Three of these
categories (cell, tissue, and internal organ regeneration) are relatively infrequently
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considered in regenerative studies because they are common parts of homeostatic body
maintenance, the capacities for which are present in humans. The remaining two categories, regeneration of structures like lateral appendages and tails, and the regeneration of
the whole adult body (depicted in Figure 1.1), are capacities absent from reptiles, birds,
and mammals and all vertebrates (respectively) and are the subjects of intensive research.

1.1.2.1.

Whole body regeneration

Whole body regeneration (WBR) is deﬁned as the ability to regenerate any part
of the adult body, albeit not necessarily at the same time. This ability is distributed
broadly amongst the Metazoa; the only phyla possessing only animals with a conﬁrmed
inability for WBR are those belonging to the Ecdysozoa and the Mollusca, Rotifera, Gastrotricha, and Chaetognatha (Bely 2010; Bely and Nyberg 2010).
Planarians are small ﬂatworms belonging to the phylum Platyhelminthes, in the
Spiralia (see section 1.3.2.1). They possess a very simple body plan, typiﬁed by an unsegmented, acoelomate, dorsoventrally ﬂattened body with an unusual blind-ended gut (i.e.
lacking an anus). The majority of their body is ﬁlled with solid mesenchymal tissue. Planarians exhibit a remarkable morphological plasticity, including the ability to ‘de-grow’ in
response to starvation. However, even more remarkable is their extraordinary capacity for
regeneration, which includes their ability to regrow their entire body from a small piece
of excised tissue as well as extensive anterior and posterior regeneration. Planarians, particularly Schmidtea mediterranea and Dugesia japonica, are important models of WBR.
Their regenerative capacity is attributed to a population of stem cells called neoblasts,
which are maintained throughout the adult mesenchyme, at least some of which are pluripotent (i.e. capable of producing any cell type in the adult body, sensu Frank, Plickert,
and Müller 2009; Mitalipov and Wolf 2009; & Rink 2013). Planarian regeneration is comparatively well-understood (reviewed by Agata et al., 2003; Reddien and Alvarado 2004;
Oviedo et al., 2008; Saló et al., 2009; Baguña 2012; Rink 2013; Gehrke and Srivastava
2016, and introduced in more detail below). Other Platyhelminthes and the morphologically-similar but distantly related Acoela (belonging to the Xenacoelomorpha, see section
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1.3.2) are used as outgroups and points of comparison to planarian regeneration and neoblast evolution (Gehrke and Srivastava 2016).
Polychaete annelids are another group of important models of regeneration including WBR, though many polychaetes have lost their ancestral ability to regenerate anterior
segments (see Bely 2006, 2010; Zattara and Bely 2016), meaning they are no longer capable
of whole body regeneration. Annelids also possess a population of cells called neoblasts,
but they are unrelated to planarian neoblasts and not as well understood (Myohara 2012;
Bely 2014). Annelid regeneration is introduced in more detail in section 1.3.2.3.
The Cnidaria include several established non-bilaterian models of whole body regeneration in the Hydra sp., Hydractinia sp., and Nematostella sp. (reviewed by Bode
2003; Holstein, Hobmayer, and Technau 2003; Lai and Aboobaker 2018). Hydra sp. are
capable of the remarkable feat of regenerating an intact animal from a collection of disassociated and then reaggregated cells. Cnidaria are an example of an animal that regenerates principally by remodelling its existing tissues (i.e. morphallaxis, see section 1.1.2.3).
Tunicates are of interest as models of WBR because they are the only chordates
with the capacity. Various Botryllus and Botrylloides spp. capable of WBR have been
studied in this regard (Rinkevich, Shlemberg, and Fishelson 1995; Rinkevich et al., 2007;
Voskoboynik et al., 2007; Brown et al., 2009).

1.1.2.2.

Structure regeneration

The regeneration of structures is more widespread in the Metazoa than WBR, at
least in part because animals seem to be prone to apparently lose the ability to regenerate
their anterior while retaining their posterior regenerative ability. Structure regeneration
almost always occurs along one of two main body axes; the anteroposterior (AP) axis, as
is the case with posterior regeneration, or a proximodistal (PD) axis, as is the case with
appendage regeneration. Because of the homology of the AP axis among Bilateria, but the
probably-independent evolution of appendages (see section 1.2.3) it may be preferable to
categorise regeneration into AP vs appendage regeneration.

GENERAL INTRODUCTION
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Figure 1.1. Illustration of regenerative types & mechanisms. Planes of amputation are marked with dashed red lines. Regions of cell proliferation are marked
in blue throughout; in solid blue where the cell proliferation is concentrated and in pale blue where it is diﬀuse. In epimorphic regeneration, replacement tissue is
marked in green. In morphallactic regeneration, tissue derived from remodelled original tissue and decentralised cell proliferation is marked in yellow. In serpulid
operculum regeneration, black and white dots are hypothetical landmarks in the original tissue. A-P = anteroposterior axis. PD = proximodistal axis. O-A = oralaboral axis. S. mediterranea = Schmidtea mediterranea; A. mexicanum = Ambystoma mexicanum; B. lanceolatum = Branchiostoma lanceolatum; S. lamarcki =
Spirobranchus lamarcki. Operculum illustration adapted from Szabó and Ferrier (2014).
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The most well-studied models of structure regeneration are the urodele amphibians, speciﬁcally the salamanders Notophthalmus viridescens (a newt) and Ambystoma mexicanum (the axolotl). The urodeles are the only tetrapods capable of regenerating their
limbs and tails in adulthood, although that capacity is also found in the tadpoles of frogs,
including the model species Xenopus laevis, and, in a limited sense, even the foetuses and
newborn infants of mice and humans. The mechanisms of urodele limb regeneration are
introduced further below. Other chordate models of structure regeneration include ﬁn
regeneration in the zebraﬁsh Danio rerio and tail regeneration in the cephalochordate
Branchiostoma lanceolatum, one of the two model regenerative systems used in this study
(section 1.4.1).
Annelid models of structure regeneration are generally those which have lost the
ability to regenerate anteriorly (covered in detail in section 1.3.2.3). There are also models
of annelid appendage regeneration; speciﬁcally, the segmental parapodia of Platynereis
dumerilii, and the unpaired novel head appendage of Spirobranchus lamarcki, the other
model of regeneration used in this study (section 1.3.1). There are also arthropod regenerative model organisms, including the red ﬂour beetle Tribolium castaneum (Shah, Namigai, and Suzuki 2011; Lee et al., 2013), the cricket Gryllus bimaculatus (e.g. Bando et al.,
2013), and the amphipod crustacean Parhyale haiwaiensis (Konstantinides and Averof
2014; Kao et al., 2016; Alwes, Enjolras, and Averof 2016).

1.1.2.3.

Morphallaxis & epimorphosis

The classiﬁcation of regeneration into whole-body versus structure does not describe the mechanisms of regeneration particularly usefully. One system used for this purpose are the terms ‘morphallaxis’ and ‘epimorphosis,’ which were originally a bipartite
classiﬁcation proposed by T. H. Morgan (1901). Morphallactic regeneration encompasses
those examples in which the replacement tissue was produced by the remodelling of mature
tissue from within the animal, whereas epimorphic regeneration was that in which the
replacement tissues were produced from new cells that were produced in a blastema (depicted in Figure 1.1).
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Although this distinction has proved to be enduring, it has unsurprisingly not
survived for more than a century of scholarship without its meaning evolving (Agata,
Saito, and Nakajima 2007). As classic and new models of regeneration were developed and
studied with increasingly sophisticated molecular tools, it has become apparent that few
systems fall strictly within one category or the other. For example, Hydra sp. is considered
a morphallactic system because it regenerates via the remodelling of tissues proximal to
the cut site (Figure 1.1, top right). However, cell proliferation is involved in an altered,
regeneration-speciﬁc pattern reminiscent of a blastema (Holstein, Hobmayer, and David
1991; Holstein, Hobmayer, and Technau 2003), even if regeneration can proceed without
cell proliferation (Holstein, Hobmayer, and Technau 2003). Similarly, examples of planarian (Figure 1.3, top left) and annelid posterior regeneration are considered epimorphic
because of their formation of a regenerative blastema (see below), but the expression
proﬁle of genes that specify axial identity in the original tissue changes rapidly in response
to tissue loss, as if they are being genetically if not physiologically remodelled. To describe
the hybridity of these systems, ‘morphallactic’ and ‘epimorphic’ have become adjectives
applied to speciﬁc aspects, mechanisms, and observations within the regenerative programme of animals rather than to only the programmes themselves. However, regenerative
programmes can still be categorised as broadly epimorphic or morphallactic by the presence of a blastema.

The blastema
A blastema (solid blue regions, Figure 1.1; between dashed red and blue lines,
Figure 1.2) is a region underlying the wound epithelium in which are collected populations
of undiﬀerentiated, proliferating cells in a structureless mass. In various systems the cells
comprising the blastema can be derived from stem cell populations like planarian and
annelid neoblasts, or vertebrate satellite cells (see below), or from terminally-diﬀerentiated
myoﬁber or ﬁbroblast cells from the original tissue that are induced to dediﬀerentiate and
re-enter the cell cycle in response to the wounding (see below). Although these cells are
undiﬀerentiated, they are rarely pluripotent, although a subset of planarian neoblasts are
(Tiras and Aslanidi 2016; Zeng et al., 2018). In vertebrates, blastema cells are multipotent
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but lineage-restricted (Zielins et al., 2016). Having collected the necessary population of
progenitor cells, the blastema grows, is polarised, and diﬀerentiates and patterns into the
replacement tissue. Blastemas are widely distributed amongst the Metazoa, including in
the Xenacoelomorpha (e.g. Srivastava et al., 2014), annelids, planarians, phoronids (Emig
1973), echinoderms (Dupont and Thorndyke 2007), hemichordates (Rychel and Swalla
2009), cephalochordates (Somorjai et al., 2012), amphibians, and mammals (Seifert et al.,
2015).

Figure 1.2. The regenerative blastema of B. lanceolatum. Above: Illustrative reference
of the approximate position of the photographs of the amputated post-anal tail. Below: photographs of the regenerative blastema ten days (left) and fourteen days (right) after regeneration.
The blastema is between the red dashed line (the plane of amputation) and the blue dashed
line, which indicates the blastemal-epidermal boundary. Scale bar = 250 μm. Images reproduced
with the permission of S. Blincko.

1.1.2.4.

Intercalation & progressive speciﬁcation

In addition to their work in reconsidering the deﬁnitions of epimorphosis and morphallaxis, Agata, Saito and Nakajima (2007) sought to reframe thought in regenerative
biology by suggesting a new principle that they suggested could provide a theoretical basis
for all regenerative processes; that all regeneration proceeds by a process of ‘distalization’
and ‘intercalation’. In the ﬁrst process, distalization, the identity of the tissue at or near
the plane of amputation is respeciﬁed to the most distant identity of the original tissue
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(illustrated in Figure 1.3, above). This process results in an incongruous juxtaposition of
cells with disparate axial identities that are never adjacent in intact tissues (pink line &
arrow, Figure 1.4). They postulated that this juxtaposition would induce the intercalation
of medial identities until there was no more incongruity of identity, at which point axial
patterning would be complete. This theory is cogent and was consistent with the previous
and subsequent evidence until Roensch et al. (2013) found that axial identity genes in
regenerating salamander limbs are expressed in a proximal-to-distal order rather than a
distal-to-intermediate order (i.e. they are progressively speciﬁed, Figure 1.3, below). A
reconciliation with previous studies showing early distal cell identity speciﬁcation in salamander limbs (e.g. Echeverri and Tanaka 2005) and a reconsideration of distalization/intercalation as a unifying principle has yet to be attempted.

Figure 1.3. Illustration of hypothetical intercalation and progressive speciﬁcation in the urodele limb. The proximodistal identity of the tissue is represented by a rainbow gradient where red indicates most proximal identity and blue, most distal. Pink arrow and line = incongruous juxtaposition of
proximal and distal identities.

In order to understand the evolution of developmental processes like ontogenesis
and regeneration, a widespread and fruitful approach which is integral to the ﬁeld of
evolutionary developmental biology is to study the mechanisms that orchestrate them.
These mechanisms consist of complex networks of genetic interactions controlled by speciﬁc types of gene. Among these control genes, and the speciﬁc focus of this study, are
homeobox genes, which are introduced in the next section.
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1.2. Homeobox genes
Homeobox genes are a superfamily of genes that encode a homeodomain, a DNAbinding domain usually 60 amino acids in length. The homeodomain is extremely highly
evolutionary conserved; homeodomains have been identiﬁed in almost all eukaryotic life
(Derelle et al., 2007; Mendoza et al., 2013) and within animals and plants, orthology
groups dating back hundreds of millions of years can usually be detected based solely on
the sequence of the homeodomain. Homeodomain-containing proteins usually act as transcription factors (TFs), capable of inducing or suppressing the expression of other genes
based on their ability to bind speciﬁc nearby DNA sequences and inﬂuence the transcription apparatus. This ability is utilised by cells to produce complex behaviours by the
context-dependent or spatiotemporally-speciﬁc activation of genetic toolkits. To this end,
homeodomain TFs, members of other TF superfamilies, and proteins involved in processes
like signal transduction are assembled into intricate gene regulatory networks (GRNs)
responsible for orchestrating these cellular repertoires (Davidson and Erwin 2006; Davidson and Levine 2008).
One of the most evolutionarily signiﬁcant of the abilities aﬀorded by TFs is complex embryonic development, a trait coincidental with TF repertoire complexity in embryophytes and metazoans (Mendoza et al., 2013). Homeobox genes are deployed in many
roles that are fundamental to the ability to develop, including specifying cellular positional
identity along the various body axes and controlling the proliferation and terminal diﬀerentiation of cells into their ﬁnal type. They are also implicated in the evolution of important innovations in the evolution of development, including segmentation (Chipman
2010), the head (Monsoro-Burq 2015; Kuratani, Kusakabe, and Hirasawa 2018), and
paired appendages (Gehrke and Shubin 2016; Panganiban et al., 1997). In both their most
ancient and more recently acquired roles, the involvement of particular homeobox gene
families in the GRNs responsible for making particular structures has been deeply conserved in metazoan evolution, although the precise conﬁguration of GRNs is much more
ﬂexible. This deep conservation has made it possible to detect evidence for the homologous
or independent origins of processes, features, and cell types found throughout the tree of

26

GENERAL INTRODUCTION

life, functioning as an extremely powerful tool for shedding light on the evolution of developmental processes.

1.2.1.

The homeodomain & transcription factor activity

The homeodomain is a globular domain, usually 60 amino acids in length, capable
of DNA-binding (depicted in Figure 1.4) and protein-protein interaction. It comprises
three alpha helices, the latter two of which form a helix-turn-helix motif. The homeodomain interacts with DNA via numerous contacts between the third helix and the major
groove of the DNA, while action of the unstructured N-terminal tail in the minor groove
stabilises the interaction (asterisk in Figure 1.4; Bürglin and Aﬀolter 2016; Gehring, Affolter, and Bürglin 1994). Homeodomains target with high aﬃnity a short (4-6 nucleotide)
AT-rich motif usually centred on the nucleotide phrase ‘TAAT’. The sequence of the homeodomain does aﬀect binding speciﬁcity, but not by a particularly large degree (Berger et
al., 2008; Jolma et al., 2013; Bobola and Merabet 2017). The degree to which homeodomains themselves are capable of high-aﬃnity target sequence-speciﬁc binding is not considered suﬃcient to explain the apparent speciﬁcity of homeodomain protein activity. Instead, cooperative and synergistic binding with other DNA-binding domains in the same
proteins, cooperation with other transcription factors, interaction with cofactors including
the formation of hetero- and homo- dimers and oligomers, the inﬂuence of chromatin
landscapes, and arrays of low-aﬃnity binding sites (Crocker et al., 2015) have all been
found to be necessary to achieve the speciﬁc regulation of target genes (reviewed by Bürglin and Aﬀolter 2016; Bobola and Merabet 2017).

1.2.2.

Homeobox gene evolution

The homeobox genes of modern animals are divided into orthology groups called
families, which by convention are deﬁned as the modern orthologues and paralogues of a
single homeobox gene in the common ancestor of the Bilateria (Holland, Booth, and Bruford 2007, for taxonomy, see section 1.3.2). There are also homology groups of homeobox
genes that are more taxonomically-restricted and therefore do not meet this deﬁnition,
like the Hox9-Hox14 genes of vertebrates (see section 1.4.4). In some cases these are within
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the scope of homeobox families (i.e. the vertebrate Posterior Hox genes all belong to the
Hox9-14/AbdB family), but in others (e.g. broad Hox/ParaHox homology) exist outwith
or between families. The families (and non-family homology groups) are grouped into 11
classes (ANTP, CERS, CUT, HNF, LIM, POU, PRD, PROS, SINE, TALE, and ZF),
membership of which is on the basis of broader detectible homology; in many cases, this
is on the basis of possessing other domains and domain structures; in some cases these
domains are found in non-homeobox genes (e.g. the PRD domain, zinc ﬁnger) and others,
they are found only in homeobox genes of that class (e.g. the CUT, POU, and PROSPERO
domains). Some families possess atypical homeodomain sequences (e.g. TALE, PROS).
Some classes contain only a single family (CERS & PROS).

Figure 1.4. The homeodomain in complex with DNA. Above: The isolated Pdx1 homeodomain (a Pdx/Xlox family member) in complex with DNA. The asterisk indicates the site of
the stabilising minor groove interaction of the unstructured N-terminal tail. The crystal structure was solved by Longo, Guanga and Rose (2007), and adapted from a visualisation produced
using the NGL Viewer (Rose et al., 2018) from PDB record 2H1K. Below: the sequence of the
visualised structure, with corresponding coloration of the helices. The underlying black box
indicates the 60 amino acids of the homeodomain. Grey letters outside the black box are not
part of the homeodomain.
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The earliest orthological distinction that can be made in homeobox evolution is
between typical 60 amino acid homeodomains and homeodomains with a three amino acid
extension in the loop between the ﬁrst and second alpha helix (Bertolino et al., 1995;
Bharathan et al., 1997; Burglin 1997), called a TALE (Three Amino-acid Loop Extension)
class homeodomain (Bertolino et al., 1995) or a homeobox KN domain. This variant is
found in all major eukaryotic lineages, and has been ascribed to the eukaryote ancestor
(Derelle et al., 2007; Mendoza et al., 2013); as such, analyses of the early evolution of
homeobox genes often consider TALE to be a major superfamily rather than just a class
of homeobox gene. No other orthology grouping has been found that is not restricted to
within Holozoa or plants (Figure 1.5).
Among the Holozoa, it is possible to detect orthology groups which represent the
foundations of some other major classes of (non-TALE) homeobox genes, probably including CERS, LIM, POU, and PRD (Sebé-Pedrós et al., 2011). The holozoan ancestor’s complement of possibly less than ten homeobox genes (Sebé-Pedrós et al., 2011) expanded
radically to 17-20 in the eumetozoan/demosponge ancestor, 61-62 in the cnidarian/bilaterian ancestor, and 82 in the nephrozoan ancestor (Figure 1.5) (Larroux et al., 2008). In
the ancestral metazoan, the gene proto-classes (including those above and others unique
to the Metazoa, including ANTP, SINE and HNF) were probably organised into a gigacluster. This fragmented in the lineage predating the ancestor of the Bilateria, so that the
bilaterian ancestor probably had several ANTP-class clusters; a SuperHox cluster, containing the Hox and Hox-linked genes, a related ParaHox cluster (both deriving from an
ancestral ProtoHox cluster), a possible NK cluster, containing the Nk (except Nk2.1 and
Nk2.2) and the NK-linked (NKL) genes, and an Nk2 cluster; as well as a SINE cluster and
a possible PRD cluster (Ferrier 2016).
The majority of this gene gain probably happened in the form of tandem or smallscale duplication. This mode of gene duplication would lead to the formation of clusters,
which might then be retained because of evolved constraints in the form of co-regulation
of the clustered genes (as evident in the Hox and ParaHox clusters of many modern animals). It has been hypothesised that the Hox, ParaHox and NK clusters were responsible
for anteroposterior patterning of neural, gut, and mesodermal tissues respectively in the
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bilaterian ancestor (Holland 2013). However, it is also possible that the various fragmentary clusters found in the genomes of extant animals, from which these presumptive ancestral clusters are deduced, actually represent secondary clustering produced by genomic
rearrangement and subsequently retained for the same adaptive reasons (Ferrier 2016).

Figure 1.5. Homeobox gene evolution in Eukaryota. Estimated homeobox gene number
of the most recent common ancestor of selected clades on the right is indicated with a bar chart
on the left. Homeobox classes and other signiﬁcant orthology groups are indicated when their
ﬁrst members appear in extant descendants. Cladogram topology & clade names are based on
information in Ryan et al. (2010), Shen et al. (2015), Cannon et al. (2016), Rouse et al. (2016),
Feuda et al. (2017), Hehenberger et al. (2017), Simion et al. (2017), & Paps (2018). ParaHoxozoa
is struck out because of the discovery of ParaHox genes outwith this clade. Bilaterian phylogeny
and terminology is discussed in section 1.3.2. Information concerning the evolution of homeobox
classes is derived from the following sources: CERS (Sebé-Pedrós et al., 2011); ANTP (&
Hox/ParaHox), PRD, & HNF (Ferrier 2016); LIM (Sebé-Pedrós et al., 2011; Ferrier 2016); SINE
(Ferrier 2016; Paps and Holland 2018); POU & NKL (Paps and Holland 2018); CUT, ZF, &
PROS (Larroux et al., 2008; Brauchle et al., 2018 [preprint]). Deut. = Deuterostomia; Prot. =
Protostomia.

The deep evolutionary history of the homeobox superfamily, and the dynamics
with which homeobox genes continue to evolve, is most likely intimately linked to their
association with developmental processes. Homeobox genes are underrepresented amongst
genes deriving from small-scale duplications (SSDs) and overrepresented amongst those
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deriving from whole genome duplications (WGDs) (Blomme et al., 2006; Hakes et al.,
2007; Huminiecki and Heldin 2010; Makino, Hokamp, and McLysaght 2009; Leite et al.,
2018), due to a complex plurality of mechanisms relating to the dosage balance between
the duplicate product and the rest of the genome, which is preserved by loss in SSDs but
retention in WGDs (Conant, Birchler, and Pires 2014).
Support for this notion can also be seen in homeobox evolution in animals in which
radical reconﬁguration from ancestral developmental programmes has occurred, like the
nematode Caenorhabditis elegans and the tunicate Ciona intestinalis, both of which have
a simpliﬁed morphology which they produce with an invariant cell lineage (i.e. one in
which cell fate is largely determined by its lineage, not by intercellular signalling) (Holland
and Gibson‐Brown 2003; Sulston and Horvitz 1977; Sulston et al., 1983). These animals
have undergone concomitant rapid mitochondrial genome evolution and nuclear genome
reduction, including unusual homeobox evolution; speciﬁcally, loss of some homeobox families (Hench et al., 2015; S. Wada et al., 2003) gain and rapid evolution of others (Hench
et al., 2015), fragmentation of Hox clustering (Hench et al., 2015; Ikuta et al., 2004; Spagnuolo et al., 2003), and redeployment of homeobox genes from more typical global temporal patterns into later development (Hench et al., 2015; Schep and Adryan 2013).
Homeobox gene evolution is typically highly conservative. This is particularly true
of bilaterian families, which are constrained by their mostly indispensable roles in development. However, so far there have been very few (if any) genomes to have undergone a
rigorous homeobox gene survey that lack previously-undescribed homeobox genes. Although this is doubtless to some extent an artefact of the numerical disparity between
global species richness and rigorous homeobox gene surveys, it is illustrative of the fact
that the birth of new, taxonomically-restricted homeobox genes is much more common
than the loss of established gene families, and examples can be found at every level of
taxonomy, from the mammal-speciﬁc genes (Leidenroth and Hewitt 2010) to genes that
appear in C. elegans but not in other members of the Caenorhabditis genus (Hench et al.,
2015). These genes often evolve, like the earliest homeobox genes, via tandem or smallscale duplication followed by asymmetric divergence. As divergence proceeds, signals of
detectable orthology (e.g. protein sequence, intron position, and synteny) are progressively
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lost, until the gene appears to be an orthologue- and paralogue-less orphan. Usually these
are still classiﬁable to within a homeobox class, but sometimes diverge so extremely that
they fall entirely outside known classes.

1.2.3.

Homeobox genes in axial speciﬁcation

Homeobox genes are used to mediate and integrate many types of upstream signals
and regulatory mechanisms, and innumerable target genes and networks, which together
are used to orchestrate the incredibly complex and precise spatiotemporal pattern of gene
expression required to develop a single zygotic cell into a mature animal. A complete
review of these roles is beyond the scope of this thesis, and they are mentioned below
where they are relevant to the study of evolution or regeneration. However, the roles of
homeobox genes in patterning body axes – particularly the AP and PD axes – are generally
relevant to the study of their roles in regeneration and are reviewed brieﬂy below.

1.2.3.1.

Anteroposterior patterning

One of the inaugural, most famous, and most signiﬁcant ﬁndings of evolutionary
developmental biology is the deep homology underlying AP axis patterning between all
bilaterian life. The signal of homology is found in Hox genes, the ﬁrst group of homeobox
genes to be discovered, and one with remarkable properties.
Hox genes were ﬁrst discovered in Drosophila melanogaster, an extensively-studied
dipterid ﬂy developmental model. Mutations to these genes were found to produce ‘homeotic’ phenotypes, that is, in which the complete identity of one body part was switched to
another (Garcia-Bellido and Lewis 1976; Lewis 1978). These genes were discovered to
contain the homeobox, named after homeotic mutations (Gehring 1985) and to be arranged in two clusters (Kaufman, Lewis, and Wakimoto 1980; Sánchez-Herrero et al.,
1985). Orthologues of these genes were soons found in less derived insects (Beeman 1987)
and vertebrates (reviewed by Akam 1989), and eventually in a wide variety of other animals (e.g. annelids [Snow and Buss 1994]; cephalochordates [Garcia-Fernàndez and Holland 1994]; basal ecdysozoans [Grenier et al., 1997]; planarians [Orii et al., 1999]; cnidarians
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[Finnerty and Martindale 1999]; and Xenacoelomorpha [Cook et al., 2004; Fritzsch et al.,
2008]).

Figure 1.6. The Nephrozoan Hox cluster, showing the clustering and spatial colinearity of expression in two modern model organisms and the inferred ancestral cluster. All
genes are orientated right-to-left unless otherwise indicated (white arrow). Adapted from Mallo
& Alonso (2013) and Carroll (1995), and modiﬁed per Stauber et al. (1999), Zeltser et al. (1996),
and Balavoine et al. (2002) to correct the omission of mouse HoxB13, an ancestral Hox3 and
the D. melanogaster Hox3 paralogues, and per Gaunt (2015) to show gene and cluster orientation. Top and bottom: illustrative drawings of D. melanogaster larva and M. musculus embryo
respectively, showing the regions of corresponding gene expression. ANT-C = Antennapedia
complex; BX-C = Bithorax complex; PG = paralogy group.

From these data, it became apparent that in nephrozoan animals (i.e. Protostomia
+ Deuterostomia; see section 1.3.2), Hox genes fall into seven gene families (Figure 1.6);
Hox1/lab, Hox2/pb, Hox3/zen, (i.e. Anterior Hox genes) Hox4/Dfd, Hox5/Scr, Hox68/AbdA (i.e. Medial Hox genes) and Hox9-14/AbdB (i.e. Posterior Hox genes). These
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were ancestrally arranged in a single cluster, but these have frequently become secondarily
disorganised, split, atomised (reviewed by Duboule 2007) or, in vertebrates, been duplicated fourfold followed by subsequent paralogue loss (see section 1.4.2). The evolution of
Hox gene clusters has been extensively studied (reviewed by Balavoine, de Rosa, and
Adoutte 2002; Monteiro and Ferrier 2006; Duboule 2007; Ferrier 2010; Lanfear 2010;
Moreno and Martínez 2010; Ikuta 2011; Mallo and Alonso 2013; Pascual-Anaya et al.,
2013; Gaunt 2015; Barucca, Canapa, and Biscotti 2016; Ferrier 2016; Hrycaj and Wellik
2016; Thomas‐Chollier and Martinez 2016 and others).
Hox genes are expressed along the anteroposterior axis of most bilaterian animals
in a position that corresponds to their place in the cluster (Figure 1.6); genes at the 3’
end of the cluster are expressed in the anterior, the central genes in the centre of the
developing body, and the genes at the 5’ end in the posterior. This phenomenon is referred
to as spatial colinearity. In addition, but less commonly found, the Hox cluster also exhibits temporal colinearity, in which genes are expressed in a 3’-to-5’, anterior-to-posterior
order. The taxonomic distribution of these phenomena suggests that both may have been
present in the ancestor of Nephrozoa, but their precise nature, their mechanistic basis
relative to Hox clustering and to one another, their adaptive and functional signiﬁcance,
and the forces under which they evolved and were subsequently lost, are still incompletely
understood.

1.2.3.2.

Appendage development & proximodistal patterning

Various taxa of bilaterian animals possess symmetric paired appendages, including
vertebrates, arthropods, and polychaete worms, all of which are segmented. The initiation
of the body-wall outgrowths from which these are produced, and the proximodistal polarization/axis establishment of these appendages are controlled by a set of common genes,
including the homeobox gene families Meis (a.k.a. homothorax), Pbx (a.k.a. extradenticle)
and Dlx (a.k.a. Distal-less) (Grimmel, Dorresteijn, and Fröbius 2016) in all three groups.
The paired appendages of vertebrates and arthropods are usually considered to be nonhomologous (Panganiban et al., 1997; Gehrke and Shubin 2016; Tabin, Carroll, and Panganiban 1999; Pueyo and Couso 2005; Winchell, Valencia, and Jacobs 2010; Winchell and
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Jacobs 2013; Grimmel, Dorresteijn, and Fröbius 2016), meaning that these genes were
convergently co-opted (probably as part of a GRN like the AP head axis patterning network, Lemons et al., 2010). Relationships between structures with homology of control
genes, but which do not share homologous derivation from an ancestral structure, have
been referred to as ‘deep homology’ (Shubin, Tabin, and Carroll 2009) or ‘homocracy’
(Nielsen and Martinez 2003).
Although there are similarities in the initiation of body wall outgrowths and outgrowth polarization, the proximodistal patterning of arthropods and vertebrates is dissimilar (Pueyo and Couso 2005), with the former continuing to use Meis/Pbx orthologues in
the proximal tissue and Dlx orthologues in the distal tissues (reviewed by Tweedt 2017)
and the latter using a group of signalling pathways (Delgado and Torres 2017) that eventually activate nested posterior Hox genes (Zakany and Duboule 2007; Mariani 2010).

1.2.4.

Homeobox genes in regeneration

Regeneration represents an interesting puzzle in evolutionary developmental biology because of its fascinating relationship to the ontogenesis of the same structures it
recreates (see section 1.1). Because of their anciently conserved roles relating to developmental speciﬁcation of cell fate and axial identity, homeobox genes can be a useful tool to
understand this relationship. The extent to which homeobox genes recapitulate their ontogenic roles in regeneration can be seen as a proxy for the extent to which regeneration
is a general recapitulation of ontogenesis. However, regeneration cannot be a direct recapitulation of ontogenesis because of the necessity of producing new cells in a terminallydiﬀerentiated environment, as well as in the initiation of regeneration in the event of injury
(see section 1.1.1). Homeobox genes also perform regeneration-speciﬁc roles like in wound
healing and stem-like cell maintenance and recruitment.

1.2.4.1.

Homeobox genes in adult tissue

A wide variety of homeobox genes are constitutively expressed in adult tissue,
though this type of expression is infrequently surveyed systematically. A recent study in
human tissue transcriptomes found a wide diversity of both broad (predominantly in the
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HNF, TALE, ZF and CERS classes) and tissue-speciﬁc (predominantly in the ANTP,
PRD, LIM and POU classes) expression of homeobox genes (Dunwell and Holland 2016).
In many cases, the genes ares being deployed to regulate the minutiae of cellular homeotic
function (e.g. Charest-Marcotte et al., 2010). However, in many animals, including mammals (Donoghue et al., 1992; Grieshammer, Sassoon, and Rosenthal 1992; Chang et al.,
2002; Rinn et al., 2006; Ackema and Charité 2008; referenced & reviewed by Wang, Helms,
and Chang 2009), annelids (Bakalenko et al., 2013), and planaria (Reddien 2011; Currie
et al., 2016), Hox genes are expressed in adult tissues in various conﬁgurations, where they
function to specify the axial identity of adult tissue long after their roles in developmental
axial speciﬁcation (see section 1.2.3).
The speciﬁcs of this constitutive expression vary substantially between clades. In
nereid polychaetes, Hox and ParaHox genes are expressed in gene-speciﬁc and mostly
colinear nested gradients along the AP axis, largely within the ventral nerve cord and
ectoderm (Hox) and digestive tract (ParaHox) (Bakalenko et al., 2013; M. A. Kulakova,
Cook, and Andreeva 2008). Alitta virens undergoes constant, almost life-long post-larval
growth via the posterior addition of segments, and these expression patterns shift to maintain AP proportionality as the animal elongates. There are substantial diﬀerences between
the deployment of Hox genes to pattern larval and post-larval segments (Bakalenko et al.,
2013). The planarian Schmidtea mediterranea expresses its Hox genes in both AP-axial
and radial regions, but their relationship to developmental expression is not yet known
(Currie et al., 2016).
Adult mammal ﬁbroblasts and muscle cells have an extremely stable record of
their identity in the form of the gene-speciﬁc regions of Hox expression. The diﬀerential
and combinatorial deployment of Hox genes from their four Hox clusters, (derived from
the 2R-WGD, see section 1.4.2), is thought to be suﬃcient to give positional information
in the anteroposterior, dorsoventral, and proximodistal body axes, but oddly is substantially simpliﬁed from the Hox gene code in developmental axial speciﬁcation (Wang,
Helms, and Chang 2009). The mature Hox code appears to be locked into cell lineages
epigenetically, and is resistant to change both via transplantation and ex vivo culture
(Rinn et al., 2006).
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Unfortunately, far less is known about constitutive adult homeobox expression in
urodele amphibians, the only tetrapods capable of adult limb and tail regeneration. In
axolotl, a LIM-class homeobox gene, Lmx1b, was found expressed at low levels in the
dorsal skin of the mature arm, in a region apparently analogous to its expression in limb
development. Unlike the cell-lineage stability of mammal Hox genes, expression of this
gene was reactive to ventralizing retinoic acid treatment (Satoh and Makanae 2014). The
central nervous system of the tail of the newt Pleurodeles waltl was found to express Hoxa9,
HoxC12 and HoxC13 approximately colinearly in adulthood, and upregulate these genes
strongly during its regeneration (Nicolas et al., 2003).

1.2.4.2.

Homeobox genes in wound healing

Wound healing is a complicated process in which the wound must be obstructed
to prevent the loss of blood, cleared of damaged tissue and potentially exogenous matter,
and then healed over to re-establish epidermal integrity and prevent infection. In vertebrates, several homeobox genes including members of the Hox3 (Uyeno et al., 2001; Mace
et al., 2005, 2009), Hox8 (Jain et al., 2008), Hox13 (Stelnicki et al., 1998), Msx ( Carlson,
Bryant, and Gardiner 1998; Yeh et al., 2009), and Prrx (Stelnicki et al., 1998; White et
al., 2003) families/paralogy groups have been implicated in scarless wound-healing contexts (reviewed by Kuri, Belek, and Boudreau 2011; & Kachgal, Mace, and Boudreau
2012), including in epidermal migration. The diﬀerences between wound healing with regenerative capacity and without (leading to scarring) has been associated with the expression of several of these genes (particularly Msx, reviewed by Yokoyama 2008) and other
immunological processes (Godwin and Rosenthal 2014).

1.2.4.3.

Homeobox genes in stem-like cells & blastemas

Pax3/7
In most vertebrates (Le Grand and Rudnicki 2007) and probably crustaceans
(Konstantinides and Averof 2014) and cephalochordates (Somorjai et al., 2012), a population of proliferative undiﬀerentiated cells, which derive from muscle progenitor cells, persists into the adult. In the event of tissue damage, these cells leave their quiescent state
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and start to proliferate, migrate to the wound site, and produce a substantial portion of
the cells that comprise the blastema. These cells are initially speciﬁed and stably maintained in their satellite state by the expression of members of the Pax3/7 family, a PRD
class homeobox gene. These cells can be genetically ablated in vertebrates by deleting
Pax7, a Pax3/7 paralogue (Murphy et al., 2011), and doing so is deleterious to the regenerative capacity of mice (Murphy et al., 2011; Sambasivan et al., 2011; Frederic Relaix and
Zammit 2012). Once in the blastema, satellite cells are multipotent (Asakura, Rudnicki,
and Komaki 2001) but principally contribute to the regeneration of skeletal muscle. However, Pax3/7+ satellite cells are not the principle component of all vertebrate regeneration
systems (Sandoval-Guzmán et al., 2014). Satellite cells and Pax3/7 are covered in greater
detail in Chapter 5.

Msx
Another strategy for producing undiﬀerentiated, proliferative cells to populate the
blastema is by the dediﬀerentiation of mature multinucleate myotubes proximal to the
wound site into mononucleate cells (reviewed by Frasch 2016; Wang and Simon 2016). In
both mice (Odelberg, Kollhoﬀ, and Keating 2000) and newts (Kumar et al., 2004), this
can be induced by Msx, an NK-linked ANTP-class homeobox gene, expression of which
also leads to proliferation (Odelberg, Kollhoﬀ, and Keating 2000). Dediﬀerentiated muscle
cells are a major contributor to the newt blastema (Echeverri, Clarke, and Tanaka 2001),
but their progeny seem to contribute only to the replacement muscle tissue and not other
cell types (Sandoval-Guzmán et al., 2014). The roles of Msx in initiating muscle dediﬀerentiation in regeneration is thought to be related to its developmental deployment to
inhibit diﬀerentiation of muscle progenitor cells (and various other progenitor cells, including bone and neural crest) (Hu et al., 2001; Kuwajima et al., 2004; Lee, Habas, and
Abate-Shen 2004; Brunelli and Cossu 2005; Ryoo, Lee, and Kim 2006; Han et al., 2007;
Bhatt, Diaz, and Trainor 2013).
Despite the ability to induce muscle dediﬀerentiation via ectopic Msx expression
in mice, the use of myotube dediﬀerentiation in regeneration has only been observed in
newts. However, Msx also has important and vital roles in regeneration in zebraﬁsh
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(Akimenko et al., 1995; Thummel et al., 2006), frogs (Beck, Christen, and Slack 2003;
Beck et al., 2006), and foetal and newborn mice (Reginelli et al., 1995; Han et al., 2003).
This expression is associated with its regulation by and mediation of Bone Morphogenetic
Protein (BMP) and Fibroblast Growth Factor (FGF) signalling (Beck, Christen, and Slack
2003; Beck et al., 2006; Han et al., 2003; Yokoyama 2008). In this role, Msx expression
appears in the wound epidermis (including in non-regenerative wounds) and in the blastema (Carlson, Bryant, and Gardiner 1998; Koshiba et al., 1998; Endo, Tamura, and Ide
2000; Yokoyama 2008) where it may regulate the growth of the blastema (Park, Ju, and
Kim 2009). This broader role has been related to its developmental expression in limb
buds (Lallemand et al., 2005), in the Apical Ectodermal Ridge (where present) and underlying mesoderm (Carlson, Bryant, and Gardiner 1998; Koshiba et al., 1998; Yokoyama
2008). Msx has also been described in the regenerative blastema of a cephalochordate (see
section 1.4.1 and Somorjai et al., 2012), regulating planarian neoblasts in the cephalic
blastema in concert with BMP (Mannini et al., 2008), and even in the transdiﬀerentiation
of cnidarian muscle (Galle, Yanze, and Seipel 2005), indicating that these roles may predate the vertebrate lineage.

Other homeobox genes
Prrx-1, a member of the Prrx PRD-class homeobox gene family, is expressed early
in multipotent cells in the amphibian blastema, but expression ceases in fully diﬀerentiated
cells (Suzuki et al., 2005, 2007; Satoh et al., 2011; Yokoyama 2008; Lehrberg and Gardiner
2015). It is not clear what role Prrx-1 is performing in this context, but it may relate to
its roles in patterning developing limb buds (Kuratani et al., 1994; Martin and Olson
2000).
Another gene of interest is Oct4, a paralogue of the POU class V homeobox genes,
which are restricted to vertebrates (Onichtchouk 2016). This gene acts, as part of a core
regulatory circuitry including Sox2, Klf4, c-myc and Nanog, as the ‘gatekeeper of pluripotency’ in embryonic stem cells, preventing them from diﬀerentiating away from a pluripotent state (Pesce and Schöler 2001; Boyer et al., 2005; Tantin 2013; Onichtchouk and
Driever 2016). Mature cells can be induced in vitro to form pluripotent stem cells by
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activating various Oct4-inclusive subsets of the regulatory circuit (Takahashi and Yamanaka 2006; Takahashi et al., 2007; Hanna et al., 2008; Huangfu et al., 2008; Kim et al.,
2009; Adachi and Schöler 2012). Although the Pou5 genes are restricted to vertebrates,
roles of POU homeobox genes in stem cell identity may be deeply conserved (Gold, Gates,
and Jacobs 2014), as a putative Pou4 orthologue (Gold, Gates, and Jacobs 2014) and
homologues of many up- and downstream members of the vertebrate pluripotency regulatory network were found to be involved in planarian stem cells (Önal et al., 2012) and a
putative Pou3 orthologue (Gold, Gates, and Jacobs 2014) was found to be capable of
inducing stem-ness in mature cnidarian cells (Millane et al., 2011). However, Oct4/other
POU genes are not strongly associated in the literature with pluripotency-related expression in vertebrate regeneration, even when other core pluripotency network genes were
found in newts and echinoderms (Maki et al., 2009; Mashanov, Zueva, and García-Arrarás
2014). Oct4 was found to be necessary but not upregulated in zebraﬁsh ﬁn regeneration
(Christen et al., 2010) and unnecessary for the self-renewal of adult somatic stem cells in
mice (Lengner et al., 2007). It is thought that Oct4’s limited involvement in vertebrate
regeneration is because blastemal tissues do not achieve a state of pluripotency (Christen
et al., 2010), but it is of interest to regenerative systems where pluripotent cells might be
involved.
Several other homebox genes have been found to be involved in stem cells in vertebrates; many of these are vertebrate-speciﬁc orthology groups, including Nanog/ENK
(Chambers et al., 2003; Mitsui et al., 2003; Wang et al., 2003; Booth and Holland 2004),
Hesx (Webb et al., 1993) and Rhox genes (Song et al., 2016). Hox genes also control bonemarrow-derived stem/progenitor cells in mammal cutaneous healing and homeostatic organ repair/regeneration (reviewed by Mahdipour and Mace 2011; Seifert et al., 2015; Wells
and Watt 2018). HoxA9 and HoxA13 are expressed in axolotl regeneration (Gardiner et
al., 1995; Gardiner and Bryant 1996) and HoxC10 in Xenopus (Christen et al., 2003) before
the appearance of the blastema, indicating potential roles in dediﬀerentiation or cell recruitment. HoxC10 expression has been observed in the blastema-building stage of axolotl
forelimb regeneration, even though this gene is not involved in forelimb ontogenesis
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(Carlson et al., 2001; Bryant, Endo, and Gardiner 2002). HoxC13 paralogues have been
found to aﬀect blastema size in zebraﬁsh (Thummel et al., 2007).
Various homeobox genes have been identiﬁed as distinctive of planarian neoblasts,
including two Posterior Hox genes, Pbx, Nk2.1, Meis, zeb-1, and other genes from the ZF,
CUT, and LIM classes (Önal et al., 2012; Abnave et al., 2017), of which zeb-1 has been
shown to control neoblast migration (Abnave et al., 2017)

1.2.4.4.

Homeobox genes in axial identity and patterning in regeneration

The deployment of homeobox genes to govern the axial patterning of regenerating
tissue is an area of extremely active research. The most commonly identiﬁed genes in these
roles are the Hox genes and their cofactors, TALE-class genes.

Annelids & planarians
Nereid annelids and planarians respond similarly to posterior amputation with
regards to their expression of Hox genes. In the errantian polychaete Alitta virens, Lox5,
Lox2 and Post2 (two Medial Hox genes and a Posterior one; see Chapter 3) and the
ParaHox gene Cdx respond within four hours of amputation, during the wound healing
process but long before any visible regeneration is underway (Novikova et al., 2013; Kulakova, Cook, and Andreeva 2008). Lox2 and Post2, which are in the adult constitutively
expressed in the posterior and in the experimental conditions had their entire domain of
expression excised, are re-expressed de novo in the neural tissue of the segments made
posterior-most by amputation. The expression domains of Hox2, Hox3 and Hox5 respond
within 10 hours, the former two reestablishing their expression domains at the extreme
posterior, followed by Hox7 (18 hpa) and Hox1, Hox4 and Lox4 changing only after the
appearance of new structures (Novikova et al., 2013). Diﬀerences reported in the regeneration of the related errantian P. dumerilii (Pfeifer, Dorresteijn, and Fröbius 2012) were
attributed to methodological diﬀerences by Novikova et al. (2016) but illustrate that much
is left to be discovered about annelid regenerative homeobox deployment.
In contrast, the regeneration of Capitella teleta, a member of a diﬀerent major
annelid clade (the Sedentaria – see section 1.3.2.2 and Figure 1.10), is very diﬀerent, being
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typiﬁed instead by an almost completely static Hox code, in which three Hox genes shift
their anterior expression boundary by 1-2 segments after amputation. However, similarities
of Hox3 and Post2 expression in the blastema was observed (de Jong and Seaver 2016).
Direct comparison between nereids and capitellids is rendered diﬃcult by the contrast
between the general homonomy of segments in the former and the morphological distinction between thoracic and abdominal segments in the latter.
The planarian Dugesia japonica has been observed to have a broadly similar regenerative response in Hox regulation to A. virens. Lox5 (Orii et al., 1999) and Abd-B (a
Posterior Hox gene) (Nogi and Watanabe 2001) are expressed in an anteroposterior gradient with strong expression at the posterior. When the posterior is removed, the gradient
shifts rapidly such that the new posterior is expressing Lox5 and Abd-B strongly and the
proportionality of the gradient is restored. Similarly, in the excised posterior, Lox5 and
Abd-B expression are abolished in the new anterior tissues so that the gradient is restored.
These genes are probably responding to shifts in, and mediating, Wnt/β-catenin signalling,
the deﬁning signal of anteroposterior identity in S. mediterranea (Gurley, Rink, and Alvarado 2008; Gurley et al., 2010). Data are still lacking on the expression of Hox genes in
S. mediterranea regeneration.

Vertebrates
Urodele regenerating limbs are repatterned by Meis1, Meis2, HoxA9, HoxA11, and
HoxA13 (Gardiner et al., 1995; Mercader, Tanaka, and Torres 2005; Mercader et al., 2009;
McCusker and Gardiner 2013; Nacu et al., 2013; Roensch et al., 2013; Roselló-Díez et al.,
2014, reviewed by Stocum 2017). Speciﬁcally, HoxA9, HoxA11 and HoxA13 are expressed
in a nested proximal-to-distal spatiotemporal sequence, determining the positional identity
of the blastema cells (Roensch et al., 2013), so that HoxA9+/HoxA11-/HoxA13- expression
speciﬁes the upper arm, HoxA9+/HoxA11+/HoxA13- expression speciﬁes the lower arm,
and HoxA9+/HoxA11+/HoxA13+ expression speciﬁes the foot. This proximal-to-distal
colinear pattern emerges from an earlier blastemal pattern which ‘violates’ colinearity
(Gardiner et al., 1995), but which is thought to be unrelated to patterning. HoxA11 and
HoxA13 expression has also been observed in the ‘patternless’ regeneration of juvenile
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individuals of the frog Xenopus laevis, which form a spiked blastema but are not capable
of patterning it into a replacement limb (reviewed by Suzuki et al., 2006).
Meis1 and Meis2 also contribute to the proximal identity of the limbs (Mercader,
Tanaka, and Torres 2005), under the control of retinoic acid gradients (Mercader et al.,
2009), and controlling the HoxA13 expression domain (Roselló-Díez et al., 2014). These
ﬁndings are signiﬁcant because of their substantial similarity to expression patterns observed during the developmental patterning of the limb bud. However, diﬀerences have
been observed; for example, the important limb developmental Hox and Meis regulator
and cofactor Pbx (reviewed by Capellini, Zappavigna, and Selleri 2011) does not seem to
play an important role in regeneration (Mercader et al., 2009).

Understanding the roles of homeobox genes in regenerative processes requires studying their deployment in speciﬁc organisms. The choice of these organisms is of paramount
importance because only relatively few can be selected to aid our understanding of the
evolution of the breadth of animal diversity. In this study, I have employed two animals
from distantly related phyla and with dissimilar modes of regeneration. The next two
sections introduce these organisms, their life history, morphology, evolution, regenerative
process, and genetic resources.

1.3. Spirobranchus lamarcki
Spirobranchus (formerly Pomatoceros) lamarcki is a polychaete annelid belonging
to the Serpulidae, a group of sessile tube-building worms. After its free-swimming trochophore stage, S. lamarcki settles, metamorphoses, and builds calcareous tubes on hard
substrates in the intertidal areas of European shores. From the mouth of these tubes it
extends its branchial crown, an array of tentacles used for ﬁlter-feeding and gas exchange.
When the animal perceives a threat from predation or other mechanical damage, it rapidly
withdraws its the branchial crown into the tube, plugging the mouth with a specialised
head appendage; the operculum (illustrated in Figure 1.7).
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The operculum comprises a distal cup-like structure terminating in a concave calcareous plate (bearing 0-3 central spines) which ﬁts in the circular tube mouth; and a
muscular ﬁlament or peduncle by which the cup is attached to the anterior dorsal thorax.
The cup and peduncle are separated by a groove formed by an inwardly intruding ﬂange
of cuticle and epidermis. The peduncle is approximately triangular in cross-section, contains nervous tissue, a blood vessel (Bubel 1983b), and muscle (Bubel 1983a) and is
marked by alternate bands of black and white pigmentation. The proximal edge of the
proximal-most band of black pigmentation is the site of the Easy Break Point (EBP), a
plane through the peduncle at which the animal can autotomise the appendage in the
event of distal injury (Bubel and Thorp 1985).

1.3.1.

S. lamarcki regeneration

Following autotomy or dissection at the EBP, S. lamarcki can regrow its operculum
over the course of approximately one to two weeks (illustrated in Figure 1.7, detailed in
Bubel and Thorp 1985a, 1985b; Szabó and Ferrier 2014). The process of regeneration
starts with a rapid contraction of the cut surface to minimise blood loss, followed by
healing. Within the ﬁrst 24 hours, the apices of the triangular amputation surface begin
to protrude (eventually becoming the spines of the regenerating opercular plate) and the
stump elongates. The medial region of the elongating stump swells by 1 day post amputation (dpa) and continues to grow, developing an identiﬁable rim and cup shape by 3
dpa. At this point, calciﬁcation starts to be visible at the base of the spines and continues
across the plate as it becomes more distinct in shape. The groove separating the cup and
peduncle appears at the onset of calciﬁcation and the ‘wings’ that project from the lateral
sides of the peduncle start to appear later (5 dpa). From this point on, pigmentation
appears and growth is limited to the maturation of existing structures.
The initial elongation of the peduncle stump involves little cell proliferation (Szabó
and Ferrier 2014). A rapid increase in non-regionalised cell proliferation in the presumptive
peduncle and cup regions is seen in the morphogenesis of the cup and rim regions, though
proliferation is not found in the spine, plate and rim. In late regeneration, proliferation
seems to become restricted to the wings and the edges of the peduncle from which they
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protrude. Early proliferation is restricted to the epidermis but later appears in the interior
structures (excluding cup region connective tissue). Proliferation is found to occur just
proximally to the amputation site but not elsewhere in the animal.

Figure 1.7. S. lamarcki morphology and regeneration. (a) Illustrative line drawing of S.
lamarcki adult gross morphology. The approximate location and orientation of the view presented in (b) is indicated with a grey box. Scale bar approximately 2-4 mm. (b) The morphology
of the S. lamarcki operculum. g = groove; sp = spine(s); pl = plate; w = wing; dpb = distal
pigment band; ppb = proximal pigment band. The dashed line indicates the Easy Break Point.
Scale bar approximately 1 mm. (c) Illustrative line drawings of the process of S. lamarcki
operculum regeneration, including indications of the approximate timescale (above) and morphological and cellular processes (below). The right-most three drawings are lateral views; the
rest are dorsal/ventral views. (b) adapted from Szabó (2015) and (c) adapted from Szabó &
Ferrier (2014).

S. lamarcki operculum regeneration does not employ a blastema. Substantial (and
some functionally important) regions of the replacement tissue (i.e. the spines, plate, rim,
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and connective tissue of the cup region) seem to derive from the remodelling of previously
proximal tissue with no apparent contribution from new cells (Szabó and Ferrier 2014),
and cellular proliferation is found in most developing replacement tissue other than those
deriving from the amputation surface. This regenerative process can therefore be considered classically morphallactic (see section 1.1.2.3).
The process of S. lamarcki regenerative biomineralization is also a topic of interest
(see sections 1.3.2 and 1.3.4). Growth of the plate proceeds by the emergence, growth and
eventual merging of smooth mineral tiles, which become predominantly aragonitic as regeneration proceeds (Szabó 2015).
S. lamarcki is also capable of regenerating the individual radioles of its branchial
crown within a similar timescale (Miles & Ferrier, unpublished). There is some indication
that these structures may utilise a diﬀerent regenerative process, possibly including a
blastema-like structure (Ferrier, pers. comm.). In contrast, S. lamarcki possesses a poor
capacity for posterior regeneration of abdominal segments, which proceeds very slowly,
and no capacity for anterior regeneration (Miles & Ferrier, unpublished).
A previous member of the Ferrier laboratory, Dr R. Szabó, produced a transcriptome derived from the tissues of the mature, early regenerating (2 dpa) and late regenerating (6 dpa) operculum using the Illumina HiSeq2000 platform (Szabó 2015; Szabó and
Ferrier 2015). This transcriptome is the subject of a detailed homeobox survey in the
present study.

1.3.2.

Annelid evolution, regeneration and genomics

In order to study S. lamarcki from an evolutionary developmental viewpoint, it is
necessary to contextualise it within annelid evolution and the Annelida within broader
evolutionary history. For this purpose, an overview of these histories is given below.
The Bilateria are a taxonomic group distinguished by the synapomorphy of bilateral symmetry, although some groups (e.g. the echinoderms) have secondarily partially
lost this trait. Bilaterians were previously neatly divided into two groups. The Deuterostomia, united by their developmental derivation of the anus from the blastopore and subsequent mouth development from non-blastopore cells (hence, Deutero-stomia, ‘second
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mouth’), comprises the Ambulacraria (Hemichordata + Echinodermata) and the Chordata
(Tunicata + Cephalochordata + Vertebrata). The second group, the Protostomia, are
united by the ancestral trait of producing the mouth from the blastopore (Proto-stomia,
‘ﬁrst mouth’), although some clades have deuterostomic or amphistomic development
(Harzsch, Müller, and Perez 2015). This group contains two major groups; the Ecdysozoa
(animals that grow by ecdysis), consisting of the Arthropoda, Tardigrada, Onychophora,
and several groups of worm-like animals including the Nematoda; and the Spiralia (animals with spiralian cleavage) or Lophotrochozoa (see section 1.3.2.1).

Figure 1.8. Cladogram of the taxonomic relationships of the Bilateria. Diﬃcult-toclassify taxa are marked with red lines. Bryozoa, which are diﬃcult to place and on which the
nomenclature of the Spiralia/Lophotrochozoa depend, are marked with grey lines and text. The
phyla/subphyla to which the principle model animals studied herein belong are highlighted
yellow. The two whole genome duplications in the vertebrates are marked with yellow stars;
paleopolyploidy events are not marked in other groups. The placement of the Xenacoelomorpha
is based on Cannon et al. (2016) and Rouse et al. (2016). The placement of the Chaetognatha
is based on Shen et al. (2015). The internal topology of the Spiralia is based on Luo et al. (2018);
of Ecdysozoa, on Giribet & Edgecombe (2017); and of Deuterostomes, on Putnam et al. (2008).

The neat topologies described above are complicated by the presence of several
cryptic, diﬃcult-to-classify taxa. Recent evidence suggests that the cryptic clade of Xenacoelomorpha, consisting of morphologically and phylogenetically diﬃcult-to-classify marine worms, which was previously placed in the Deuterostomia, actually belongs as the
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sister group to the Protostomia + Deuterostomia (i.e. the Nephrozoa) (Cannon et al.,
2016; Rouse et al., 2016). The Chaetognatha also defy easy classiﬁcation; they exhibit
deuterostomic development but have been consistently placed among the Protostomia
(Helfenbein et al., 2004; Helmkampf, Bruchhaus, and Hausdorf 2008; Papillon et al., 2004;
Shen et al., 2015) albeit inconsistently placed within it. The literature is currently divided
between considering them members of the Ecdysozoa (Perez, Müller, and Harzsch 2014),
members of the Gnathifera (Rotifera + Chaetognatha), in the Spiralia (Fröbius and Funch
2017), and sisters to all other protostomes (e.g. Marlétaz et al., 2006; Shen et al., 2015).
A summary of the phylogeny of the Bilateria is presented in Figure 1.8.

1.3.2.1.

The Spiralia & the Lophotrochozoa

The internal phylogeny of the Spiralia is not well-resolved. A sub-clade containing
at least the Annelida, Mollusca, Brachiopoda, Nemertea, and Phoronida and excluding
most other Spiralia is usually recovered in recent analyses (Cannon et al., 2016; Kocot et
al., 2017; Laumer et al., 2015; Luo et al., 2018; Struck et al., 2014) (see Figure 1.8) but
the deeper relationships between the other clades have not been resolved so consistently.
One particularly prominent issue is the location of the Bryozoa (synonymous with Ectoprocta), which is sometimes reconstructed as a basal or internal member of this sub-clade
(Helmkampf, Bruchhaus, and Hausdorf 2008; Laumer et al., 2015; Nesnidal et al., 2010;
Struck et al., 2014), and sometimes not (Cannon et al., 2016; Dunn et al., 2008; Hausdorf
et al., 2010; Kocot et al., 2017; Paps, Baguñà, & Riutort, 2009a, 2009b). This clade sometimes also contains the Entoprocta (Dunn et al., 2008; Struck et al., 2014).
The location of the Bryozoa is signiﬁcant because it is critical to an issue of nomenclature that is contentious in the present literature; speciﬁcally, whether the group of
non-ecdysozoan, non-chaetognath protostomes should be referred to as Spiralia or Lophotrochozoa (Figure 1.9). Halanych et al. (1995) coined the latter term to describe the group
of Bryozoa, Articulates + Inarticulates (i.e. Brachiopoda), Phoronida, Mollusca, and Annelida, without including in their phylogeny any other protostomes than arthropods (expanded to Ecdysozoa in Figure 1.9). If the other spiralian phyla belong in position A in
Figure 1.9, the Lophotrochozoa is synonymous with the Spiralia; if they instead belong in
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position B, then Lophotrochozoa are a sub-clade of the Spiralia. Many researchers refer to
the entire group as Lophotrochozoa, presumably on the basis that they accept the former
scenario. Others refer to the group as Spiralia and to Lophotrochozoa as a sub-clade, a
usage referred to by proponents of the Spiralia to as sensu stricto as opposed to the sensu
lato of the former usage. However, if there indeed is no minimal clade including Mollusca,
Annelida, Brachiopoda, Phoronida, and Bryozoa that does not also include all other spiralian animals, this usage is not any more sensu lato than that originally proposed. In this
case, the Spiralia, which was named ﬁrst (Schleip, 1929; cited in Costello & Henley, 1976),
should presumably take precedence unless it is demonstrated that the Lophotrochozoa is
a more taxonomically apt name. In this study, I have elected to refer to the entire group
as Spiralia, and to a sub-clade containing at least Mollusca, Annelida, Brachiopoda,
Phoronida, Nemertea, and Bryozoa as the Lophotrochozoa.

Figure 1.9. Cladogram illustrating the diﬃculty with
the nomenclature of Spiralia/Lophotrochozoa, reproduced and adapted from
Halanych et al.,, (1995) (in
black). Labels not included in
Figure 2 of Halanych et al.,
(1995) are marked in grey. If the
other spiralian groups (branches
in polytomy) belong in position
A, Lophotrochozoa is synonymous with Spiralia; if they belong in position B, the Lophotrochozoa is a subset of Spiralia.

1.3.2.2.

The Annelida

The Annelida are a
group of segmented worms,
which typically possess a long,
vermiform body comprised of similar (homonomous) segments terminated at the anterior
and posterior by asegmental caps of tissue. Blood vessels, a gut, and a ventral nerve cord
run the length of the body, and the latter is connected to an anterior dorsal brain. The
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trunk segments typically have lateral appendages; the chaetae (bundles of bristles), used
in locomotion and sensation, or parapodia, used in locomotion.

Figure 1.10. Cladogram of the current state of annelid phylogeny, adapted from Weigert & Bleidorn (2016). The position of species mentioned in this study are indicated; species
from which sequence material has been used are emboldened. The cladogram of the Errantia
has been omitted because of the low taxon sampling in this family. Abbreviations: P. dumerilii
= Platynereis dumerilii; A. virens = Alitta virens, H. robusta = Helobdella robusta; E. fetida =
Eisenia fetida; E. japonensis = Enchytraeus japonensis; P. leidyi = Pristina leidyi; C. teleta =
Capitella teleta; S. lamarcki and kraussi = Spirobranchus lamarcki and kraussi.

Most of the >18,000 described species of annelid belong to one of two major clades,
the Errantia, being typiﬁed by an errant lifestyle, and the Sedentaria, typically sedentary
worms (Andrade et al., 2015; Struck et al., 2011, 2015; Weigert et al., 2014) (summarised
in Figure 1.10). Previous phylogenies based on morphology and trait studies had posited
the existence of monophyletic clades of Polychaeta, annelids with many chaetae, and Oligochaeta, with few, but the latter (now understood to be a paraphyletic subset of the
Clitellata — Timm and Martin 2015) were found in phylogenetic analysis to belong to the
Sedentaria (Struck et al., 2011, 2007), making the Polychaeta also paraphyletic. Phylogenetic studies have also produced other annelid evolutionary surprises, including that the
Sipuncula and Echiura (previously considered to be diﬀerent phyla) are derived annelids
which have lost segmentation (Struck et al., 2007).
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Amongst the Sedentaria are a number of families of sessile tube-building ‘fan
worms’ that use a branchial crown of tentacles to ﬁlter-feed. The original sub-order that
united these animals, Sabellida, is now known to be paraphyletic (including, for example,
Oweniidae), but a clade of the same name containing only Serpulidae, Fabriciidae, and
Sabellidae (supported by molecular phylogenies) is now used (Bok et al., 2017). The operculum is found only in the Serpulidae, and is considered to be an evolutionarily novel
modiﬁcation of a radiole (i.e. tentacle in the branchial crown) (ten Hove and Kupriyanova
2009). Opercula are morphologically highly diverse (ten Hove and Kupriyanova 2009;
Wong et al., 2014), bearing elaborate horns, pinnules, and chitinous or calcareous reinforcement, and can be several in number, non-functional/rudimentary, or absent (ten Hove
and Kupriyanova 2009).

1.3.2.3.

Regeneration in other annelids

Unlike S. lamarcki, most annelids are competent anterior and posterior regenerators; some are capable of regenerating a complete individual from a single intact medial
segment (Bely 2006). The capacity for AP axial regeneration was very probably present
in the annelid ancestor (Zattara and Bely 2016). In typical annelid axial regeneration
(Bely 2014; Özpolat and Bely 2016), the wound is plugged rapidly by muscular contraction
before epithelial integrity is re-established. Cell migration, in most clades involving only
phagocytotic cells that aid in wound plugging, plays an important role in early wound
healing. Underlying the wound site, in concert with remodelling of associated connective
tissues, mature myotubes dediﬀerentiate to a myoblast-like form and become proliferative,
along with dediﬀerentiated cells from the ectoderm and endoderm.
These cells contribute to the growth of a blastema, which often requires the severed
ventral nerve cord and nervous input to form and are highly polar. Contributions of blastemal cells to the replacement tissues seems to be entirely restricted along germ lines;
blastemal cells from dediﬀerentiated epidermis produce the replacement epidermis and
foregut, and replacement nerve cells are produced from internalised dediﬀerentiated blastemal cells and by re-innervation from proximal nervous tissue; replacement muscle tissue
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is produced from dediﬀerentiated myoblast-like cells, blood vessels, or neoblasts (see below); and replacement endodermal cells are derived from old endodermal cells.
The blastema begins to pattern, as muscle ﬁbres grow into the blastema, re-innervation matures, and, in posterior regeneration, the segment addition zone starts generating
new segments which are added to the posterior growth zone in a process that closely
resembles accelerated normal post-embryonic segment addition. Some species also undergo
the morphallactic remodelling of existing tissues.
However, a great deal of variety exists within annelid regenerative mechanisms. In
the regeneration of most oligochaetes, for example, dissepimentary cells referred to as
neoblasts (but functionally and morphologically distinct from planarian regenerative neoblasts) almost certainly migrate to the wound site (Zattara, Turlington, and Bely 2016)
where they participate in regeneration, possibly contributing stem-like proliferative cells
to the blastema (Bely 2014; Myohara 2012; Özpolat and Bely 2016). The issue of the
regenerative role of neoblasts is still not settled, though it appears that they are more
important in asexual reproduction than regeneration (Myohara 2012). Diversity of annelid
regeneration can be more extreme; for example, two quite closely related species of sabellids were found to employ diﬀerent mechanisms for anterior regeneration, one undergoing
morphallactic tissue remodelling as well as epimorphic growth and the other using only
epimorphic processes (Licciano et al., 2012).
A huge variety of annelid species have been the subject of regenerative experiments. Among the best developed are the polychaetes Capitella teleta, P. dumerilii, (for
both of which genomes are available, see below), and Alitta (formerly Nereis) virens,
Pristina leidyi, and the oligochaete Enchytraeus japonensis. All these models perform AP
axis regeneration, which can involve the regeneration of the common annelid segmental
appendages, chaetae or parapodia. However, S. lamarcki is currently the only annelid
model of non-segmental appendage regeneration.

1.3.2.4.

Annelid genomes

The genomes of four annelid species are currently publicly available; speciﬁcally,
C. teleta (Simakov et al., 2013), the freshwater leech Helobdella robusta (Simakov et al.,
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2013), the earthworm Eisenia fetida (Zwarycz et al., 2016), and S. lamarcki (Kenny et al.,
2015). A ﬁfth, P. dumerilii, is complete but not published or publicly available (see Zantke
et al., 2014; Chou et al., 2018). I was kindly granted access by the Arendt lab for this
study.
The genomes of P. dumerilii and C. teleta are more alike those of invertebrate
deuterostome models like amphioxus – and by extension, the bilaterian/nephrozoan ancestor – than those of other groups (Ferrier 2012), including major ecdysozoan model
species. These similarities include in gene structure and orthology (Hui et al., 2009; Raible
et al., 2005) as well as in macrosynteny and in a principle component analysis (Hui et al.,
2012; Simakov et al., 2013). Although no whole genome comparison has yet been performed, S. lamarcki seems to possess a similar high degree of conservation (Takahashi et
al., 2009), although another Spirobranchus species was found to have a highly derived
mitogenome (Seixas, Russo, and Paiva 2017).
In contrast to the polychaetes, the genomes of the Clitellata are highly dynamic.
Although a principle component analysis placed the genome of H. robusta close to C. teleta
and B. ﬂoridae, signiﬁcant conservation of macrosynteny with other species was not found;
instead, H. robusta has fewer ancestral bilaterian genes, and many more novel introns
(Simakov et al., 2013). Extreme homeobox gene expansions were found between the Capitella/Clitellata ancestor and the Eisenia/Helobdella ancestor (Zwarycz et al., 2016).

1.3.2.5.

Annelid transcriptomes

A diverse selection of annelid species have been the subject of transcriptome sequencing for a variety of ecological and evolutionary applications (Altincicek and Vilcinskas 2007; Holder et al., 2013; Kenny and Shimeld 2012; Kvist et al., 2013; Mehr et al.,
2015; Neave et al., 2012; Nyberg et al., 2012; Owen et al., 2008; Riesgo et al., 2012; Zakas
et al., 2012). Among these, a transcriptome of P. leidyi regeneration is the only other
annelid regeneration transcriptome, in which were identiﬁed the homeobox genes Otx,
Hox-Z, Msx and Dlx (Nyberg et al., 2012).
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1.3.3.

S. lamarcki homeobox genes

The classiﬁcation of S. lamarcki homeobox genes began with the discovery of two
Dlx paralogues, Dlxa and Dlxb, which were found (contrary to expectations – see section
1.2.3.2) not to be involved in appendage development (McDougall 2008; McDougall et al.,
2011), and identiﬁcation of the S. lamarcki ParaHox genes (present in a single copy each),
which were found to be clustered and possibly expressed in the developing operculum
(excluding Xlox) (Hui 2008). A developmental transcriptome from 24-72 hours post-fertilization S. lamarcki trochophores allowed the positive identiﬁcation of 37 homeobox gene
sequences (including Dlxa and Cdx) and the putative identiﬁcation of 14 (including Dlxb)
(Kenny and Shimeld 2012). These included a Pax beta gene like that of H. robusta
(Schmerer, Savage, and Shankland 2009) and several diﬃcult-to-classify or divergent
genes, including Abox-like, Hmbox-like, Nk3-like, Paired-like and a TALE class gene identiﬁed as Mkx2. No comprehensive homeobox survey of the available genome (Kenny et al.,
2015) has yet been performed.

1.3.4.

S. lamarcki as a model of regeneration

S. lamarcki has several features that distinguish it as a valuable model for studying
development and regeneration. The system itself is tractable, being easy to collect on loose
rocks from shores in Europe and keep in a low-maintenance aquarium. The animals are
relatively easily extracted from their calcareous tubes, which often induces gravid animals
to spawn, making developmental work easy. Consistent and rapid experimental induction
of regeneration is also undemanding and occurs over a convenient timescale. The operculum itself is a fascinating subject for study, as an evolutionary novel non-segmental head
appendage unique to the Serpulidae (see section 1.3.2.2). It is also histologically diverse,
containing muscle, epidermis, cuticle, a blood vessel, radiolar eyes (Bok et al., 2017), and,
signiﬁcantly, the mineralised plate, a rare example of annelid biomineralization. With the
publication of the S. lamarcki genome (Kenny et al., 2015), this system is well founded for
ongoing study.
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Wide taxon sampling is vital to gain a picture of the diversity of developmental
and regenerative mechanisms broad enough to answer the questions posed in evolutionary
developmental biology. S. lamarcki is well-placed for these comparisons; as a member of
the Spiralia, a long-neglected clade which is now receiving greater attention; as a member
of the Annelida, which are important and well-established models of epimorphic axial
regeneration, and even within the Serpulidae, where interesting comparisons could illuminate developmental genetic mechanisms behind the diversity of operculum morphology.

1.4. Branchiostoma lanceolatum
Branchiostoma lanceolatum is an amphioxus (or lancelet) which lives in sandy seabeds in depths of 0.5 to 40 metres in coastal European waters. After its planktonic embryonic and larval stage, metamorphosis occurs and adults (c. 5-50 mm long) habitually
sit buried in sand with only their head protruding, ﬁlter-feeding on microalgae from the
water column. The adults produce gametes in transient lateral gonads and broadcast them
at yearly intervals (Bertrand and Escriva 2011). This lifestyle is true of all lancelets, with
some variation (symmetry of gonad development, spawning interval) except for Asymmetron inferum, which is specialised for whale-fall environments and has been found living in
these toxic sulphide-rich conditions in excess of 200 m desep (Nishikawa 2004; Kon et al.,
2007).
Amphioxus have a relatively simple body plan (depicted in Figure 1.11a), thought
to be the most conserved of extant chordates from the chordate ancestor (Bertrand and
Escriva 2011). The notochord, a rod of stiﬀ tissue against which the muscles act, runs
down the midline. Directly dorsal to this is the hollow nerve cord, which terminates with
a brain (also called a cerebral vesicle or intercalated region) and a frontal eye at the
anterior end (Wicht and Lacalli 2005) and extends to the posterior limit of the notochord.
Laterally surrounding this is segmented muscle, which runs the anteroposterior length of
the notochord. On the anterior ventrum, the animal possesses an oral cavity enclosed by
a basket of cirri. This leads into a large pharynx lined with gills and then into the digestive
tract, which terminates at the anus near the posterior. These elements (post-anal tail,
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pharynx, segmented muscle, dorsal nerve cord, and notochord) are considered synapomorphies of the Chordata although debate exists about whether some structures have
homologues in Ambulacraria (Rychel et al., 2006).

1.4.1.

B. lanceolatum regeneration

The regenerative capacity of amphioxus was ﬁrst observed in A. lucayanum in
1893 by E. A. Andrews, who described in a paragraph its strong capacity for regrowth of
the post-anal tail after amputation. Early studies of B. lanceolatum reported either the
lack (Bert 1867; Nusbaum 1905; referenced in Somorjai 2017) or paucity (Biberhofer 1906;
Probst 1930; referenced in Somorjai 2017) of regenerative capacity; in contrast, more recent studies of Branchiostoma species indicated that the genus, including B. lanceolatum,
are capable of regeneration (Bone 1992; Pegeta 1992; Silva, Mendes, and Mariano 1998;
Q. Zhang et al., 2009; reviewed by Somorjai 2017), including of the oral cirri (Kaneto and
Wada 2011). However, a systematic investigation of posterior regeneration using molecular
tools was not attempted until recently (Somorjai et al., 2012; Somorjai, Escrivà, and Garcia-Fernàndez 2012).
When the post-anal tail of a young adult amphioxus is severed, wound healing
occurs between two and seven dpa (depicted in Figure 1.12A and B, day 0 to 6, stage 0
to 1a). Swelling underlying the wound epithelium, comprised of the accumulation of connective tissues and mesenchymal cells, is visible after ten days, accompanied by fragmentation of muscle ﬁbres just proximal to the amputation plane (Figure 1.12, stage 1b). This
swelling is identiﬁable as a blastema bud by 14 dpa at the earliest (Figure 1.12, stage 2).
During this time, abundant Pax3/7-expressing cells have been observed in the blastema,
and Pax3/7 expression and Pax3/7 protein detection remains strong in the boundary
between the mature/fragmenting muscle and the blastema, and in the elongating neural
tube, until stage 3 (Figure 1.12D; Figure S6 in Somorjai et al., 2012). These cells probably
derive from a population of Pax3/7-expressing cells that are present (albeit rare) underlying the basal lamina of muscle in uninjured adult amphioxus, which are thought to be
homologous to vertebrate satellite cells (Somorjai et al., 2012). These cells are abundant
in small/young adults and decline in larger/older adults; this decline was found to be
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signiﬁcantly correlated with decline in the extent of regeneration (Somorjai et al., 2012).
Msx expression is also evident in the blastemal mesoderm and wound epithelium at stage
2 (Figure 1.12C, and Somorjai et al., 2012).
The blastema continues to develop and diﬀerentiate over the course of approximately seven days (until 21 dpa; Figure 1.12, stage 3). During this time, a neural ampulla
proceeds from the severed dorsal nerve cord, and the notochord at the amputation site
becomes ﬁlled with apparently undiﬀerentiated, stellate cells which extend into the blastema while dediﬀerentiation proceeds proximally. In the weeks following, regeneration proceeds with ongoing notochord proximal degradation and posterior extension; growth, posterior extension and lateral ﬂattening of the blastema; re-formation of the fragmented
muscle; and anteroposterior patterning of the regenerating neural tube (Figure 1.12, stage
4). By week six, the notochord and musculature have matured to the extent that they are
plainly visible, including the presence of mature muscle ﬁbres beyond the plane of amputation. Fifteen weeks after amputation, the replacement tail is diﬃcult to distinguish from
the original in form but is smaller. Amphioxus were found to lose regenerative capacity as
they age and grow (Somorjai et al., 2012) but are capable of regenerating multiple times
as juveniles (Somorjai, Escrivà, and Garcia-Fernàndez 2012).
As well as Pax3/7 and Msx, the expression of other conserved vertebrate markers
and pathways of regeneration has been observed. The transcription factor SoxB2 was found
to be expressed in the regenerating neural ampulla (stage 3, Somorjai et al., 2012),
orthologues of which are associated with neurogenic diﬀerentiation in vertebrates (Sandberg, Källström, and Muhr 2005; Whittington et al., 2015) and nematodes (Vidal et al.,
2015). The Bone Morphogenetic Protein (BMP) antagonist chordin was found to be expressed in the undiﬀerentiated notochord cells (stage 3, Somorjai et al., 2012); signiﬁcantly,
chordin is involved in embryonic notochord ontogenesis in amphioxus (Somorjai et al.,
2008; Yu et al., 2007). The signalling molecule Wnt5 was found to be expressed in a similar
spatiotemporal pattern to Msx in the blastema, (but unlike Msx, also in the notochord)
(stage 2, Somorjai, Escrivà, and Garcia-Fernàndez 2012), which is involved in regenerative
control in vertebrates (Ghosh et al., 2008; Knapp et al., 2013; Sugiura et al., 2009) and
planaria (Gurley et al., 2010). β-catenin, the nuclear actuator of canonical Wnt signalling

Figure 1.11.Cephalochordate morphology and evolution. (a) Illustrative line drawing of Branchiostoma lanceolatum, showing the major morphological
features. The dashed line indicates the plane of amputation when inducing regeneration (see section 1.4.4). Scale bar = ~2-10 mm. (b) Phylogeny showing the
timing of deuterostome divergence events with a focus on amphioxus model species. Timings marked with a dagger (†) are from Igawa et al. (2017). Timings
marked with a double dagger (‡) are from Delsuc et al. (2018). Timings marked with an asterisk (*) are from dos Reis et al. (2015). Previous estimates of the
divergence of extant cephalochordates from Yue et al. (2014) are marked with a superscript Y (Y) and a grey arrowhead and bar; and from Nohara et al. (2005)
with a superscript X (X) and a white arrowhead. MYA = million years ago; B. = Branchiostoma; A. = Asymmetron.
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Figure 1.12. Regeneration in B. lanceolatum, reproduced & adapted from Somorjai et al.,
(2012). (a) Images of post-anal tail regeneration of a small adult from amputation (day 0) to
morphological maturity (week 15), using polarized light. Dashed white line indicates the plane
of amputation. (b) Schematic summary of the process of regeneration, with approximately
cotemporal layout to (a). (c) Whole mount in situ hybridization image (left) and schematic
summary (right) of the expression of Msx in the stage 2 blastemal mesenchyme and wound
epithelium. (d) Confocal images (left & centre) and schematic summary (right) showing Pax3/7
protein (red) in degrading muscle ﬁbres (left, red arrows) and blastemal mesoderm (centre, red
arrows) In the schematic, green lines indicate myoseptal boundaries and red dots indicate
Pax3/7+ nuclei. Abbreviations: nt = neural tube; no = notochord; epi = epidermis. Scale bar
throughout = 100 μm.

and a component of adherens junctions (Bienz 2005), was found to be present in the cell
membranes (but not nuclei) of the nascent notochord region of the blastema (stage 2,
Somorjai, Escrivà, and Garcia-Fernàndez 2012). Wnt/β-catenin signalling has well-established roles in controlling regeneration in vertebrates (Kawakami et al., 2006; Yokoyama
et al., 2007; Song et al., 2015; Wehner and Weidinger 2015; Strand 2016) and planarians
(Gurley, Rink, and Alvarado 2008) (reviewed by Somorjai 2017).

1.4.2.

Deuterostome & cephalochordate evolution

The Deuterostomia are a group of animals with the synapomorphic characteristic
of the secondary developmental ontogenesis of their mouth, while the anus derives from
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the blastopore (see section 1.3.2 for the context in bilaterian evolutionary history). The
Deuterostomia comprise the Ambulacraria (Echinodermata + Hemichordata) and the
Chordata. Cephalochordata, the group comprised of all extant amphioxus, are the basalmost branching of the chordates, splitting from the Olfactores (Tunicata + Vertebrata)
about 534-583 million years ago (Figure 1.11b, Delsuc et al., 2018; Igawa et al., 2017).
Cephalochordates had traditionally been thought to be the closest relative of vertebrates
on the basis of their closer morphology (classed as the Euchordata), but molecular data
has since re-placed them as the basal-most chordate group (Delsuc et al., 2006)
B. lanceolatum is one of ﬁve commonly-studied amphioxus species. B. ﬂoridae is
(marginally) the most extensively studied and can be found on the coasts of Florida and
the Gulf of Mexico, and B. belcheri and B. japonicum are found on Asian coasts. A.
lucayanum (tentatively renamed A. pelagicum by Igawa et al. [2017]) is a more recently
studied amphioxus model, usefully placed as the most basally-branching of known extant
amphioxus genera, although complicated by the presence of cryptic species complexes
(Igawa et al., 2017). Estimates had placed the divergence of all known extant amphioxus
species at ~120 MYA (Nohara et al., 2005) or 162 MYA (Yue et al., 2014), though a more
recent estimate indicates that this event was much more recent, at 46.0 ± 5.5 MYA (Igawa
et al., 2017). Recent data on the timing of deuterostome evolution are summarised in
Figure 1.11b.

1.4.3.

Cephalochordate genomics

The Cephalochordata has one of the most dense coverages of genomic sequencing
of any major clade in the tree of life; of the approximately 30 known species (Poss and
Boschung 1996), four genomes are currently available: B. ﬂoridae (Holland et al., 2008;
Putnam et al., 2008), B. belcheri (Huang et al., 2014), B. lanceolatum (Marletaz et al., in
press), and A. lucayanum (or A. pelagicum) (Yue et al., 2016). Various analyses of the
content and organisation of the genomes have concluded that amphioxus genomes are
highly conserved from the chordate ancestor in terms of gene gain and loss, intron position
and number, non-coding elements, and other regulatory mechanisms (Holland et al., 2008;
Putnam et al., 2008; Louis, Roest Crollius, and Robinson-Rechavi 2012; Paps, Holland,
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and Shimeld 2012; Somorjai et al., 2018). Amphioxus genomes are observed to be extremely polymorphic (Holland et al., 2008; Putnam et al., 2008; Huang et al., 2014).
The conserved states of amphioxus genomes stand in contrast to the other extant
chordate sub-phyla, both of which have undergone major events in their genomic evolutionary history that have caused their substantial divergence from their reconstructed
chordate ancestor. The ancestor of vertebrates underwent two rounds (referred to as 2R)
of WGD (Dehal and Boore 2005; Putnam et al., 2008), meaning they typically have 1-4
ohnologues (i.e. paralogues originating from WGD) for every amphioxus gene. The massive
increase in genomic material in the vertebrate ancestor – and the stoichiometric constraints
that seem to have made the loss of particular types of gene, (including developmental
control genes; (Brunet et al., 2006; J. C. Davis and Petrov 2004; Roux and RobinsonRechavi 2008) deleterious (Birchler and Veitia 2012; Makino and McLysaght 2010; Xie et
al., 2016) – lead to a substantial increase in the complexity of the vertebrate genome.
Tunicates are yet more highly derived with respect to both body plan and genomic
architecture, having undergone a radical simpliﬁcation and remodelling of both, including
a departure from ancestral chordate gene repertoire, synteny, clustering, and intron
size/placement (Dehal et al., 2002; Denoeud et al., 2010; Louis, Roest Crollius, and Robinson-Rechavi 2012). Consequently, amphioxus genomes are accepted as the closest extant
genome to that of the chordate ancestor, albeit with the important caveats that it should
neither be used as a proxy for it, nor be considered ‘ancestral’ (Louis, Roest Crollius, and
Robinson-Rechavi 2012).

1.4.4.

Cephalochordate homeobox genes

Due to their positioning as the sister group to Olfactores (and because of their
previous placement as the sister group to vertebrates), the homeobox gene complement
and organisation in the cephalochordate genome have been the subject of intense study
for more than 25 years. The general picture of amphioxus homeobox evolution is a conservative one (Paps, Holland, and Shimeld 2012; Takatori et al., 2008). They possess 133
genes to the 235 found in humans and the 96 inferred in the ancestral chordate (Takatori
et al., 2008). This disparity is mostly attributable to the 2R paleopolyploidy events in
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early vertebrate evolution, but also to small-scale gains in both vertebrates and amphioxus
and losses in Olfactores and vertebrates. In contrast, no homeobox gene family thought to
be present in the chordate ancestor has been lost by cephalochordates, a pattern of conservation that is also true of other TF families (Paps, Holland, and Shimeld 2012), receptor
tyrosine kinases (D’Aniello et al., 2008), and the Wnt signalling pathway (Somorjai et al.,
2018).

Table 1.1. Summary of the homeobox gene family complement changes in the vertebrate and amphioxus lineages. Family names as used on HomeoDB (Zhong and Holland
2011). Families with duplications not described before the present study are marked with an
asterisk.

Homeobox
class

ANTP

Vertebrate
gains

Vertebrate
losses

Cephalochordate
gains

-

Abox
Bari
Msxlx
Nedx
Nk7
Ro

Ankx
Hx
Lcx

Repo

Aprd1-6

Compass
-

Ahnf
Atale
Acut
Azfh
Ahbx
Muxa
Muxb

LIM
POU
HNF
TALE
CUT
ZF

Hesx
Mix
(Pou5)
Satb
Adnp

Other

-

PRD

-

Cephalochordate
duplications
Hox9-13(15)
Evx
Mnx
Emx
Nedx
Nk1
Ventx
Pax3/7*
Uncx
Lhx2/9
Pou3
Hmbox
Irx
-

Although the cephalochordate lineage did not undergo WGD events, it has nonetheless increased its homeobox complement, both in terms of new homeobox genes without
detectible direct orthology (listed as gains in Table 1.1) and genes identiﬁable as paralogues of existing families (duplications in Table 1.1), although, because all homeodomain-containing genes (presumably) share homology, both types arose via the same mechanisms and diﬀer in the extent of sequence divergence. Expression data for amphioxusspeciﬁc homeobox genes are almost completely absent; Lcx (ﬁrst mentioned in Luke et al.,
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2003) is purported to be expressed in the developing gut, hence its name Lunchbox (G.N.
Luke pers. comm.; referenced on HomeoDB) but no published data exist on Ankx, Hx,
Aprd1-6, Ahnf, Atale, Acut, Azfh, Ahbx, Muxa or Muxb expression. The cephalochordatespeciﬁc homeobox genes and duplications are all thought to have been produced by smallscale DNA-mediated duplications, although 176 retrogenes have been found in amphioxus
(Casola and Betrán 2017; Chen et al., 2011). So far, no diﬀerences between the homeobox
gene complements of the cephalochordate species have been recorded, although the possibility is suggested by the diﬀerent chromosome counts of B. ﬂoridae (38) and A. lucayanum (34) (Holland, Holland, and Heimberg 2015). Most available evidence suggests homeobox genes (Somorjai et al., 2008) and TFs and signalling genes in general (Aldea et al.,
2015; Yong et al., 2017) are deployed in conserved domains and timings, although diﬀerences in Hox gene expression have been observed (Pascual-Anaya et al., 2012).

1.4.5.

B. lanceolatum as a model of regeneration

Cephalochordates are a well-placed and signiﬁcant model in evolutionary developmental biology. Their phylogenetic positioning as the earliest-branching chordate is ideally
placed to shed light on not only the ancestor of all chordates, but beyond that to the
deuterostome, olfactorean, and bilaterian/nephrozoan ancestors. Research on amphioxus
development and genetics has had a signiﬁcant impact on our understanding of these
nodes.
The attention of the amphioxus community is split between the four Branchiostoma species and A. lucayanum/A. pelagicum. Despite this, no species is particularly
privileged in available resources over the others; even though early scholarship was mostly
focussed on B. ﬂoridae, B. lanceolatum now has genomic and laboratory resources that
are approximately equal to its sister species, and in some cases greatly exceed it (e.g.
Marletaz et al., in press), particularly in regard to regeneration (Somorjai et al., 2012;
Somorjai, Escrivà, and Garcia-Fernàndez 2012; Dailey 2017). However, it does suﬀer some
biological disadvantages relative to other amphioxus in its slower rate of development,
which make it more diﬃcult to raise B. lanceolatum larvae through metamorphosis.
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1.5. Thesis aims and chapter overviews
Homeobox genes are a powerful evolutionary tool for the qualitative detection of
mechanistic homology because of the high degree of conservation with which they evolve
both as gene orthology groups and as participants in ancient functions and GRNs. Homeobox gene deployment is therefore useful to reveal deeply conserved mechanisms deployed
in regenerative programmes among bilaterian life, both of those that are conserved from
ancestral regenerative capacity and developmental mechanisms that are redeployed in a
modiﬁed regenerative context or recapitulated directly. For this purpose, two highly dissimilar regenerative models were chosen; namely, S. lamarcki, a protostome capable of the
morphallactic regeneration of an evolutionarily novel appendage; and B. lanceolatum, a
deuterostome capable of the epimorphic regeneration of its post-anal tail, an ancient chordate synapomorphy. Mechanistic and regulatory homology (or even homocracy) between
these two models could help illuminate the evolution of regeneration.
The aim of this thesis was initially to classify and compare the homeobox genes
deployed in the two dissimilar regenerative modes employed by S. lamarcki and B. lanceolatum. To achieve this, I analysed the homeobox content of transcriptomes of regenerative
tissues from each species. As a result of these analyses, several signiﬁcant ﬁndings of previously undescribed homeobox genes were made that warranted further investigation.
Described in Chapter 3, the survey of the transcriptomes of the mature and
regenerating operculum of S. lamarcki found several diﬃcult-to-classify homeobox genes.
To answer the questions of their orthology – normally not diﬃcult to establish, even in
spiralians – I undertook an extensive survey and molecular phylogenetic classiﬁcation of
several types of homeobox from a variety of spiralian genomes. The results of this survey
include the description of a highly divergent S. lamarcki Antp gene, the expansion and
revision of an existing system of classiﬁcation for previously-observed radiations of homeobox genes amongst the Spiralia, and the discovery of several previously-undocumented
homeobox orthology groups.
In Chapter 4, a survey of the homeobox genes present in transcriptomes of mature and regenerating post-anal tails of B. lanceolatum is performed, leading to the
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relatively uncomplicated classiﬁcation of a diverse set of homeobox genes, including several
Anterior, Medial and Posterior Hox genes. Amongst the results of the survey was a Pax3/7
sequence that more closely resembled the previously described B. belcheri sequence than
that of B. lanceolatum or B. ﬂoridae, leading to the discovery of a previously unknown
cephalochordate Pax3/7 duplication.
In Chapter 5, I describe this Pax3/7 duplication in more depth. It is observed
that Pax3/7 tandemly duplicated in the cephalochordate ancestor and diverged substantially in coding and adjacent non-coding sequence, but that the duplicates have been
retained with a very high degree of conservation since the radiation of extant cephalochordates. I also establish the paralogue-speciﬁc expression proﬁles in the early- and middevelopment of B. lanceolatum, demonstrating that the paralogues have undergone diﬀerential evolution of expression.
In Chapter 6, I relate the conserved roles of homeobox genes in other instances
of regeneration to the presence or absence of these genes in the regenerative transcriptomes
of B. lanceolatum and S. lamarcki. I also discuss the value of manual curation of genetic
data as illustrated by the analyses presented herein, and how this could be reconciled with
the problem of ever greater data availability in genome biology.
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2. Materials & Methods
2.1. Animal collection and husbandry
2.1.1.

Spirobranchus lamarcki

Adult Spirobranchus lamarcki were collected on rocks at East Sands in St Andrews
Bay, Scotland, and were maintained in the nearby aquarium at the Gatty Marine Laboratory in a ﬂow-through aquarium system at ambient temperature. The animals were not
fed apart from the adequate supply of food in the incoming seawater.

2.1.2.

Amphioxus species

Adult European amphioxus (B. lanceolatum) were collected in Argelés-sur-Mer,
France and Faro, Portugal. After transport to the Scottish Oceans Institute, St Andrews,
Scotland, the animals were kept in a semi-closed circulated aquarium at 19°C ± ~1°C.
Animals were usually kept in the sand from their collection site at an approximate depth
of 30 mm, in seawater (drawn from St Andrews Bay by the Gatty Marine Laboratory
pumps) at a depth of approximately 0.1-0.2 m. The water was constantly circulated
through UV sterilizers and reservoirs containing biological ﬁlter media (brushes, foam, and
bio-balls). The animals were kept at a density of approximately 50 animals to a small
(0.21 m x 0.21 m) tank or 200 animals to a large (0.21 m x 0.39 m) tank. The aquarium
was subjected to an artiﬁcial daytime of 13 hours using ﬂuorescent lighting.
Cultures of Isochrysis (Tisochrysis) lutea, Nannochloropsis oculata, Rhonomonas
reticulate var. reticulate (sourced from the Culture Collection of Algae and Protozoa), and
Tetraselmis sp. (sourced from Florida Aqua Farms), were grown according to the manufacturer’s instructions in Micro Algae Grow (Florida Aqua Farms), a Guillard F/2 formula,
in 1 μm-ﬁltered seawater. They were concentrated by centrifugation and re-suspended in
seawater to an optical density of approximately 100-150 absorption units at a wavelength
of 740 nm. These concentrates were introduced into the tanks at a rate of approximately
2 mL per small tank and 4 mL per large tank per day.
2 mL of GroTech Nutrimatine and Vitamino nutrient supplements and 10 drops
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of Interpret Liquifry No. 1 lipid supplement per 50 mL algal concentrate was added to the
food daily, a quantity calculated according to the manufacturer’s instructions for supplement volume per aquarium volume. Tank ﬂow-through was often stopped during feeding
(for three hours twice a day or overnight) to retain the food in the tanks for longer.
Asymmetron lucayanum adults were collected in Bimini, Bahamas. The animals
were maintained per the protocol described in Holland et al. (2015) in 25°C non-circulating
water at the Scripps Institution of Oceanography in California, U.S.A. and fed a mixture
of Isochrysis (Tisochrysis) lutea, Isocrhysis sp., Pavolva lutheri and Thalassiosira ﬂoridana. Water was changed daily. An automated artiﬁcial moon system was used to recreate
the natural lunar cycle during their 10 hour night period.
Algal cultures were prepared in the Scottish Oceans Institute by Joseph Chapman.
UK-based animal husbandry was a collective eﬀort by the present author, Dr Simon Dailey, and Dr Somorjai.

2.2. Transcriptome collection, sequencing, and assembly
2.2.1.

Spirobranchus lamarcki

S. lamarcki regenerating opercula transcriptome collection, sequencing and assembly is described fully in Szabó (2015). The process is brieﬂy described below.
Animals were gently extracted from their habitation tubes using forceps. Animals
were kept in Nunclon 4-well plates in 1 mL ﬁltered seawater (changed daily) in the dark
in an air-conditioned room at 15-18°C. Animals intended for RNA collection were kept in
ﬁltered seawater (FSW) re-ﬁltered using 0.22 μm PES syringe ﬁlters.
Animals with mature opercula were selected for morphologically perfect opercula
and general health. A scalpel was used to cut the opercular ﬁlament at the easy break
point (EBP), identiﬁable as the proximal edge of the proximal pigment band. In regenerating animals, some proximal tissue was included but minimised where possible. The opercula were gently cleaned using forceps to minimise the inclusion of debris and epibionts.
Animals that autotomised their operculum during tube extraction, cleaning or dissection
were not used for regeneration experiments.
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Samples of mature opercula (n=22) were ﬁxed immediately in RNAlater (Ambion). Non-calcifying 2 days post-operation (dpo) (n=19) regenerating opercula and calcifying 6 dpo regenerating opercula (n=24) were washed in RNAse free water and ﬁxed in
TRIsure (Bioline). RNAlater-ﬁxed samples were washed in RNAse free water and transferred to TRIsure for extraction. Extraction was performed approximately per the manufacturer’s instructions. Sample purity, concentration and integrity were estimated using a
NanoDrop and examination on 1% agarose gels. Samples were stored at -80°C.
One pooled sample of total RNA from each of the stages was submitted for Illumina HiSeq2000 sequencing at the Wellcome Trust Centre for Human Genomics, Oxford.
The resulting 3 datasets were checked for quality using FastQC and ﬁltered through
adapter removal, quality checks and 3’ end trimming using the NGS-QC Toolkit (Patel &
Jain, 2012). The datasets were combined and assembly was performed using Trinity (Grabherr et al., 2011) with a default k-mer size of 25. A protein prediction and CD-HIT/CDHIT-EST (W. Li and Godzik 2006; Fu et al., 2012) pipeline was performed to cluster the
contigs and reduce redundancy.
The regenerative transcriptomic experimental design and execution was carried
out by Dr Réka Szabó; the assembly and annotation processes were carried out by Dr
Szabó and Dr Miguel Pinheiro.

2.2.2.

Branchiostoma lanceolatum

B. lanceolatum regenerating tail transcriptome collection, sequencing and assembly
are described fully in Dailey (2017). The process is brieﬂy described below.
Animals were anaesthetised with a 2-in-50,000 emulsion of clove oil in sterile 0.22
μm FSW until unresponsive (≤5 minutes), and stored brieﬂy in fresh sterile 0.22 μm FSW.
Unresponsive animals were placed on the sterile lid of a petri dish with minimal FSW.
The posterior half of the post-anal tail was dissected away using a disposable razor blade,
removed from the plate with sterile forceps, washed in RNAse-free milliQ water, and stored
at -80°C in RNAlater (Thermo Scientiﬁc). Care was taken to amputate mature tails in
the same place between animals.
Following amputation of the mature tail, animals were placed in a fresh sterile
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0.22 μm FSW and fed for 11 days, followed by a three day starvation. After this time (14
days) the regenerating tails were excised and preserved in the same way as the mature
tails. Care was taken to amputate regenerating blastemas with as little proximal collar
tissue as possible.
Total RNA was extracted from the TRIsure-preserved samples using the manufacturer’s protocol and the non-regenerating (uncut) and regenerating RNA from 5-10 individuals each pooled for sequencing. 454 pyrosequencing was performed in the lab of Dr
Nori Satoh at the Okinawa Institute for Science and Technology, Japan.
The resulting 824,736 uncut and 645,912 regeneration-speciﬁc reads were cleaned
of adapter sequences and low quality regions with clean_reads v0.2.3 (COMAV Institute).
The assembly was performed in Newbler 2.6, incorporating <2000 base pair (bp) long
sequences from the broad developmental transcriptomic dataset generated by Oulion et
al., (2012). This assembly was processed in cd_hit_est to retain only a single example of
clusters of sequences with ≥97.5% similarity to one another, and merged with the remaining (>2000 bp) data from Oulion et al. (2012). gsMapper (v2.8) was used with default
settings to map the uncut and regenerating read sets against the transcriptome assembly
and against the genomic reference transcript set (unpublished) and the read counts were
then normalised using DESeq2.
The regeneration and RNA extraction portions of this protocol were performed
entirely by Dr Ildikó M.L. Somorjai. Processing and assembly were performed by Dr Simon
Dailey, with assistance from Dr Miguel Pinheiro.

2.3. Genomic and transcriptomic searches
2.3.1.

Tools and databases used

A complete list of the genomic and transcriptomic databases from which information was retrieved is presented in Appendix 2.1. A list of software tools used in the
course of the following analyses is presented in Table 2.1. Homeobox gene searches were
performed using appropriate components of the BLAST+ software suite, using a variety
of previously classiﬁed homeodomain and homeobox gene sequences (detailed below).
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Table 2.1. Software tools used in the following analyses.
Tool name

Versions

Publication/Company
Local software

4peaks

1.7.2

Nucleobytes

BLAST

2.4.0

Camacho et al., 2009

Bowtie 2

2.2.5

Langmead and Salzberg
2012

Read mapping

Enthought

Python scripting environment
Alignment format conversion
Phylogeny visualization
MicroRNA target prediction
Alignment editing & visualization
Nucleotide & protein sequence alignment
Maximum likelihood phylogeny

BLAST searches of the NCBI database
MicroRNA target prediction

ClustalX
FigTree
FindTar
Jalview

1.7.4.33
48
2.1
1.4.3
3.11.12
2.x

MAFFT

7.245

MEGA-Proto/CC

7.0.26

MEGA7

7.0.25

MiRanda
modelgenerator

3.3a
0.85

MrBayes

3.2.6

PHYLIP

3.695

Python

2.7

RNAhybrid

2.1.2

VISTA

-

(AVID)

-

CIPRES Science
Gateway

3.3

NCBI CDD Search

-

Canopy

NCBI Web BLAST

-

Larkin et al., 2007
Rambaut 2007
Ye et al., 2008
Waterhouse et al., 2009
Katoh and Standley
2013
Kumar et al., 2012
Kumar, Stecher, and
Tamura 2016
Enright et al., 2003
Keane et al., 2006
Ronquist and
Huelsenbeck 2003
Felsenstein 1989
Python Software Foundation
Rehmsmeier et al., 2004
Web services
Mayor et al., 2000; Frazer et al., 2004
Bray, Dubchak, and
Pachter 2003
Miller, Pfeiffer, and
Schwartz 2010
Marchler-Bauer et al.,
2011, 2015
Johnson et al., 2008

PITA

02/2017

Kertesz et al., 2007

Primer3web

0_1_simplegetseqnamesfromfasta.py
0_2_filternamesforPhyLIP.py
0_3_replaceseqsnameinMA.py

4.1.0

Koressaar and Remm
2007; Untergasser et al.,
2012
Python scripts

-

(present author)

-

(present author)

-

(present author)

Usage
Electropherogram visualization & sequence editing
Local sequence database creation and
searching

Model selection, draft NJ & ML trees
MicroRNA target prediction
Model selection
Bayesian phylogeny
Neighbour-joining phylogeny
Scripting language
MicroRNA target prediction
VISTA analysis (global DNA alignment)
Genome alignment (used by VISTA)
MrBayes web host and interface
Conserved domain search

Primer design

Retrieving sequence names from fasta
files
Filtering 10 character names for
PHYLIP input (uniqueness & length)
Replaces old sequence names with 10
character names for PHYLIP
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microVISTA.py

-

(present author)

sam2fasta.py

-

(Chang Park)

treecomparator.py +
comparatordata.py

-

(present author)

Recreate VISTA analysis on custom
alignment
Converting Bowtie output to fasta format
Maps support values from equivalent
nodes from input tree onto target input
tree

2.3.2.

Further searches in Spirobranchus

2.3.2.1.

Deep homeodomain searches

A number of S. lamarcki transcriptome sequences could not be conﬁdently placed
in canonical families. Lophotrochozoans are known to possess a variety of diﬃcult-toclassify, divergent, and non-canonical homeobox gene families in the TALE and PRD classes (e.g. Paps et al., 2015). To contribute robustly to the classiﬁcation of non-canonical
TALE class genes, BLAST searches for TALE-class homeodomains were undertaken of the
available genomes of S. lamarcki, Capitella teleta, Platynereis dumerilii, Helobdella robusta, Lingula anatina, Lottia gigantea, and Patella vulgata using as queries canonical and
non-canonical homeodomain-containing sequences from the S. lamarcki transcriptome,
from C. teleta, Crassostrea gigas, and Pinctada fucata as classiﬁed in (Paps et al., 2015),
and from Spirobranchus (formerly Pomatoleios) kraussii and Nipponacmea fuscoviridis
SPILE (Spiralian TALE) sequences retrieved from the NCBI database (Morino, Hashimoto, and Wada 2017).
Results from these searches that could not be putatively placed in a canonical
family (Irx, Meis, Mkx, Pbx, Pknox or Tgif) by sequence alignment were used as queries
to retrieve more divergent homeodomains.
These recursive searches were used in the S. lamarcki genome and regenerative
transcriptome until no new sequences were retrieved. However, due to the time-intensive
nature of these searches, complete search saturation was not attempted for all the listed
species. It is almost inevitable that the set of homeodomains found for some of these
species is incomplete, and probable that future searches using an expanded query set
and/or improved genome assemblies will identify TALE class homeodomains in S. lamarcki
that have been missed in this analysis. These sequences were aligned against canonical
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TALE homeodomain sequences from T. castaneum and Drosophila melanogaster and the
alignment used to produce neighbour-joining, maximum likelihood, and Bayesian phylogenies, the support values of which were later merged onto the Bayesian topology (see
section 2.4.6).
Similar search, alignment, and phylogenetic analyses were undertaken for PRDclass homeodomains, using as queries canonical homeodomain sequences from C. gigas, T.
castaneum and B. ﬂoridae and non-canonical homeodomain sequences from C. gigas
(PRD1, 3-9), B. ﬂoridae (Aprd1-6) and the unidentiﬁed S. lamarcki PRD-like and ‘ceh37’-like sequences. These searches were saturated much more quickly than the TALE-class
queries.

2.3.2.2.

Other homeodomain searches

To classify an Nk class S. lamarcki transcriptome sequence that could not be
placed in a canonical family, putative and previously identiﬁed Nk1-7, Msx, Tlx, and Lbx
sequences were collected from the genomes of S. lamarcki, C. teleta, P. dumerilii, H.
robusta, L. anatina, C. gigas L. gigantea, P. vulgata, Apis mellifera, D. melanogaster, T.
castaneum, and B. ﬂoridae, including Nk class sequences previously described in C. gigas
(Paps et al., 2015) and newly found in L. anatina and L. gigantea. These sequences were
aligned used to produce neighbour-joining, maximum likelihood, and Bayesian phylogenies, the support values of which were later merged onto the Bayesian topology (see section
2.4.6).
To classify a ‘Hox-like’ S. lamarcki transcriptome sequence that could not be
placed in a canonical family, putative and previously identiﬁed Hox and ParaHox sequences were collected from S. lamarcki, C. teleta, A. virens, P. dumerilii, H. robusta, L.
anatina, L. gigantea, Euprymna scolopes, Octopus bimaculoides, B. ﬂoridae, Saccoglossus
kowalevskii, Strongylocentrotus purpuratus, Nematostella vectensis, and Sycon ciliatum.
These sequences were aligned and used to produce neighbour-joining, maximum likelihood,
and Bayesian phylogenies, the support values of which were later merged onto the Bayesian
topology (see section 2.4.6).
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2.4. Phylogenetic analyses
2.4.1.

Alignment preparation

A suitable outgroup sequence was chosen and added to the alignment. Scripts were
written in Python 2.7 to automate some aspects of the data preparation, and are included
in Appendix 2.2. A unique 10-character name (veriﬁed using the 0_2_filternamesforPhyLIP.py script) was assigned to each of the sequences in the alignment
(retrieved using the 0_1_simplegetseqnamesfromfasta.py script) and a copy of
the original alignment overwritten using the 0_3_replaceseqsnameinMA.py script.
The renamed alignment was trimmed to the appropriate region in Jalview 2.x (Waterhouse
et al., 2009) (in most cases just the homeodomain) and sequences with too little sequence
coverage removed. Alignments were exported as the .phy and .nxs ﬁle formats required
by PHYLIP and MrBayes respectively using ClustalX 2.1 (Larkin et al., 2007).

2.4.2.

Model selection

The best-ﬁt matrix of amino-acid evolution for each alignment was selected using
ModelGenerator v0.85 (Keane et al., 2006) using 4 gamma categories. Where possible the
recommended matrix was used in subsequent phylogenetic analyses; where the model was
not supported, the default was used instead.

2.4.3.

Neighbour-joining analyses

Neighbour joining analyses were performed in PHYLIP 3.695 (Felsenstein 1989).
seqboot was used to produce 1000 replicates. protdist was used to analyse these, with
gamma categories if +G was recommended by ModelGenerator, with the coeﬃcient of
variation of substitution rate among positions set to the reciprocal of the square root of
the alpha value produced by ModelGenerator. Neighbour-joining trees for each of the 1000
replicates were generated in neighbor, having speciﬁed the position of the outgroup root.
Finally, a consensus tree with bootstrap support values was generated using consense,
with the trees treated as rooted.
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2.4.4.

Maximum likelihood analyses

A MEGA Analysis Options (.mao) ﬁle was prepared in the MEGA Prototyper for
a maximum likelihood analysis using 1000 bootstraps and the conditions recommended in
ModelGenerator, and run using MEGA-CC (S. Kumar et al., 2012).

2.4.5.

Bayesian analyses

Bayesian analyses were run on the CIPRES Science Gateway (Miller, Pfeiﬀer, and
Schwartz 2010), using MrBayes 3.2.6 on XSEDE (Ronquist and Huelsenbeck 2003). The
analysis was given 168 hours to run and a generation limit of 500,000,000
(ngen=500000000) but was speciﬁed to stop early (stoprule=YES) if the convergence
diagnostic fell below 0.01 (stopval=0.01). No analysis exhausted the time or generation
limit before falling below 0.01. The model and other settings recommended by ModelGenerator were speciﬁed using the lset rates= and ngammacat=, and prset aamodelpr= and statefreqpr= options.

2.4.6.

Consensus tree generation

A script was written in Python 2.7 to map the support values (bootstraps from
neighbour-joining and maximum likelihood analyses and posterior probabilities from
Bayesian analyses) from nodes on each tree to equivalent nodes (where they exist) on a
target tree. The script and a user guide/technical document is presented in Appendix 2.2.
Node equivalency is based on contents but not identity of internal nodes, so that the node
marked by the green circle in Figure 2.1 A & B is equivalent, despite not being identical.
The trees in Figure 2.1 would be encoded in the Newick (.nwk or .tree) format
as follows:
A: ((a,b),(c,d))

B: (((a,b),c),d)

The script works by extracting the contents of each set of brackets, equivalent to
each node:
A: (a,b) (c,d) (a,b,c,d)
B: (a,b) (a,b,c) (a,b,c,d)
Each node in each tree is associated with a support value. The script then performs
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a simple search of each node in the target tree against the nodes in the other two trees. If
an equivalent node is present, it takes the associated support value, and then maps back
the support values to each node in the original tree. The script is limited by its inability
to detect equivalent nodes in unrooted trees.

Figure 2.1. An example cladogram showing topological equivalence. The node marked
by a green diamond is equivalent in both cladograms, despite having a diﬀerent internal topology, because both contain sequences a, b, c, and d, and no others. The nodes marked by red
shapes are not found in both trees.

The trees were formatted, inputted and run according to the instructions in the
user guide (Appendix 2.2). The Bayesian trees were chosen as the target tree onto which
the support values were mapped.

2.4.7.

Tree visualization

Short format sequence names in the resulting trees were replaced with more informative names using a shell script to automate batches of sed commands (example
included in Appendix 2.2). The trees were opened with FigTree 1.4.2 (Rambaut 2007).
Clades in which at least one of the support values was equal or greater to 70% (i.e. 700
bootstraps or 0.7 posterior probability) were highlighted. In large trees, clades corresponding to established gene families were collapsed to aid visualisation. The trees were exported
as Scalable Vector Graphics (.svg) ﬁles and were formatted for ﬁnal presentation in LibreOﬃce Draw.
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2.5. Amphioxus genome analyses
2.5.1.

VISTA analysis

Scaﬀolds containing the Pax3/7 cluster were identiﬁed in the available amphioxus
genomes using BLAST searches and retrieved. In the case of the B. lanceolatum and B.
belcheri genomes, these were complete uninterrupted scaﬀolds (Sc0000222 and scaﬀold5,
respectively). The B. belcheri scaﬀold5 was trimmed to a 2 megabase (mb) window centred
approximately on the Pax3/7 cluster. In the B. ﬂoridae genome, the cluster is found on
two contigs (Cont4522 and 4524) placed alongside one another in scaﬀold23. In the A.
lucayanum genome, the cluster is spread over 17 small scaﬀolds. These scaﬀolds were
manually curated on the basis of comparison to the Branchiostoma genomes. Some scaffolds were found to belong inside other scaﬀolds; that is, the beginning and end of the
latter scaﬀold belong either side the former scaﬀold, presumably the result of an inaccurate
assembly. The points at which the former scaﬀolds belonged in the latter scaﬀolds were
always found to be inside regions of repeated ’N’s, (i.e. uncalled bases). These scaﬀolds
were split into two parts as part of the manual curation to allow the alignment software
to correctly place the sequences. In places where the previous manual assembly of A.
lucayanum Pax3/7a and Pax3/7b from SRA data contained more information than the
genomic scaﬀolds (i.e. where the genomic scaﬀolds stopped or started inside an exon covered by the SRA model), the genomic scaﬀold was extended using the SRA model. Other
manual changes included the reverse complementation of some sequences to bring them
all into the same orientation, and the ‘padding’ of the 5’ and 3’ end of one particularly
short scaﬀold with ’N’s to stop the alignment software ignoring it. Details of the genome
assemblies from which the scaﬀolds were taken is included in Appendix 2.1. Details of
curative changes made to scaﬀolds are included in Appendix 2.4.
Annotations were prepared denoting the positions of the Pax3/7a and Pax3/7b
exons on the B. lanceolatum Sc0000222 scaﬀold. These annotations are included in Appendix 2.4.
These data were uploaded to the mVISTA (Mayor et al., 2000; Frazer et al., 2004)
web interface (http://genome.lbl.gov/vista/mvista/submit.shtml). Because the genomes
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were in draft form (i.e. the data for B. ﬂoridae and A. lucayanum are comprised of several
scaﬀolds), the alignment was performed using AVID (Bray, Dubchak, and Pachter 2003).
The results were visualised in the VISTA web viewer.

2.5.2.

CNE region plot

The B. lanceolatum Pax3/7 cluster was used as a query in a BLAST search against
the B. ﬂoridae/A. lucayanum conserved non-coding element (CNE) database (Yue et al.,
2016) (details in Appendix 2.1). The 137 CNEs retrieved by the search were aligned to
the genomic sequence, and the coverage visualised using spreadsheet tools.

2.5.3.

'microVISTA' analysis

In an attempt to detect conservation in the non-coding regions of Branchiostoma
Pax3/7a and Pax3/7b (i.e. regions of the sequence conserved in both paralogues from the
pre-duplication pro-orthologue), a Python script (microVISTA.py, Appendix 2.2) was
written to replicate a VISTA analysis on a custom alignment. The script takes two aligned
sequences and, in a rolling window of a size speciﬁed in the script arguments, calculates
the percentage positive identity between the two alignments (a match of ’N’ or ‘-‘ does
not qualify as a positive identity). For each position in the alignment, the script produces
an integer value of its score (percent of identities in the window starting on that position)
and a binary record of whether each sequence has a gap (‘-‘) character.
The resulting output was transferred to spreadsheet software and visualised using
the graphing functions. Annotations from the VISTA analysis were used to highlight the
UTR and coding regions.
An alignment of B. belcheri Pax3/7a against Pax3/7b, each with 1 kb of 5’ and 3’
intergenic space, was prepared. Unfortunately, an alignment (MAFFT, default settings)
of the two complete loci was unable to reconstruct the gene structure, that is, several
exons in the 5’ did not align with one another. To impel the correct reconstruction, each
region was aligned with its homologous region separately: Pax3/7a 5’ intergenic sequence
was aligned against Pax3/7b 5’ intergenic sequence, Pax3/7a exon 1 was aligned with
Pax3/7b exon 1, Pax3/7a intron 1 was aligned with Pax3/7b intron 1, etc. (MAFFT,
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default settings). For the purpose of this alignment, Pax3/7a exon ‘0’ (actually exon 1)
was counted as 5’ intergenic space because of its apparent loss in Pax3/7b. These alignments were then concatenated in sequence to make a forced alignment of the two Pax3/7
loci and used as an input to microVISTA.py with a window of 75.
For comparison against expected background noise, two random alignments were
prepared. Each was a pair of randomly generated As, Gs, Cs and Ts (25,000 characters in
length). The ﬁrst was used as an input without further processing; the second was aligned
using MAFFT with default settings. Each was used as an input to microVISTA.py with a
window of 75.
Finally, an alignment was prepared using only the coding regions of B. lanceolatum
Pax3/7a and Pax3/7b, aligned whole against one another. This alignment was used as an
input for microVISTA.py with a window of 45.

2.5.4.

mRNA analysis

A search for the presence of microRNA (miRNA) binding sites in the 3’ UTR of
Branchiostoma Pax3/7a and Pax3/7b was undertaken but not completed, using a methodology adapted from Candiani et al. (2011).
The sequences of the 3’ UTRs of the Pax3/7 genes of B. lanceolatum, B. ﬂoridae,
and Mus musculus were collected. The original B. lanceolatum transcriptomic Pax3/7b
contig contains a 1139 bp 3’ UTR, and BLAST searches of this region and the 3’ sequence
from the B. lanceolatum genome against the unassembled reads from the regenerative
transcriptome or against a B. lanceolatum developmental sequence read archive (accession
number SRR2057056) did not produce evidence for extending this sequence. An alignment
with the B. ﬂoridae genome was used as a basis to predict the extent of the B. ﬂoridae
Pax3/7b 3’ UTR.
The published B. ﬂoridae Pax3/7(a) sequence (accession number EEN66816.1)
contains a 380 bp 3’ UTR. An alignment with the B. lanceolatum genome was used as a
basis for the prediction of the extent of the B. lanceolatum Pax3/7a 3’ UTR.
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The 3’ UTRs for M. musculus Pax3 and Pax7 were taken from mRNA sequences
retrieved from the NCBI database; Pax3 transcript variant 1 (NM_008781.4) (2041 bps)
and Pax7 (NM_011039.2) (2706 bps).
A fasta format mature microRNA library for B. lanceolatum was produced from
Zhou et al. (2012), Table S1, by concatenating the ﬁrst, second, sixth, and seventh columns
(Name, Scaﬀold, Mature_start_position, and Mature_end_position, respectively) into
fasta sequence names for the sequences in the eighth column (Mature_sequence). A mature microRNA library for M. musculus was downloaded from miRBase (Kozomara and
Griﬃths-Jones 2011). Details of both databases are included in Appendix 2.1.

Table 2.2. Settings used in in silico microRNA target prediction tools, after Candiani
et al. (2011).

Parameter

Arg
miRanda
Gap opening penalty
-go
Gap extension penalty
-ge
Score threshold
-sc
Energy threshold
-en
Scaling parameter
-scale
RNAhybrid
ΔG
-e
Seed 2 to 8
-d
FindTar
Loop score
-loop
ΔG
-energy

Value

Unit

-8
-2
60
-20
2

kcal/mol
-

-20
2,8

kcal/mol
-

15
-15

kcal/mol

MicroRNA target sites were putatively accepted on the basis of prediction by any
three of four in silico prediction tools used in this analysis; namely, miRanda (Enright et
al., 2003), RNAhybrid (Rehmsmeier et al., 2004), FindTar (Ye et al., 2008), and PITA
(Kertesz et al., 2007). Where possible, this analysis used parameters consistent with Candiani et al. (2011). A summary of the parameters and the command line arguments used
is given in Table 2.2. For PITA, only hits with an energetic score (ddG) <-10 were considered to be signiﬁcant.
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The predictions were compared, and instances where hits were predicted within
an approximately 20 bp window by at least three of the four tools were selected for manual
inspection. MiRanda, RNAhybrid and FindTar produce alignments of the predicted target/miRNA binding, and these were compared for consistency. Where all three alignments
predicted identical or very similar targets and binding conﬁgurations, the hit was considered a robust candidate. Where only two of the alignment-reporting tools produced a hit,
or one of the three contradicted the others, the match was considered a tentative candidate. If all predicted alignments contradicted one another, the hit was rejected.

2.6. Laboratory techniques
2.6.1.

Spawning and embryo husbandry

Gravid Branchiostoma lanceolatum adults were collected near Argelés-sur-Mer,
France, and maintained in the Scottish Oceans Institute per Section 2.1.2 for at least a
month before spawning was induced. Spawning was induced at or near peak gravidity
following the protocol of Fuentes et al., (2007). Gamete type and maturity was determined
under a dissecting microscope and individuals chosen based on their sex. Chosen individuals (usually 5-10 animals of each sex) were placed in 0.22 μm FSW at 16.5°C and incubated in a water-bath at 22°C for 28-32 hours. The end of the heat shock was timed to
shortly precede the end of the aquarium artiﬁcial daylight hours. Animals were transferred
to disposable plastic cups containing approximately 40 mL of fresh room-temperature
(18°C) FSW and placed in absolute darkness. The cups were inspected at hourly intervals
under monochromatic red light, with care taken to ensure the animals were not exposed
to other light sources. Animals were removed from the darkness when they had spawned
or after approximately six hours.
Sperm were decanted into 50 mL Falcon tubes and rested on ice. Eggs were poured
into Petri dishes, the surface of which had been abraded with kitchen scourers to prevent
embryo adhesion, and which had afterwards been rinsed. The eggs were divided such that
one female that had completely emptied a full set of gonads produced six plates, to which
was added fresh FSW to a depth of ~5 mm. The viability of the sperm of each male was
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tested in scratched mini Petri dishes by applying a drop of sperm to approximately 10-20
eggs and monitoring the fertilization for abnormalities in progression and chorion shape.
Sperm that took longer than a few minutes to produce visible choria or that produced
wrinkled choria were excluded from subsequent fertilizations. Three drops of viable sperm
were applied to each plate, which was agitated gently to mix. All gametes were either
poured or handled with micropipettes, using tips from which the last ~5 mm had been
cut. The plates were inspected after a few minutes to verify that fertilization was proceeding normally. The fertilization time and parent identities were recorded on the lids of each
plate. Notes were also made on plates of eggs that took longer than a few minutes to
produce visible choria or that produced wrinkled choria.
The plates of developing embryo were incubated in darkness at 19°C. At this
temperature, after approximately 16 hours post fertilization (hpf), the embryos hatch from
their choria by releasing a hatching enzyme. Continued exposure to hatching enzyme and
overcrowding can be detrimental to the continuing development of the embryos, so each
plate of embryos was divided into two fresh plates and the water partially replaced with
fresh FSW after hatching.
Development of the embryos and larvae was monitored with reference to the staging described in Hirakow and Kajita (1991, 1994) with modiﬁcations from Zhang et al.,
(2013). Animals were ﬁxed at a variety of developmental stages from 4 cells to L2 (see
section 2.6.2).
Asymmetron lucayanum adults, maintained per section 2.1.2, spawn of their own
accord 1-2 days before the new moon (N. D. Holland, Holland, and Heimberg 2015). On
these days, gravid males and females were identiﬁed, separated into Petri dishes of FSW
+ 100 μg/mL penicillin, and left in the dark with checks at 1.5 hourly intervals. After the
spawning, the sperm and eggs were treated and fertilization executed as above. Developing
embryos were incubated at 25°C but otherwise treated as above. Embryos and larvae were
ﬁxed as described in section 2.6.2.
B. lanceolatum spawning and embryonic husbandry were carried out in collaboration with Drs Dailey and Somorjai using animals collected by Dr Somorjai and F. Alier
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Pous. A. lucayanum spawning, embryonic husbandry, and ﬁxation were performed entirely
by Dr Somorjai.

2.6.2.

Material ﬁxation

Fertilized eggs, embryos and larvae were staged according to Hirakow and Kajita
(1991, 1994) with modiﬁcations from Zhang et al., (2013). At the desired stage, the samples were concentrated in their plates by swirling or using a 40 μM cell ﬁlter. They were
then transferred in a minimal volume of FSW to screw-top vials, to which were added as
much fresh, RNAse free 4% PFA in MOPS salts (0.1M MOPS, 2mM MgSO4, 1mM EGTA,
& 0.5M NaCl, prepared per Appendix 2.3) as possible. The PFA was partially replaced
after a few minutes to maximise ﬁnal PFA concentration and the tube transferred to 4°C
for an overnight (~16 hour) ﬁx.
After the ﬁxation step, tubes of embryos were washed 3 times in chilled RNAsefree 70% ethanol (handled with nuclease-free ﬁlter micropipette tips) and stored at -20°C
until the whole mount in situ hybridization experiment (section 2.6.4).

2.6.3.

Cloning and probe synthesis

B. lanceolatum embryos were ﬁxed at a variety of developmental stages using TRIsure (Bioline). A. lucayanum embryos were ﬁxed in RNAlater (Invitrogen) and transferred
to TRIsure. RNA samples from both were extracted using the TRIsure supplier’s protocol.
Oligo(dT) primers were used with the Tetro cDNA Synthesis kit (Bioline) to produce
cDNA libraries.
Gene-speciﬁc primers were designed using the Primer3 online interface (Koressaar
and Remm 2007; Untergasser et al., 2012) using template sequence from the B. lanceolatum transcriptome (primer sequences are presented in Table 2.3). The initial B. lanceolatum Pax3/7b amplicon included regions with high nucleotide sequence similarity between
Pax3/7a and Pax3/7b. Therefore, a second amplicon containing only the divergent 3’ region was cloned from cDNA using a second primer pair. A pre-existing B. lanceolatum
Pax3/7a clone prepared by Somorjai et al., (2008), also containing the 5’ regions of strong
similarity, was similarly used as a template for a Pax3/7a 3’ sub-clone. These 3’ sub-clones
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were necessary to achieve paralogue speciﬁcity in the in situ hybridisation probe. In Asymmetron, both probe templates were cloned directly from the cDNA.
Polymerase chain reactions (PCRs) were performed using BIOTAQ kits (Bioline)
according to the manufacturer’s instructions. The particulars of each reaction are recorded
in Table 2.4. Apart from variables presented in Table 2.4, all reactions were prepared on
ice with 2.5 μL 10x NH4 buﬀer and 0.25 μL 100 mM dNTP mix per 25 μL reaction. The
PCR program was begun with a pre-heated lid and an initial denaturation step of 95°C
for 05:00 minutes, followed by 36 cycles of 95°C for 00:30, reaction-speciﬁc temp for 00:30,
and 72°C for 00:45. A ﬁnal extension step was carried out at 72°C for 06:00 and the tubes
suspended at 6°C until storage at 4°C or -20°C.
PCR products were inspected using agarose gel electrophoresis. Gels were prepared
with 1% agarose in 1x TAE buﬀer with ethidium bromide at approximately 0.5 µg/ml.
Samples were mixed with loading dye to 1x ﬁnal concentration and loaded alongside 4 μL
of Bioline Hyperladder 100bp+ (concentration as supplied). Gels were placed in standard
electrophoresis tanks and subjected to 100 V for 30-50 minutes. Gels were visualised and
photographed in a UVP GelDoc-IT ultraviolet (UV) gel doc. Bands matching the predicted size were excised under UV transillumination with a fresh disposable razor blade
and the amplicons were extracted using the Isolate II column puriﬁcation kit (Bioline).

Table 2.3. Primers used to clone Pax3/7a and Pax3/7b amplicons from Branchiostoma
lanceolatum cDNA (Pax3/7b large clone and Pax3/7a and Pax3/7b probes), Asymmetron lucayanum cDNA (Pax3/7a and Pax3/7b probes) and the pGEM-T vector into which the amplicons
were ligated (Universal M13)

Target
Pax3/7a (long)
Pax3/7a (probe)
Pax3/7b (long)
Pax3/7b (probe)
Universal M13

Forward primer

Reverse primer

(Somorjai et al., 2008)
CTGGAGGAAGCAGCAGGG

GCCCAGTCCGTTCACCAA

GAAGACGGAGAGAAGAAACGGT
CTTCAACCACCTGCTACCCA

CCCGTACTGATAGGTGTCCATG
CCCGTACTGATAGGTGTCCATG

GTAAACGACGGCCAGT

AACAGCTATGACCATG

Amplicon
position
303-1144
774-1095

Amplicon
length
842
322

463-1275

813

780-1275

496

n/a

n/a
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Table 2.4. PCR conditions used to produce various gene amplicons from Branchiostoma lanceolatum cDNA and probe templates from miniprepped plasmid.

Reaction
Pax3/7b (long)
Pax3/7a (sub-clone)
Pax3/7b (sub-clone)
M13 probe template

Annealing
temp. (°C)
54
54
54
58

Vol (μL) per 25 μL reaction
MgCl2

Taq

Template

1.0
1.0
1.0
1.0

0.25
0.25
0.25
0.25

0.5
0.25
0.25
0.5

Primers
(each)
0.5
2.5
2.5
0.5

The amplicons were ligated into pGEM-T Easy vector (Promega) overnight at 4°C
according to the manufacturer’s instructions, and transformed into the XL10-Gold (Stratagene) competent Escherichia coli cell strain using the following heat shock protocol.
Standard microbiological sterile technique was observed throughout. Cells were stored
long-term in buﬀer at -80°C in 50 μL aliquots. Aliquots were defrosted on ice and the
ligation reaction mix added and mixed in by gentle ﬂicking. After 10 minutes, the tubes
were shocked at 42°C for 45 seconds before being returned to ice for 2 minutes. 200 μL of
room-temperature LB broth was added and the tube rotated at 37°C for 15 minutes. The
resulting transformed bacteria were spread on agar plates containing 50 μg/mL ampicillin
and coated with 4 μL of 200 mg/mL IPTG, 40 μL of 20 mg/mL X-galactose and 10 μL of
100 mg/ml ampicillin. The plates were sealed with Paraﬁlm and incubated for 16 hours
at 37°C, after which time bacteria which have been successfully transformed with a plasmid containing the amplicon were visible as white colonies.
Selected white colonies were picked with a sterile ﬁlter tip and cultured overnight
with rotation at 37°C in 6 mL of LB broth containing 50 μg/mL ampicillin. These colonies’
vectors were also veriﬁed as containing a single copy of the correct amplicon using colony
PCR with M13 primers and gel electrophoresis. 750 μL of these cultures was thoroughly
mixed with 250 μL 80% sterile glycerol in H20 in screw-top phials by vortexing, snapfrozen in liquid nitrogen, and placed at -80°C for long-term preservation of the stock.
Plasmids were extracted from the remaining culture using peqGOLD (Peqlab) or Promega
plasmid miniprep kits using the manufacturer’s protocol and the amplicons were sequenced
using Universal M13F or M13R primers (Table 2.3) at the University of Oxford Zoology
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Sequencing Service for veriﬁcation. The chromatograms were inspected and corrected in
4peaks (nucleobytes) and the sequences were veriﬁed by alignment in Jalview 2.x (Waterhouse et al., 2009).
Templates for antisense probe synthesis were produced using PCR with M13 primers (Table 2.3 &Table 2.4). Bands were veriﬁed using agarose electrophoresis. The template was precipitated out of the reaction mixture by mixing with 0.1 volumes of sodium
acetate (3M, pH 5.2) and 2.5 volumes of ethanol per 1 volume of original solution. The
mix was left at room temperature for 20 minutes or at -20°C overnight (~16 hours), and
then centrifuged at 4°C and 13 G for 40 minutes. The liquid was removed, taking care not
to disturb the almost invisible DNA pellet. The pellet was washed with 100 μL of 70%
ethanol in H20 and the centrifugation repeated for 20 minutes. The wash was removed as
completely as possible and the pellet air-dried, ideally for no longer than 15 minutes. The
DNA was resuspended in dH20 and quantiﬁed using a Nanodrop.
T7 enzyme was used to transcribe DIG-labelled (Roche) antisense probes (appropriate to their orientation in the vector) in vitro. A volume containing 500 ng to 1 μg of
template was added to 4 μL of 5x transcription buﬀer or 2 μL of 10x transcription buﬀer
(Thermo Scientiﬁc), 1 μL of RNAse inhibitor (RNAsin), 2 μL DIG labelling mix (Roche),
2 μL of appropriate RNA Polymerase (Thermo Scientiﬁc), and a volume of RNAse-free
H20 to a ﬁnal volume of 20 μL. The mix was prepared on ice and incubated at 37°C for 3
hours. Probe puriﬁcation was performed by precipitation as above for template puriﬁcation, but using dedicated RNAse-free solutions. Probes were inspected on an agarose gel
as described above, mixed 1:1 with in situ hybridisation buﬀer (prepared per Appendix
2.3) to improve stability, and stored at -20°C.

2.6.4.

Whole mount in situ hybridization

Whole mount in situ hybridisation was performed as previously reported (Somorjai
et al., 2008; Dailey et al., 2016) with the protocol detailed below. Stock reagents were
prepared per Appendix 2.3, which also includes a condensed protocol. The protocol is
described in brief below.
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2.6.4.1.

General protocol

Care was taken during the preparation and ﬁrst day of the protocol to avoid contaminating the material and reagents with RNAses, which could degrade the antisense
probes and their mRNA targets. Precautions included thorough cleaning of the work area,
micropipettes and microscope in use, the maintenance of uncontaminated gloves, the strict
use of only nuclease-free chemicals and consumables (tubes, micropipette tips, etc.).
Washes were performed as follows. Liquid was removed carefully with a micropipette while monitoring the embryos in the well to prevent inadvertent embryo loss, such
that the well never had less than approximately 100 μL of liquid in it at any one time. It
is important that the embryos never risk drying out. The removed liquid can be placed in
a separate plate to check that no embryos have accidentally been discarded, or discarded
directly. The next wash was then added to the well and the plate covered. Where unspeciﬁed below, washes were 400 μL and the plate was placed on an orbital shaker for the
duration of the wash.

2.6.4.2.

Preparation

Embryos were removed from the tubes in which they were stored in 70% ethanol
(in RNAse free H2O) at -20°C, and placed in an in vitro fertilization grade four-well plate
(Nunclon) for inspection under a dissection microscope. Only embryos with a healthy and
typical morphology for the desired developmental stage were selected. Each well contained
a single stage. The embryos were rotated for 10 minutes in 70% ethanol or stored overnight
at 4°C.
Embryos ﬁxed before hatching were de-chorionated in 70% ethanol using a pair of
mounted tungsten needles. The chorion was trapped against the plate bottom using one
needle and gently torn open using the other, taking care not to damage the embryo. The
ethanol was replaced with fresh RNAse free 70% ethanol to remove chorion debris.

2.6.4.3.

First day

The embryos were washed 3 times in NaPBTw (0.9% NaCl, 0.1% Tween 20) for
ﬁve minutes each. During this time, the proteinase K solution (7.5 μg/mL) and the glycine-
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NaPBTw (2 mg/mL) were prepared. The proteinase K was added with staggered timing
and the plates left (unrotated) for a time corresponding to their age. This duration should
be determined empirically for each batch of proteinase K. When the time has elapsed, 4
μL of 10% glycine was quickly added to each well, with priority being given to the youngest
embryos. The embryos were then washed with glycine-NaPBTw for ﬁve minutes, and then
a post-ﬁx is applied of 4% paraformaldehyde (PFA) in MOPS salts (100 mM MOPS [pH
7.4], 2 mM EGTA, 1 mM MgSO4) for 1 hour at room temperature without rotation.
During this time, fresh 0.1M TEA (in RNAse-free water) was prepared from 1M TEA
stock.
After the post-ﬁx, the embryos were washed twice with TEA, for 1 minute and
then 5 minutes. These washes were then removed (again being sure not to allow the embryos to dehydrate while they were unattended) and 3.75 μL acetic anhydride was added
to 1.5mL 0.1M TEA, vortexed, and 300 μL added to each well. The plate was left stationary for 5 minutes. During this time, a second batch of acetic anhydride was prepared, this
time 7.5 μL in 1.5 mL 0.1M TEA, and after the time had elapsed, 300 μL was added to
the previous wash, and left stationary for a further 5 minutes. At this point the hybridisation oven and buﬀer were preheated to the desired hybridisation temperature (65°C in
all successful in situs reported herein, but which must be empirically determined for each
probe).
Two washes of NaPBTw were then performed for 1 minute and 5 minutes. In the
latter wash, embryos were re-arranged so that embryos that are of easily distinguishable
stages and types but that will be exposed to the same probe were sharing a well. It can
be advisable at this stage to transfer the embryos to a new 4-well plate.
The NaPBTw was then replaced with 100 μL hybridisation buﬀer pre-heated to
the appropriate hybridisation temperature. This was rotated for 1 minute and replaced
with 200 μL pre-heated hybridisation buﬀer. The plates were sealed with autoclave tape
and rocked in the hybridisation oven at the hybridisation temperature for 2-3 hours.
During this time, the probe was thawed on ice, and added to 200 μL pre-heated
hybridisation buﬀer per well (0.5 μL per well in all in situs reported herein, but also
requiring probe-speciﬁc calibration). To denature the probe, the mix was brought to 70°C
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in a hot block to coincide with the end of the previous (pre-hybridisation) step. The
hybridisation buﬀer in the wells was replaced with the probe-hyb, being careful to maintain the temperature as stably as possible throughout. For this purpose, the hot-block was
placed next to the microscope at the working temperature. The plate was resealed with
autoclave tape and rocked in the hybridisation oven for at least 16 hours (overnight).

2.6.4.4.

Second day

The probe-hyb solution can be retained and stored at -20°C for future use. It was
replaced with two 5-minute and two 10-minute washes of Wash Solution (WS) 1, preheated
to the hybridisation temperature. The plate was rocked in the hybridisation oven for all
hot washes. Temperature ﬂuctuations in the plate during washes were minimised using
the hot-block. The WS1 was replaced by WS2 preheated to hybridisation temperature,
and rocked at hybridisation temperature for 5 minutes before being transferred to rotation
at room temperature for a further 10 minutes. A second wash was performed using separate room temperature WS2, for 15 minutes.
The WS2 wash was changed for room temperature WS3; this wash was replaced
immediately with fresh WS3 and the plate rotated for ﬁve minutes. During this time, an
RNAse mix was prepared using 1mL of WS3 for 2 μL of RNAse A (at 10 mg/mL) and 1
μL of RNAse T1.
The WS3 wash was replaced with RNAse mix and incubated at 37°C for 20
minutes. This time can be extended if necessary to reduce background noise. The RNAse
mix was washed out with two 20 minute WS3 washes; care was taken to wash out as much
of the RNAse mix as possible. This was followed by a 20 minute wash in WS4 and a 5
minute wash in WS5. During this latter wash, blocking solution was prepared by adding
100 μL pre-treated sheep serum to 1 mL WS5; the wash was replaced with blocking solution and the plate rotated at room temperature for 2-3 hours. At the end of this period,
the antibody solution was gently defrosted and centrifuged at maximum speed for 2
minutes to remove residual particulate from pre-absorption or previous experiments. Finally, the blocking solution was replaced with 200 μL of the antibody solution, and the
plate sealed with tape, and incubated at 4°C with gentle rocking for at least 16 hours.
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2.6.4.5.

Third day

The antibody solution was carefully removed and saved at -20°C. Reuse of antibody up to ﬁve times produced noticeable improvements in the reduction of background
staining. Four 20 minute washes of NaPBTw were performed, during which the alkaline
phosphatase buﬀers (AP) were prepared. The no-magnesium buﬀer (AP-) was prepared
with 1 mL Tris 1M, 200 μL NaCl 5M, 50 μL 20% Tween20, and topped up to 10 mL with
milliQ water. The magnesium buﬀer (AP+) was prepared similarly with the addition of
500 μL MgCl2 and the reduction of the NaCl to 20 μL. Both solutions were ﬁltered through
a 0.22 μm PES syringe ﬁlter. Additionally, a second AP+ solution in which 50% of the
water is replaced with a 20% solution of polyvinyl alcohol (PVA) (average molecular
weight of 30-70K or greater) was made; for this purpose, a half-quantity of AP+ to double
strength is made so that it can be ﬁltered; i.e. 500 μL Tris, 10-100 μL NaCl, and 25 μL
Tween20, topped up to 2.5 mL with water, ﬁltered, and mixed with 2.5 mL PVA.
The ﬁnal NaPBTw wash was replaced with 500 μL AP-. The increased volume
(ﬁrst wash only) was to dissolve any phosphate salts that had crystallised above the usual
level of liquid. The wash was swirled and directly replaced to remove as much NaPBTw
as possible. Four 10 minute AP- washes (normal) were performed. The AP- washes can be
followed by four 10-minute AP+ washes or by transferring the embryos in a minimal
volume of AP- into 500 μL AP+ in a fresh plate followed by rotation for 10 minutes and
two/three further 10 minute AP+ washes. These steps were taken (AP- washes, large
volume wash, new plate) to prevent the crystalline precipitation that can occur if traces
of NaPBTw wash come into contact with AP+. During the AP+ washes, the staining
solution was prepared. NBT and BCIP were warmed at 37°C for 3 minutes to ensure
complete dissolution, then 3.5 μL NBT (added ﬁrst and ﬂicked to mix) and then 3.5 μL
BCIP was added to 1 mL AP+ or AP+/PVA. The staining solution was mixed with gentle
ﬂicking, and stored in the dark until use.
The ﬁnal AP+ wash was replaced with 200 μL of the staining solution and the
plate incubated in the dark without rotation. From this point on the staining reaction was
underway, and the plate contents were monitored regularly for staining. The illumination
angle of the microscope can be adjusted to increase staining visibility. The signal can
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develop in as little as 20 minutes to 2 hours but can take days or weeks. The reaction can
be slowed by cooling to 4-16°C (e.g. overnight) or can be boosted by incubation at 37°C
(e.g. when experienced with speciﬁc probe/stage/experimental conﬁguration staining
times), although these modiﬁcations can induce precipitation. Embryo staining can be
paused in AP-. Staining solution was changed for fresh after any overnight incubation at
room temperature or when the solution took on a pinkish hue.

2.6.4.6.

Experiment termination

When the staining had proceeded to the desired extent, the reaction was stopped
with four 10 minute washes in AP- (rotating in the dark) followed by four 10 minute
washes in NaPBTw. Embryos were then ﬁxed in 4% PFA-PBS or PFA-MOPS for 1 hour
at room temperature or preferably overnight at 4°C; the plate was not rotated and kept
in the dark. The embryos were washed twice for 10 minutes in NaPBTw – at this point
any attached debris was removed from the embryos by pipetting or gentle manipulation
with tungsten needles. The NaPBTw was replaced with 80-95% glycerol in milliQ water,
homogenised overnight by rotation, and stored at 4°C in plates for imaging.

2.6.5.

Visualization

Embryos were mounted on microscope slides in 95% glycerol in H20 and visualised
with a Leitz DMRB microscope (Leica Microsystems) using Nomarski optics. A Retiga
2000R camera and the QCapture software suite (QImaging) were used for image capture.
Image processing was performed in the GNU Image Manipulation Package (GIMP) and
Inkscape.
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3. Homeobox genes in Spirobran-

chus lamarcki operculum regeneration
The work presented in this chapter has been accepted for publication in Genome
Biology and Evolution under the title “A revised spiralian homeobox gene classiﬁcation
incorporating new polychaete transcriptomes reveals a diverse TALE class and a divergent
Hox gene” by Barton-Owen, Szabó, Somorjai and Ferrier (2018). The manuscript as submitted is included in Appendix 3.1. This chapter includes data that were omitted from
the publication. To avoid unnecessary paraphrasing, some sections of text from the published manuscript are reused herein.
The transcriptome analysed in this chapter was generated by Dr Réka Szabó, and
assembled and annotated by Drs Szabó and Miguel Pinheiro. I carried out the survey and
classiﬁcation of homeobox genes.

Note on terminology
For the purposes of clarity, genes within the homeobox orthology groups included
in HomeoDB2 (Zhong, Butts, and Holland 2008; Zhong and Holland 2011) (not all of
which are homeobox families sensu Holland 2012) are referred to herein as ‘canonical’
homeobox genes. Those that do not appear to belong to these groups are referred to as
‘non-canonical.’ The proliferation of non-canonical TALE-class homeobox genes within the
Spiralia is referred to as the Spiralian TALE Expansion (abbreviated to STE) and the
clades erected by Paps et al. (2015) are referred to as TALE clades (TALE-). The proliferation of non-canonical PRD class sequences is referred to as the PRD Expansion (abbreviated PRD-E). If a non-canonical gene does not appear to belong to a speciﬁc orthology group/clade (based on the measures used herein, i.e. homeodomain phylogeny), they
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are referred to as orphans. As genomic sampling density increases, some of these orphans
will no doubt be found to belong to taxonomically-restricted orthology groups.
There is some confusion with regards to terminology used to describe genes with
apparent homology to Nk1-7 genes but lacking identiﬁable orthology to a speciﬁc family.
These genes are often referred to as (and named) ‘Nk-like’ or ‘NKL’ (e.g. Paps et al.,
2015). However, ‘NKL’ (Nk-like or Nk-linked) is also the name of a subclass of the ANTP
class (Ferrier 2008; Hui et al., 2012). To avoid potential confusion, I will refer to these
genes as ‘similar to Nk’ until they are classiﬁed, at which point they will be named based
on the taxonomic extent of detectable orthology.
As explained in section 1.3.2.1, I have elected to use the terms Spiralia and Lophotrochozoa sensu stricto; i.e., all non-ecdysozoan Protostomia except Chaetognaths belong to the Spiralia, and the Annelida, Mollusca, Brachiopoda, Nemertea, Phoronida, and
Ectoprocta/Bryozoa belong to a subclade called the Lophotrochozoa (Laumer et al., 2015;
Luo et al., 2018) after the original deﬁnition including the Annelida, Mollusca, Brachiopoda (Articulates + Inarticulates), Phoronida and Bryozoa (Halanych et al., 1995, who
did not include any other spiralian taxa). This convention is not universally employed;
some (e.g. Paps et al., 2015) use Lophotrochozoa sensu lato to mean the entire Spiralia.
This is not entirely without justiﬁcation because of the variability of placement of the
Ectoprocta between studies.

3.1. Introduction
3.1.1.

The spiralian homeobox expansions

The ﬁrst comprehensive classiﬁcation of the entire homeobox complement of the
genome of a member of the Lophotrochozoa was performed by Paps et al., (2015) on
Crassostrea gigas, the Paciﬁc oyster. Of the 136 homeobox genes identiﬁed by their survey,
31 sequences deﬁed placement in known orthology groups more speciﬁc than a class. Paps
et al. developed a nomenclature of 19 spiralian-speciﬁc clades (based on homeodomain
phylogenies) to classify these and similar genes they retrieved from the genomes of seven
other Spiralia, resulting in three ‘Nk-like’ clades, six PRD class clades (I-VI), nine TALE
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class clades (I-IX), one clade each from the LIM, SIX, and CUT classes, and a number of
orphans both identiﬁable as belonging to a homeobox class and unclassiﬁable. In transcriptomes covering a 38-stage time-course of development, they observed that the majority of these genes peaked in expression in early development, some in late development,
and only one in the mid-developmental period (the neck of the developmental hourglass;
see section 3.1.2).
Morino et al. (2017) cloned TALE gene sequences from the limpet Nipponacmea
fuscoviridis and the blue coral worm Spirobranchus kraussii (formerly Pomatoleios
kraussii). They did not attempt to integrate the nomenclature of Paps et al. (2015) into
their phylogenetic analysis, instead naming a large clade containing only STE genes the
‘Spiralian TALEs’ (abbreviated to SPILEs, i.e. SPIralian taLEs). Not all STE genes belong to the SPILE clade; notably, C. gigas TALE5 and the TALE-I clade from the analysis
of Paps et al. (2015) fall outside this clade in the phylogeny of Morino et al. (2017).
In the phylogeny of Paps et al. (Supplementary Figure 4 — also contains SIX,
CERS, and Hnf homeodomains) TALE clades II-IX form a clade which is topologically
separated from TALE-I and the TALE gene families (Irx, Meis, Mkx, Pbx, Pknox, and
Tgif). This inexact replication of the topology of Morino et al. (2017) suggests that there
is a meaningful distinction within the STE between SPILE and non-SPILE genes. One
obvious explanation is that SPILE genes share a broad common orthology, while nonSPILE STEs could have independent (and possibly more recent) origins as TALE family
paralogues.
Morino et al. also present in situ hybridization data for ﬁve SPILE genes from N.
fuscoviridis and three from S. kraussii eggs and morulae, representing the ﬁrst in vivo
expression data for STE genes. They found that the genes are deployed in quartet-speciﬁc
patterns along the animal-vegetal axis in both animals. Further, through an enviable series
of microinjected morpholino and over-expression treatments of N. fuscoviridis eggs, they
demonstrated that NfSPILEs A-D engage in complex inter-regulation, and that NfSPILEC and D determine macromere and ﬁrst quartet fate.
Given the discovery of these previously unknown, non-canonical genes involved in
important ontogenic processes, Morino et al. hypothesised that the STE was critical to
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the establishment of spiralian development. This hypothesis will be reexamined in section
3.4.7 in light of the ﬁndings of the present study.

3.1.2.

The developmental hourglass

The concept of the developmental hourglass, which has been inﬂuential in evolutionary developmental biology, is introduced here because it is pertinent in interpreting
the available transcriptomic data concerning STE genes and other genes found in the
course of the present study (e.g. sections 3.4.1.5, 3.4.2.1, & 3.4.3).
Early theoreticians (Baer 1828; referenced in Hall 1997) hypothesised that development would follow a pattern wherein ‘general’ structures (i.e. those shared most between
taxa) would appear earlier than more specialised structures. Consequently, early developing embryos were expected to be similar between species, and diverge further as ontogenesis proceeded.
However, morphological diversity was not found to incrementally increase along
vertebrate developmental time courses; instead, pronounced diﬀerences were observed in
early and late development but were far less apparent in mid development (Haeckel 1874;
referenced in Švorcová 2012). An idealised plot of two-dimensional ‘morphospace’ against
time thus resembles an hourglass, after which the phenomenon was named (Duboule 1994;
Raﬀ 1996; referenced in Švorcová 2012).
The conﬁrmation that a similar pattern is observed in other phyla (Sander 1975;
Goldstein, Frisse, and Thomas 1998) led to the idea of a ‘phylotypic stage’ (Sander 1983;
referenced in Slack, Holland, and Graham 1993) (or more accurately, a period comprising
several stages) at the neck of the hourglass, a mid-developmental time window at which
embryos would converge on a morphology archetypical to their phylum (but dissimilar
between phyla). Early molecular data indicated that Hox genes are usually expressed in
the phylotypic period, leading to the suggestion that the use of a conserved, Hox-centric,
positional speciﬁcation system was the synapomorphy of the Animalia (Slack, Holland,
and Graham 1993): the ‘zootype.’
The concept of the Hox-centric zootype has not survived the genomic age, condemned by the absence of ctenophoran and poriferan Hox genes (Ryan and Baxevanis
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2007) and supplanted by many other observed genetic synapomorphies (e.g. Srivastava et
al., 2010). In contrast, the phylotypic period has retained its relevance to Evo-Devo
thought because of the broad support it has received from transcriptomic studies of development, from insects and nematodes (Kalinka et al., 2010; Levin et al., 2012; Zalts and
Yanai 2017), spiralians (Paps et al., 2015; Xu et al., 2016), vertebrates (Hazkani‐Covo,
Wool, and Graur 2005; Irie and Sehara-Fujisawa 2007; Irie and Kuratani 2011; Wang et
al., 2013; Hu et al., 2017), and larger scale comparative studies (Domazet-Lošo and Tautz
2010; Schep and Adryan 2013; Gerstein et al., 2014; Drost et al., 2015; Levin et al., 2016),
as well as modern morphometric studies (Young et al., 2014).
Very broadly, these studies support the notion that in mid-development across the
Bilateria, transcriptome age and inter-species similarity increase, transcriptome diversity
and temporal expression divergence decreases, and gene expression is more resistant to
evolutionary change (Domazet-Lošo and Tautz 2010; Kalinka et al., 2010; Irie and Kuratani 2011; Wang et al., 2013; F. Xu et al., 2016). Several studies report that homeobox
gene expression increases in mid-development (Levin et al., 2012, 2016; Schep and Adryan
2013) and expressed homeobox genes are very highly conserved (Zalts and Yanai 2017).
Although the data now seem to broadly support the concept of the phylotypic
period, it has received cogent criticism throughout its lifetime (reviewed by Švorcová 2012
& Irie and Kuratani 2014). Some rejected outright the notion of the phylotypic stage (e.g.
Richardson 1995; Richardson et al., 1997; Bininda-Emonds, Jeﬀery, and Richardson 2003;
Kalinka and Tomancak 2012). Other authors have criticised the imprecise notion of the
boundaries of the phylotypic period in vertebrates (e.g. Irie and Kuratani 2011). Some
analyses support a funnel-like model resembling von Baer’s ideas more than the hourglass
(Roux and Robinson-Rechavi 2008; Comte, Roux, and Robinson‐Rechavi 2010; Piasecka
et al., 2013).
It has also been suggested that for any given comparison between species, nested
hourglasses from diﬀerent taxonomic levels might be at work (Irie and Sehara-Fujisawa
2007), and some analyses have found more than one neck to the hourglass (Domazet-Lošo
and Tautz 2010; Levin et al., 2012). Others have pointed instead to a mid-developmental
transition between early and late developmental gene expression phases, albeit one
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signiﬁcantly less conserved between phyla than the early and late phases themselves (Levin
et al., 2016). The relationship between the phylotypic period, archetypal phyletic body
plan and taxonomic phyla is one of ongoing debate (Irie and Kuratani 2014; Irie 2017).
The mechanisms by which the neck of the hourglass is enforced are not yet totally
resolved (Irie 2017). However, the consensus of available evidence points to pleiotropic
constraints on the gene regulatory networks involved in the phylotypic period, an idea
suggested by Sander (1983; referenced in Galis and Metz 2002), Duboule (1994) and Raﬀ
(1996; referenced by Irie and Kuratani 2014). In this conception, the phylotypic period
sees a spike in interconnectivity in genes and regulatory networks via complex cis- and
trans- regulation; a transition between simpler, all-encompassing networks in early development and more discrete, modular, and localised networks in later development, both of
which would be more robust to change. Mutation of, or cis-regulatory change to, genes
involved in this interconnected period would be expected to have a slew of trans-regulatory
consequences and cause serious or lethal teratogenic eﬀects.
Evidence for this constraint has been found in chordate transcriptomes (Hu et al.,
2017) and in population-level studies of zebraﬁsh (Schmidt and Starck 2011) and C. elegans (Zalts and Yanai 2017). Support is also found in the vulnerability of the phylotypic
stage in vertebrates (Galis and Metz 2002) and the pleiotropic eﬀects of mutations to
segment polarity genes in ﬂies (Galis, van Dooren, and Metz 2002). The observations of
signalling pathway and transcription factor expression enrichment in the phylotypic period
(Irie and Kuratani 2011; Levin et al., 2012, 2016; Schep and Adryan 2013) and the strong
constraint under which these phylotypically-expressed genes evolve (e.g. Zalts and Yanai
2017) are also consistent with pleiotropic forces.

3.1.3.

New genes, old constraints

New genes are being generated at a constant, high rate (reviewed by Tautz and
Domazet-Lošo 2011). Most new genes are lost quickly, but of the ones which become
established and are retained, some become coopted into development, where they can
contribute to important forces in phenotypic evolution (Heyn et al., 2014; also reviewed
by Chen, Krinsky, and Long 2013; Kemkemer and Long 2014; McLysaght and Guerzoni
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2015). These new additions to ontogenic transcriptomes have been quite consistently found
to be biased against expression in the neck of the developmental hourglass, when the
transcriptome age increases (Domazet-Lošo and Tautz 2010; Kalinka et al., 2010; Irie and
Kuratani 2011; Paps et al., 2015; Xu et al., 2016), though a surprisingly large contingent
of recently evolved genes in phylotypic period transcriptomes from C. gigas, Haliotis discus
hannai (Gastropoda), and Perinereis aibuhitensis (Polychaeta) has been reported (Xu et
al., 2016).
New genes are a signiﬁcant part of the earliest zygotic transcriptomes in mice, ﬁsh
and ﬂies (Heyn et al., 2014), but the age of the early developmental transcriptome has
been observed to diﬀer, from a young age comparable with late development in ﬁsh, to
much closer to the older age of the phylotypic period transcriptome in ﬂies (Domazet-Lošo
and Tautz 2010). New genes have also been found to be involved in late developmental
processes, such as mollusc mantle secretomes responsible for shell formation and patterning (Aguilera, McDougall, and Degnan 2017), where marked variance is found between
even relatively similar species, and in bird beak shape evolution (A. Abzhanov, pers.
comm.).
However, the forces discouraging expression in this mid-developmental window
don’t necessarily preclude novel genes from gaining important (i.e. necessary for morphological normality) and essential (i.e. loss results in death) roles in early and late development. For example, a substantial portion of genes with a recent evolutionary origin in
Drosophila have acquired essential roles in development, comparable to the portion of
essential old genes (30% of young vs 25-35% of old — Chen, Zhang, and Long 2010).
Conversely, young genes and genes with paralogues have been found to be less likely to be
essential than older genes in mice (Chen et al., 2012).
A substantial spike in species-restricted genes is often evident in plots of transcriptome age (e.g. Tautz and Domazet-Lošo 2011; Aguilera, McDougall, and Degnan 2017).
Although this eﬀect is possibly exacerbated as an artefact of sparse genome sampling, it
is also an expected product of the high rate of new gene loss, which is only marginally
lower than their generation rate (Tautz and Domazet-Lošo 2011). New genes seem to
undergo a kind of turnover, wherein they are gained, adopted in roles (which can be
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important — see above and in section 3.1.4), and are replaced by even newer genes at an
(evolutionarily) rapid pace. Whether or not they are retained in the long term, they are
often argued to be a critical source of evolutionary novelty (Tautz and Domazet-Lošo 2011;
Chen, Krinsky, and Long 2013) — for example, the molluscan radula (Hilgers et al., 2018).
Novel genes have previously been detected and proﬁled in annelid regeneration
(Myohara, Niva, and Lee 2006; Takeo, Yoshida-Noro, and Tochinai 2008, 2009). One of
these, grimp, which was identiﬁed only in the oligochaete Enchytraeus japonensis, is required for mesodermal cell proliferation at the onset of blastema formation (Takeo, Yoshida-Noro, and Tochinai 2009), and others (mino, a EF-hand domain-containing gene,
and horu, a gene without detectable homology) are digestive tract region markers that are
remodelled as part of morphallactic regeneration (Takeo, Yoshida-Noro, and Tochinai
2008).

3.1.4.

Novel and orphan homeobox genes

The entirely new genes discussed above, which have no detectable homology, are
distinct from ‘novel’ or ‘orphan’ homeobox genes of the STE or the others that are described herein (e.g. section 3.3.6). Whereas the latter may have arisen via de novo transcription of previously non-coding sequence (reviewed by Tautz and Domazet-Lošo 2011;
McLysaght and Guerzoni 2015; McLysaght and Hurst 2016), the presence of any known
domain eﬀectively guarantees that at least the domain-containing region of the new gene
is derived from the duplication of an existing gene. However, if the precise orthology or
paralogy relationships to other gene families is now undetectable, the new gene has presumably undergone substantial change in the form of exon gain/loss, exon/domain shufﬂing, or sequence divergence under neutral drift or positive selection (Chen, Krinsky, and
Long 2013). P. W. Holland et al. (2017) highlighted these mechanisms of gene origination
— with the mollusc STE genes of Paps et al. (2015) as a speciﬁc example — as an underappreciated evolutionary force.
Unlike de novo genes, where their biochemical function is generally unknown and
not shaped by natural selection prior to their origination, these genes appear with a preexisting capacity for transcriptional regulation (though some appear to lose it; e.g. PRD
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Clade VI homeodomains are missing 28 central residues). However, unlike homeobox genes
with detectable paralogy stretching back deep in time, these genes have diverged substantially from their cryptic paralogue ‘parent,’ either as a result of a disruptive gene duplication event or subsequent asymmetrical change. Presumably, this divergence is accompanied
by (or contingent upon) release from the constraints that governed the original gene, and
the novel gene can now be expressed and used to regulate other genes in new contexts and
networks depending on the degree to which regulatory environment and protein activity
are preserved.
The behaviour of cryptic and highly divergent paralogues has not been systematically contrasted to de novo originated genes. They are generally included under the broad
envelope of novel or orphan genes (Tautz and Domazet-Lošo 2011; Chen, Krinsky, and
Long 2013) but obscured completely by automatic phylostratigraphic pipelines which classify genes according to oldest BLAST-detectable homology; intact homeoboxes are therefore placed in the phylostratum common to the Eukaryota. Resolving phylostratigraphy
based on orthology/paralogy, rather than general homology, is prohibitively labour-intensive, but might be informative to our understanding of transcription factor evolution.
On the basis of the loosening of the constraints around their parent gene and the
probable initial radical divergence, we might expect novel homeobox genes to have more
in common (in terms of evolutionary dynamics) with de novo genes (see previous section)
than with non-cryptic paralogues. Conversely, factors like gene length, exon number, interactivity/connectivity, and timing/uniformity/extent of expression have previously been
observed to aﬀect gene fate (Aury et al., 2006; Makino, Hokamp, and McLysaght 2009;
Rodgers-Melnick et al., 2011; Chain, Dushoﬀ, and Evans 2011; Satake et al., 2012; Fares
et al., 2013; Jiang et al., 2013; McGrath et al., 2014) and could be variably inherited from
the parent gene. To the extent that the fate of novel genes is inﬂuenced by these factors,
cryptic paralogues might be expected to behave diﬀerently to genes produced by de novo
origination.
An example of a novel homeobox gene which evolved important taxonomicallyrestricted ontogenic roles is bicoid (bcd), a morphogen responsible for anterior patterning
only in cyclorrhaphan ﬂies (reviewed by McGregor 2005). The Hox3 pro-orthologue in the
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cyclorrhaphan ancestor duplicated and asymmetrically diverged to produce zerknüllt (zen)
and bcd, although this relationship was unknown before 1999 (Stauber, Jäckle, and
Schmidt-Ott 1999). Ancestral (but insect-speciﬁc) maternal and zygotic roles were segregated between bcd and zen respectively. bcd seems to have gained new trans-regulatory
targets and, along with a cooption of exuperantia, new anterior mRNA localisation
(Oliveira et al., 2017), ‘usurping’ the existing ocelliless/hunchback/caudal-based anterior
determination mechanism and resulting in changes to the cis-regulation of those genes
(Lemke et al., 2008). These changes have been suggested to allow faster development
(McGregor 2005). bcd has been secondarily lost in some cyclorrhaphans, being partially
replaced by panish, a taxonomically-restricted and apparently chimeric cysteine-clamp
gene (Klomp et al., 2015).
The fact that bcd could be satisfactorily identiﬁed as a Hox3/zen paralogue and
that particulars about its evolutionary history could be reconstructed count against its
direct applicability to the homeobox gene expansions discussed herein, the origins of which
may be permanently obscure (see sections 3.4.6 & 3.4.7). However, it does indicate that
the gene networks governing important and essential ontogenic processes in early development are susceptible to radical revision associated with the introduction of new genes, and
that these changes, like the ones before them, are also not immutable.

3.1.5.

Aims

I aimed to classify the homeobox content of the regenerative transcriptomes of S.
lamarcki. In the course of identifying these sequences, several were discovered that did not
appear to belong to any speciﬁc homeobox gene family or orthology group. To identify
these diﬃcult-to-classify genes, surveys of available lophotrochozoan genomes were undertaken, and the results combined with other published sequences were used to build robust
homeodomain phylogenies.
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3.2. Methods
The transcriptome was sampled, sequenced and assembled as described in section
2.2.1, from animals kept per section 2.1.1. A survey of the homeobox complement of the
regeneration transcriptomes were carried out as described in section 2.3.2. An alignment
of the transcriptomic homeoboxes, S. lamarcki sequences from previous studies (Kenny
and Shimeld 2012; Hui 2008; McDougall et al., 2011) and homeobox sequences from B.
ﬂoridae and T. castaneum were used to produce a neighbour-joining phylogeny per section
2.4. On the basis of this and examination of alignments including non-homeodomain sequence, all but 10 of the 70 transcriptome sequences were identiﬁed.
To solve the identity of these ﬁnal 10, four in-depth surveys and analyses were
performed; of Hox and ParaHox genes, TALE-class genes, PRD-class genes, and Nk1-7,
Tlx, Lbx and Msx genes. These surveys were performed as described in sections 2.3.3.1
(TALE and PRD) and 2.3.3.2 (Hox/ParaHox and Nk/Tlx/Lbx/Msx). Homeodomain
alignments of these surveys were used to produce neighbour-joining, maximum likelihood,
and Bayesian phylogenetic analyses. Support values for each analysis were mapped onto
the Bayesian tree and the results visualised (section 2.4).

3.2.1.

Cryptic species check

A search was designed to determine the extent of sequence divergence between the
Plymouth population (from which the material for the developmental transcriptome and
genome were collected – Kenny and Shimeld 2012; Kenny et al., 2015) and the St Andrews
Bay population, and to verify that the regeneration transcriptomes weren’t derived from
diﬀerent (cryptic) species. BLASTn searches of the genome were performed with the entire
regeneration transcriptome co-assembly, the developmental transcriptome, and the open
reading frames (ORFs) of the homeobox-containing contigs retrieved by earlier searches.
From the transcriptomic searches, the number and lengths of contigs returning no
hits were collected, as well as the identities and gaps for the top result of those with hits.
For the homeoboxes, each result was manually inspected and the identities and gaps recorded.
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3.3. Results
3.3.1.

Cryptic species survey

The results of the whole transcriptome versus genome searches are presented in
Table 3.1. Of the homeobox-containing sequences from the regeneration transcriptomes,
the mean identity was 99.0% (3 s.f.), with a mean of 0.128 gaps (3 s.f.). No transcriptome
sequence was found to be absent from the genome. Most sequences (50 of 56, ~90%) were
represented by more than one genomic sequence over at least some of their length, with
varying degrees of sequence identity. It was concluded on this basis that the Plymouth
and St Andrews Bay populations are not separate cryptic species, and that the gene pairs
discovered during my surveys were not being misidentiﬁed as paralogues instead of
orthologues.

Table 3.1. Metrics from BLASTn searches of the S. lamarcki transcriptomes against
the genome. All percentages are reported to three signiﬁcant ﬁgures.

Database
Trinity co-assembly –
(regeneration)
Kenny & Shimeld,
2012 (development)

3.3.2.

Database
size,
# seqs

Proportion
of seqs not
returning
a hit

Database
size,
# bases

Proportion of
bases in seqs
not returning
a hit

Mean
identitiy of
top hit

Mean
gaps in
top hit,
%

360,107

24.9%

221,075,893

17.2%

95.7%

1.14%

50,151

0.160%

61,261,605

0.114%

97.2%

0.735%

The homeodomain content of a regenerative transcriptome

The transcriptomes of S. lamarcki operculum regeneration were analysed for their
homeobox gene family content. A brief précis of the results is presented in Table 3.2, a
summary of salient information is presented in Appendix 3.2a, and complete details are
presented in Appendix 3.2b.
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Table 3.2. Summary of homeobox-containing sequences found in the S. lamarcki
regeneration transcriptomes. Sequences previously identiﬁed by McDougall et al., (2011)
are marked with a dagger, and those previously identiﬁed by Kenny & Shimeld (2012) are
marked with an asterisk. Diﬃcult-to-classify genes are marked in bold, and those belonging to
gene families or clades described herein are underlined. Taken from Barton-Owen, Szabó, Somorjai, & Ferrier (2018).
CLASS

FAMILY
/NAME

CLASS

FAMILY
/NAME

ANTP:

Antp

POU:

Pou2*

BarH

Pou3*

BarX

Pou4 A

Dbx*

Pou4 B

Dlx-a

†
Dlx-b †

Pou6
PRD:

Gsc*

Emx A

Hbn*

Emx B

Otp A*

En

Otp B

Msx

Otx A*

Msxlx

Otx B

Nk1a

Pax4/6 A

Nk1b

Pax4/6 B

Nk2.1a*

PRD-VIII

Nk2.1b*

Prrx

Nk2.2b

Shox

Nk5*

Vsx B

Nk6*

SINE:

Spiro-Nk

Six1/2*
Six3/6 (B)

Tlx E

Six4/5
TALE:

CERS:

Cers*

CUT:

Cmp*

TALE-I A

Irx A

Cux*

TALE-I B

Onecut*

TALE-X A

HNF

Hmbox*

TALE-X B

LIM:

Isl*

TALE-XIII A

Lhx1/5*

TALE-XIII B

Lhx2/9 A2*

Meis A*

Lhx2/9 B

Meis B

Lmx

Mkx A*

(unclassified):

Lopx

Pbx A*

ZF:

Zfhx

Pknox*
Tgif A*
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Figure 3.1 (4 parts). Neighbour-joining cladogram of homeodomain sequences found
in the S. lamarcki (S.lam) regeneration transcriptomes, against the homeodomain sequences of Tribolium castaneum (T.cas) and Branchiostoma ﬂoridae (B.ﬂo), rooted using the
Saccharomyces cerevisiae (S.cer) PHO2 homeodomain sequence. The analysis was performed in
PHYLIP using 4 gamma categories and 1000 bootstraps (support values indicated). Clades are
highlighted by family; clades with less than 70% support are paler. Successfully reconstructed
families which do not include a sequence from the regeneration transcriptomes have been collapsed. S. lamarcki sequences (including in collapsed families) which were ﬁrst identiﬁed by
previous studies are marked with a coloured shape; sequences identiﬁed by Kenny and Shimeld
(2012) are marked with a red square, those identiﬁed by Hui (2008) by a blue downwardspointing triangle, and those identiﬁed by McDougall et al. (2011) by a pink upwards-pointing
triangle. Regeneration transcriptome sequence IDs are abbreviated (i.e. comp276818_c0_seq1
is written 276818.0.1). Sequences falling outside clades of established families are coloured blue
if they were identiﬁed on the basis of similarity to sequences from Kenny and Shimeld (2012)
and red if they were identiﬁed on the basis of subsequent focussed analyses. Where a gene has
been reclassiﬁed from Kenny and Shimeld (2012), the old classiﬁcation is included but struck
out. Sequences included in said analyses are marked by coloured boxes to the right-hand side:
P (PRD class), Figs. 3.6 & 3.7, Table 3.6; T (TALE class), Figs 3.4 & 3.5, Tables 3.4 & 3.5; N
(Nk, Msx, Tlx & Lbx families), Figs. 3.8 & 3.9, Table 3.7; H (Hox and ParaHox families), Figs
3.2 & 3.3, Table 3.3. New clade names proposed herein as a result of these analyses are marked
with an asterisk. The alignment used to produce this tree is presented in Appendix 3.4a, and
the complete Newick format tree is presented in Appendix 3.3a.

Seventy transcriptome sequences were identiﬁed, of which sixty could be assigned
to canonical homeobox families by BLAST searches, protein sequence alignment and
homeodomain phylogenetic analyses. The neighbour-joining homeodomain phylogeny used
as a basis for the majority of classiﬁcation is presented in Figure 3.1. Twenty-ﬁve sequences
were identical or near-identical to sequences previously described by Kenny & Shimeld
(2012), and two were identical or near-identical to the Dlx-a and Dlx-b sequences previously described by McDougall et al. (2011). Three likely belong to the same multi-homeodomain gene (Zfhx). Three pairs were merged based on bridging genomic or developmental transcriptomic sequence. The remaining ten could not be placed in canonical clades,
and a selection of detailed analyses was performed to classify these genes and to survey
the various gene duplications in S. lamarcki.

3.3.3.

A divergent Antp

Among the diﬃcult-to-classify genes was an unusual Hox/ParaHox-like gene. A
broad selection of bilaterian Hox and ParaHox cluster protein sequences (details in Appendix 3.2b) were collected and aligned (Appendix 3.4b), and a partially collapsed
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Bayesian phylogeny with support values added from equivalent neighbour-joining and
maximum likelihood analyses was produced (Figure 3.2, Table 3.3), based on the homeodomain and ten ﬂanking positions (ﬁve from each side of the homeodomain). Candidate
S. lamarcki orthologues were found in the whole genome sequence (Kenny et al., 2015) for
all expected polychaete Hox (Fröbius, Matus, and Seaver 2008) and ParaHox (Kulakova,
Cook, and Andreeva 2008; Hui et al., 2009) families except Antp and Post1. Unfortunately
(but not unusually for homeodomain phylogenies of Hox genes), the analyses did not place
Dfd, Scr, Antp and Lox4 in distinct clades, but did place the unidentiﬁed gene in this
undiﬀerentiated Hox4/5/Medial clade (Figure 3.2 (2 parts)). On the basis of this placement and consistent support excluding it from other Hox/ParaHox clades, I concluded
that the unidentiﬁed gene is most probably the missing Antp gene.
An alignment of this putative S. lamarcki Antp against other lophotrochozoan
Antp proteins and a broader selection of other medial Hox sequences (Figure 3.3) reveals
that six residues in the homeodomain (marked by dots) are invariant across all included
Hox sequences except the putative S. lamarcki Antp.

109

Table 3.3. Summary of the collapsed gene families in Figure 3.2. Clade colouration
and symbols denoting sequence origin are the same as in Figure 3.2. Annelid species: S.lam =
Spirobranchus lamarcki; C.tel = Capitella teleta; A.vir = Alitta virens; H.rob = Helobdella robusta; P.dum = Platynereis dumerilii. Brachiopod species: L.ana = Lingula anatina; T.tra =
Terebratalia transversa. Mollusc species: C.gig = Crassostrea gigas; L.gig = Lottia gigantea;
E.sco = Euprymna scolopes; O.bim = Octopus bimaculoides. Deuterostome species: B.ﬂo =
Branchiostoma ﬂoridae; S.kow = Saccoglossus kowalevskii; S.pur = Strongylocentrotus purpuratus. Cnidarian species: N.vec = Nematostella vectensis.
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3

1
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1
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1

1
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Figure 3.2 (2 parts). Bayesian phylogeny of Hox and ParaHox homeodomains and
ﬂanking sequences from a selection of metazoan genomes, showing the basis for the identiﬁcation
of the divergent S. lamarcki Hox gene as Antp. Support values for each node are from neighbourjoining (out of 1000 bootstraps), maximum likelihood (proportion of 1000 bootstraps), and
Bayesian (posterior probability) phylogenies (in order, separated by vertical bars or newlines).
A dash indicates where a node is not present in the corresponding tree. Gene families that have
been successfully reconstructed have been collapsed into coloured triangles and a summary of
their contents given in Table 3.2. S. lamarcki sequences (all underlined) are marked with a green
diamond if found in the regenerative transcriptomes, and with a black circle if only found in the
genome (collapsed families only). The scale bar indicates amino acid substitutions per site. Full
sequence details are included in Appendix 3.2b. The alignment used to produce this tree is
presented in Appendix 3.4b, and a full version of the Newick format tree is presented in Appendix 3.3b. Annelid species: S. lamarcki = Spirobranchus lamarcki; C. teleta = Capitella teleta; A.
virens = Alitta virens; H. robusta = Helobdella robusta; P. dumerilii/P.dum = Platynereis
dumerilii. Brachiopod species: L. anatina/L.ana = Lingula anatina; T. transversa = Terebratalia
transversa. Mollusc species: C. gigas = Crassostrea gigas; L. gigantea = Lottia gigantea; E.
scolopes = Euprymna scolopes; O. bimaculoides = Octopus bimaculoides. Deuterostome species:
B. ﬂoridae = Branchiostoma ﬂoridae; S. kowalevskii = Saccoglossus kowalevskii; S. purpuratus
= Strongylocentrotus purpuratus. Cnidarian species: N. vectensis = Nematostella vectensis.
Adapted from Barton-Owen, Szabó, Somorjai, & Ferrier (2018).

Figure 3.3. Protein sequence alignment of hexapeptide, linker, homeodomain and
ﬂanking region of medial Hox genes (Hox6-8 family) from a selection of bilaterians, demonstrating the degree of sequence divergence of Spirobranchus Antp (highlighted in red). Identities
(full stop) are marked relative to the sequence of Tribolium castaneum Antp. Residue positions
at which Spirobranchus Antp is the only variant sequence shown are marked with a black dot.
Full sequence details are included in Appendix 3.2b. HEX. = hexapeptide. Annelid sequences:
S.lam = Spirobranchus lamarcki; C.tel = Capitella teleta; H.rob = Helobdella robusta; P.dum =
Platynereis dumerilii; A.vir = Alitta virens. Brachiopod species: L.ana = Lingula anatina; T.tra
= Terebratalia transversa. Mollusc species: C.gig = Crassostrea gigas; L.gig = Lottia gigantea;
E.sco = Euprymna scolopes; O.bim = Octopus bimaculoides. Insect species: T.cas = Tribolium
castaneum. Deuterostome species: B.ﬂo = Branchiostoma ﬂoridae. Taken from Barton-Owen,
Szabó, Somorjai, & Ferrier (2018).

113

3.3.4.

TALE class homeobox genes

Thirteen transcriptomic homeodomain sequences had the three amino acid loop
extension diagnostic of TALE (Three Amino-acid Loop Extension) class of homeobox
genes. Five of these were identical to previously described S. lamarcki canonical TALEclass genes: Tgif, Pbx Pknox, Meis B, and Mkx1 (Kenny and Shimeld 2012). A further two
of these could be classiﬁed on the basis of phylogenies as other canonical TALE-class
genes: Meis A and Irx A (Figure 3.4). Finally, six sequences were not obvious homologues
of canonical TALE class families.
To classify these six sequences and to conﬁrm the identiﬁcations of the other seven,
a deep recursive search for divergent TALE-class homeodomains in the available genomes
of S. lamarcki, C. teleta, H. robusta, P. dumerilii, L. anatina, L. gigantea, and P. vulgata
was performed. To these were added sequences from Paps et al.’s (2015) recent classiﬁcation of spiralian TALE families, SPILE (Spiralian TALE) sequences from the NCBI database (Morino, Hashimoto, and Wada 2017), and canonical TALE class family sequences.
An alignment of the homeodomains was used to construct a Bayesian phylogeny
with support values added from equivalent neighbour-joining and maximum likelihood
analyses (Figure 3.4, Table 3.4). To accommodate all of these new and published sequences
in a phylogenetically coherent framework, I propose an expansion and modiﬁcation of the
nomenclature of Paps et al. (2015), comprising nine spiralian TALE clades: TALE clades
I-IX (see Table 1 in Paps et al., 2015). This includes the reclassiﬁcation of some members
of two clades (TALE clades IV and VI), the addition of new members to ﬁve clades (TALE
clades I, III, IV, VII, & VIII), and the erection of ten new clades (TALE clades X-XIX),
of which one may be the product of long-branch attraction (TALE-X), ﬁve are genusspeciﬁc (TALE clades X, XII, XIV, XVI, & XIX) and one contains a previously unclassiﬁed
Crassostrea sequence (TALE-XIII). The analysis suggests the sequence previously classiﬁed as an Mkx paralogue by Kenny and Shimeld (2012) belongs to TALE-XVIII. Seven
sequences were found to be orphans or only weakly related to a clade. The unclassiﬁed
transcriptome sequences were classed into TALE clades I, XIII, and X. A summary of the
proposed changes and additions to the TALE clade classiﬁcation is presented in Table 3.5.
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A summary of pertinent information about each of the TALE clades is presented in Table
3.6.
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Figure 3.4 (3 parts). Bayesian phylogeny of TALE class homeodomain sequences
from a selection of lophotrochozoan genomes, showing the frequent duplication of canonical
TALE class genes and the basis of our proposed revision to the spiralian TALE clade (TALE-)
classiﬁcation (Paps et al., 2015). The SPILE clade (per Morino, Hashimoto, and Wada 2017) is
marked by a grey box and labelled bracket. Support values for each node are from neighbour
joining (out of 1000 bootstraps), maximum likelihood (proportion of 1000 bootstraps), and
Bayesian (posterior probability) phylogenies (in order, separated by vertical bars or new lines).
A dash indicates where a node is not present in the corresponding tree. Established bilaterian
gene families that have been successfully reconstructed have been collapsed into coloured triangles, and a summary of their contents is presented in Table 3.4. In some cases, new families or
family subsets containing several sequences all from a single genus have also been collapsed to
aid visualisation. Single genus families are highlighted in grey, but otherwise colour selection is
arbitrary, and not meant to indicate a relationship except in the case of the TALE-IV clades.
Similarly, paralogue lettering, where present, is not intended to consistently imply direct orthology, though where evident, direct orthologues have been lettered accordingly. S. lamarcki sequences (all underlined) are marked with a green diamond if found in the regenerative transcriptomes, with a red square if found in the developmental transcriptome (Kenny and Shimeld
2012), and a blue dot if found in both. Collapsed families have their S. lamarcki gene complement
indicated nearby with the same symbols as above, with an empty black circle indicating a gene
that has been found only in the genome. New gene families suggested herein are marked with
an asterisk. Gene families that have gained or lost sequences from Paps et al. (2015) are marked
with a dagger. Where a gene has been reclassiﬁed from Paps et al. (2015) or Kenny and Shimeld
(2012), the old classiﬁcation is included but struck out. Established gene families that were
successfully reconstructed in the neighbour-joining and/or maximum likelihood analyses but not
the Bayesian analysis are marked by a ‘cartoon' clade (not to horizontal scale) and corresponding support values to the right-hand side. The scale bar indicates amino acid substitutions per
site. Full sequence details are included in Appendix 3.2b. The alignment used to produce this
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tree is presented in Appendix 3.4c, and the full version of the Newick format tree is presented
in Appendix 3.3c. Annelid species: S. lamarcki = Spirobranchus lamarcki; S. kraussi = Spirobranchus (formerly Pomatoleios) kraussi; C. teleta = Capitella teleta; H. robusta = Helobdella
robusta; P. dumerilii = Platynereis dumerilii. Brachiopod species: L. anatina = Lingula anatina.
Mollusc species: C. gigas = Crassostrea gigas; P. fucata = Pinctada fucata; L. gigantea = Lottia
gigantea; N. fuscoviridis = Nipponacmea fuscoviridis; P. vulgata = Patella vulgata. Insect species
(only in collapsed clades): Tribolium castaneum, Drosophila melanogaster. Adapted from BartonOwen, Szabó, Somorjai, & Ferrier (2018).
Table 3.4. Summary of the collapsed gene families in Figure 3.4. Clade colouration
and symbols denoting sequence origin are the same as in Figure 3.4. Annelid species: S.lam =
Spirobranchus lamarcki; S.kra = Spirobranchus (formerly Pomatoleios) kraussi; C.tel = Capitella
teleta; H.rob = Helobdella robusta; P.dum = Platynereis dumerilii. Brachiopod species: L.ana =
Lingula anatina. Mollusc species: C.gig = Crassostrea gigas; L.gig = Lottia gigantea; P.vul =
Patella vulgata. Insect species: T.cas = Tribolium castaneum; D.mel = Drosophila melanogaster.
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Table 3.5. Gene-centric summary of revisions to the TALE classiﬁcation system of
Paps et al. (2015). In the Origin column, ’N' denotes that the sequence is newly discovered by
this analysis, ‘P’ that the sequence was included in Paps et al.’s (2015) analysis, and ‘M’ that
the sequences were described by Morino et al. (2017). S. lamarcki sequences marked with green
diamonds were found in the regenerative transcriptomes; those marked with red squares were
described by Kenny and Shimeld (2012) in their developmental transcriptome. In genes with
two homeodomains, a tick indicates the presence of a homeodomain. A cross indicates the absence, either through lack of sequence coverage or apparent homeodomain degradation. ‘F’ indicates the presence of a truncated sequence due to lack of sequence coverage. ‘W’ indicates a
truncated homeodomain not due to lack of sequence coverage. An unusual H. robusta sequence
with two homeodomains is highlighted in red. Clade colouration is as in Fig 3.4. The Paps et
al. 2015 name column refers to the identifying information given in Supplementary Files 4 & 7
in Paps et al. (2015), and the Original classiﬁcation column to the clade to which they were
assigned by that analysis. Full sequence details are included in Appendix 3.2b. Annelid species:
S. lamarcki = Spirobranchus lamarcki; S. kraussi = Spirobranchus (formerly Pomatoleios)
kraussi; C. teleta = Capitella teleta; H. robusta = Helobdella robusta; P. dumerilii = Platynereis
dumerilii. Brachiopod species: L. anatina = Lingula anatina. Mollusc species: C. gigas =
Crassostrea gigas; P. fucata = Pinctada fucata; L. gigantea = Lottia gigantea; N. fuscoviridis =
Nipponacmea fuscoviridis; P. vulgata = Patella vulgata. Adapted from Barton-Owen, Szabó,
Somorjai, & Ferrier (2018).

III

IV

HD2

II

Sequence name

HD1

I

Origin

Species

Paps et al. 2015
name

Original
classif'n

S. lamarcki

N

TALE-I A◆ , B◆ , C

-

-

C. teleta

P

TALE-I

Ctel 1513294 24 8

unchanged

H. robusta

N

TALE-I

-

-

P. dumerilii

N

TALE-I

-

-

L. anatina

N

TALE-I

-

-

C. gigas

P

TALE-I TALE2

Cgi TALE2

unchanged

P. fucata

P

TALE-I

Pfuc 24948 1 11659 JP

unchanged

L. gigantea

P

TALE-I

Lgig 1414665 30 1

unchanged

P. vulgata

N

TALE-I

-

-

C. gigas

P

TALE-II TALE1

Cgi TALE1

unchanged

P. fucata

P

TALE-II

Pfuc 13151 1 32296 JP/
Pfuc 13478 1 32332 JP

unchanged
(HDs identical)

L. anatina

N

TALE-III

-

-

C. gigas

P

TALE-III TALE3

Cgi TALE3

unchanged

P. fucata

P

TALE-III

Pfuc 98062 1 56909 JP

unchanged

N. fuscoviridis

M

TALE-III SPILE-E

-

-

P. vulgata

N

TALE-III

-

-

S. lamarcki

N

TALE-IV A1, A2, B

✗

-

-

S. lamarcki

N

TALE-IV AX, AY

✓

-

-

S. kraussi

M

TALE-IV SPILE-X,
SPILE-Y

✓

✗

-

-

C. teleta

P

TALE-IV A

✓

✓

Ctel 1526117 32 9

unchanged

C. teleta

P

TALE-IV B

✓

✗

Ctel 1505080 24 4

unchanged

P. dumerilii

N

TALE-IV B

✓

W

-

-

✓

F
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P. dumerilii

V

VI

VII

VIII

IX
X

XI
XII

N

TALE-IV A

C. gigas

P

TALE-IV TALE7, 8,
14

P. fucata

P

P. fucata

P

N. fuscoviridis

F

✓

-

-

✓

✓

Cgi TALE7, 8, 14

unchanged

TALE-IV A

✓

✓

Pfuc 1892 1 66137 JP

unchanged

TALE-IV B

✓

✓

Pfuc 6497 1 45448 JP

TALE-VI

M

TALE-IV SPILE-B

✓

✓

-

-

P. vulgata

N

TALE-IV

✓

✓

-

-

C. gigas

P

TALE-V TALE6

Cgi TALE6

unchanged

P. fucata

P

TALE-V

Pfuc 255 1 07443 JP

unchanged

C. gigas

P

TALE-VI TALE9, 11-13

Cgi TALE9, 11-13

unchanged

P. fucata

P

TALE-VI A

Pfuc 1442 1 22591 JP

unchanged

P. fucata

P

TALE-VI B

Pfuc 22569 1 62158 JP

unchanged

P. fucata

P

TALE-VI C

Pfuc 22555 1 40373 JP

unchanged

P. fucata

P

TALE-VI D

Pfuc 18402 1 40058 JP

unchanged

P. fucata

P

TALE-VI E

Pfuc 10095 1 38990 JP

unchanged

P. fucata

P

TALE-VI F

Pfuc 2547 1 30160 JP

unchanged

P. fucata

P

TALE-VI G

Pfuc 312 1 50785 JP

unchanged

S. lamarcki

N

TALE-VII A, B

-

-

C. gigas

P

TALE-VII TALE4

Cgi TALE4

unchanged

P. fucata

P

TALE-VII

Pfuc 6013 1 23936 JP

unchanged

S. lamarcki

N

TALE-VIII A, B, C, D, E, F, G, H

-

-

S. kraussi

M

TALE-VIII SPILE-Z

-

unchanged
(HDs identical)

C. teleta

P

TALE-VIII B (1-3?)

Ctel 1505086 31 9/
Ctel 1505698 31 9/
Ctel 1499331 27 4

C. teleta

P

TALE-VIII A1

Ctel 1499505 38 4

TALE-IV

C. teleta

M

TALE-VIII A2, C

-

-

C. teleta

P

TALE-IX A

Ctel 1518266 30 6

unchanged

C. teleta

P

TALE-IX B

Ctel 1518128 28 9

unchanged

C. teleta

P

TALE-IX C

Ctel 1502937 32 5

unchanged

S. lamarcki

N

TALE-X A◆ , B◆

-

-

S. lamarcki

N

TALE-XI A, B

-

-

C. teleta

N

TALE-XI

-

-

C. teleta

N/M

TALE-XII A1, A2, A3, B

-

-

S. lamarcki

N

TALE-XIII A◆ , B2◆

C. teleta

N

TALE-XIII

-

-

L. anatina

N

TALE-XIII

-

-

C. gigas

P

TALE-XIII TALE5

Cgi TALE5

TALE-?

P. vulgata

N

TALE-XIII

-

-

S. lamarcki

N

TALE-XIV

-

-

P. vulgata

N

TALE-XIV

-

-

L. gigantea

P

TALE-XV

Lgig 1419427 48 9

TALE-VI

N. fuscoviridis

M

TALE-XV SPILE-C

-

-

P. vulgata

N

TALE-XV

-

-

XVI

H. robusta

N

TALE-XVI A, B

-

-

XVII

L. gigantea

P

TALE-XVII A

Lgig 1410135 44 3

TALE-VI

L. gigantea

P

TALE-XVII B

Lgig 1410138 39 8

TALE-VI

XIII

XIV

XV
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unclassified

N. fuscoviridis

M

TALE-XVII SPILE-A

-

-

S. lamarcki

N

TALE-XVIII■

-

Mkx2

C. teleta

M

TALE-XVIII

-

-

L. anatina

N

TALE-XVIII

-

-

N. fuscoviridis

M

TALE-XVIII SPILE-D

-

-

P. vulgata

N

TALE-XVIII A, B

-

-

H. robusta

N

TALE-XIX A

H. robusta

N

TALE-XIX B-P (15 sequences)

-

S. lamarcki

N
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-

-

C. gigas

P

TALE-VII-like TALE10
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TALE-VI

✓

✓

-

Table 3.6. Clade-centric summary of various attributes of the TALE clades. In the
Expression column, each symbol denotes a gene in that clade for which there is evidence of
expression. Red indicates the data originate from Kenny & Shimeld (2012); blue, from Paps et
al. (2015); purple, from Morino et al. (2017), and green from the present study. Mollusc embryogenesis is denoted by a triangle, annelid development by a square, and annelid regeneration by
a diamond. A qualitative assessment of the conﬁdence placed in the robustness of a clade in
future analyses (based on support values and inspection of the sequences) is given in the Conﬁdence column. Notes detailing information pertinent to the conﬁdence rating are given in the
Comments column.
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Figure 3.5. A schematic representation of the sequence fragments of TALE-IV
genes, showing the evidence for genes containing two TALE-class HDs. Non-coding sequence is
indicated with a thin black line. Coding sequence is indicated with a thick coloured line; semitransparent if the extent of the exonic sequence is not easily predictable. Green and blue regions
represent areas of high sequence conservation C-terminal to each of the homeodomains. Light
blue colouration represents regions where the sequence is recognisably homologous to the blue
region but has substantially diverged. Regions that are unusually long relative to equivalent
homologous regions are marked with an asterisk. Regions with apparent homology to homeodomains but which have degraded are represented with thick grey lines. Homeodomains are represented with boxes coloured black if recognised by the NCBI Conserved Domain Search or grey
otherwise. Half-size homeodomains are due to introns (S. lamarcki AX & AY, P. dumerilii A)
or truncated homeoboxes (P. dumerilii B). Homeodomains are marked ‘a’ if they belong to the
A/annelid-only sub-clade (see Figure 3.1) or ‘U' if they were too short to be identiﬁed using the
phylogeny. Not to scale. Annelid species: S. lamarcki = Spirobranchus lamarcki; S. kraussi =
Spirobranchus (formerly Pomatoleios) kraussi; C. teleta = Capitella teleta; P.dum. = Platynereis
dumerilii. Mollusc species: C. gigas = Crassostrea gigas; P. fuc. = Pinctada fucata; N. fus. =
Nipponacmea fuscoviridis; P. vul. = Patella vulgata. Taken from Barton-Owen, Szabó, Somorjai,
& Ferrier (2018).

In the course of manually inspecting sequences for alignment, it was observed that
most TALE-IV sequences have two TALE-class homeodomains. The available evidence for
TALE-IV gene structure is summarized in Figure 3.5.

3.3.5.

PRD class homeobox genes

Ten transcriptomic sequences were identiﬁed as canonical PRD-class genes: Prrx,
Shox, Otp B, Otx B, Vsx B, Pax4/6 A & B, and four identical or near-identical to
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previously described S. lamarcki sequences: Gsc, Hbn, Otp A, and Otx A (Kenny and
Shimeld 2012). Two sequences were also identiﬁed which could not be placed in canonical
PRD-class gene families. One of these was matched by BLAST to sequences that had been
automatically identiﬁed as ceh-37, one of the Caenorhabditis elegans paralogues of Otx,
but appeared to share little homology with the original ceh-37 gene. The other was
matched by BLAST searches to amphioxus Aprd6. To classify these genes, putative and
previously identiﬁed PRD-class homeodomains were collected from S. lamarcki, C. teleta,
H. robusta, P. dumerilii, L. anatina, C. gigas, L. gigantea, P. vulgata, A. mellifera, D.
melanogaster, T. castaneum, and B. ﬂoridae. (Appendix 3.2b). These were aligned (Appendix 3.4d) and the alignment used to produce a Bayesian phylogeny with support values
added from equivalent neighbour-joining and maximum likelihood analyses (Figure 3.6,
Table 3.7).
This phylogeny successfully reconstructed all canonical PRD-class clades (except
Arx) and the same non-canonical PRD Clades as Paps et al. (2015) (PRD Clades I-VI).
In addition, one further clade (PRD-VII) was resolved. S. lamarcki Prd-like (Kenny and
Shimeld 2012) is reclassiﬁed here as PRD-VII.
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Figure 3.6 (2 parts). Bayesian phylogeny of PRD class homeodomain sequences from
a selection of bilaterian genomes, and the new unclassiﬁed Lopx gene family. Support values for
each node are from neighbour joining (out of 1000 bootstraps), maximum likelihood (proportion
of 1000 bootstraps), and Bayesian (posterior probability) phylogenies (in order, separated by
vertical bars or new lines). A dash indicates where a node is not present in the corresponding
tree. Established bilaterian gene families that have been successfully reconstructed have been
collapsed into coloured triangles, and a summary of their contents is presented in Table 3.7. In
some cases, new families or family subsets containing several sequences all from a single genus
have also been collapsed to aid visualisation. Colour selection is arbitrary, and not meant to
indicate a relationship. Paralogue lettering, where present, is not intended to consistently imply
direct orthology, though where evident, direct orthologues have been lettered accordingly. S.
lamarcki sequences (all underlined) are marked with a green diamond if found in the regenerative
transcriptome, with a red square if found in the developmental transcriptome, and a blue dot if
found in both. Collapsed families have their S. lamarcki gene complement indicated nearby with
the same symbols as above, with an empty black circle indicating a gene that has been found
only in the genome. New gene families suggested herein are marked with an asterisk. The scale
bar indicates amino acid substitutions per site. Full sequence details are included in Appendix
3.2b. The alignment used to produce this tree is presented in Appendix 3.4d, and the full version
of the Newick format tree is presented in Appendix 3.3d. Annelid species: S. lamarcki = Spirobranchus lamarcki; C. teleta = Capitella teleta; H. robusta = Helobdella robusta; P. dumerilii =
Platynereis dumerilii. Brachiopod species: L. anatina = Lingula anatina. Mollusc species: C.
gigas = Crassostrea gigas; L. gigantea = Lottia gigantea; P. vulgata = Patella vulgata. Insect
species: A. mellifera = Apis mellifera; D. melanogaster = Drosophila melanogaster; T. castaneum = Tribolium castaneum. Deuterostome species: B. ﬂoridae = Branchiostoma ﬂoridae.
Adapted from Barton-Owen, Szabó, Somorjai, & Ferrier (2018).

Table 3.7. Summary of the collapsed gene families in Figure 3.6. Clade colouration
and symbols denoting sequence origin are the same as in Figure 3.6. Annelid species: S.lam =
Spirobranchus lamarcki; C.tel = Capitella teleta; H.rob = Helobdella robusta; P.dum =
Platynereis dumerilii. Brachiopod species: L.ana = Lingula anatina. Mollusc species: C.gig =
Crassostrea gigas; L.gig = Lottia gigantea; P.vul = Patella vulgata. Insect species: A.mel = Apis
mellifera; D.mel = Drosophila melanogaster; T.cas = Tribolium castaneum. Deuterostome species: B.ﬂo = Branchiostoma ﬂoridae.
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3.3.6.

A novel unclassiﬁed homeobox gene family

The putative ceh-37 genes grouped into their own strongly supported clade separate to all PRD-class gene families except the highly divergent Hopx. I therefore propose
a new gene orthology group, named Lopx (LOPhotrochozoan only homeobox). An alignment of the homeodomain and some ﬂanking sequence of these proteins against sequences
with which they have previously been putatively identiﬁed, as well as a conserved motif
unique to Lopx genes, illustrates the distinctive nature of the Lopx family (Figure 3.7).
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Figure 3.7. Sequence alignment of Lopx homeodomain and N-terminal ﬂanking region (a) and a C-terminal conserved motif unique to Lopx proteins (b) from a selection of
lophotrochozoan species, compared to gene families/classes that Lopx genes have been mistaken
for by automatic annotation pipelines (Otx/ceh-37 - marked with asterisks) and in general
homeodomain trees (CUT class - marked with dagger). Identities (full stops) are marked relative
to the sequence of Spirobranchus lamarcki Lopx. The S. lamarcki Lopx sequence is highlighted
in red. Full sequence details are included in Appendix 3.2b. Annelid species: S.lam = Spirobranchus lamarcki; C.tel = Capitella teleta; P.dum = Platynereis dumerilii. Brachiopod species:
L.ana = Lingula anatina. Mollusc species: C.gig = Crassostrea gigas; L.gig = Lottia gigantea;
P.vul = Patella vulgata; M.yes = Mizuhopecten yessoensis (syn. Patinopecten yessoensis); B.gla
= Biomphalaria glabrata; O.bim = Octopus bimaculoides. Ecdysozoan species: C.ele = Caenorhabditis elegans; T.cas = Tribolium castaneum. Deuterostome species: B.ﬂo = Branchiostoma
ﬂoridae. Taken from Barton-Owen, Szabó, Somorjai, & Ferrier (2018).

3.3.7.

Nk, Msx, Lbx & Tlx families

Seven sequences from the transcriptomes were identiﬁed as members of canonical
Nk families: Nk1a, Nk1b, Nk2.2b and four identical or nearly identical to previously described S. lamarcki sequences: Nk2.1a, Nk2.1b, Nk5 and Nk6 (Kenny and Shimeld 2012).
An eighth sequence was also identiﬁed as similar to Nk genes, but could not be placed in
a canonical family. To classify the known sequences and proﬁle Nk family gene duplication
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in S. lamarcki, putative and previously identiﬁed Nk1-7, Msx, Lbx and Tlx homeodomain
sequences were collected from S. lamarcki, C. teleta, H. robusta, P. dumerilii, L. anatina,
C. gigas, L. gigantea, P. vulgata, A. mellifera, D. melanogaster, T. castaneum, and B.
ﬂoridae, (Appendix 3.2b) including the non-canonical C. gigas NKL gene and the amphioxus Ankx genes. An alignment of these homeodomains (Appendix 3.4e) was used to produce a Bayesian phylogeny with support values added from equivalent neighbour-joining
and maximum likelihood analyses (Figure 3.8, Table 3.8). All clades except Nk2.1, Nk3,
and Nk4 were successfully reconstructed. The analysis does not suggest a common origin
of all divergent lophotrochozoan Nk genes except those from L. anatina and L. gigantea,
leading to the name Lilo-Nk (i.e. Lingula-Lottia Nk). Although the unidentiﬁed Spirobranchus Nk gene is located close to the Nk3 family members in Figure 3.8, it has a clearly
diﬀerent sequence (Figure 3.9); it was therefore named Spiro-Nk. The phylogeny also indicates that S. lamarcki Nk3-like (Kenny and Shimeld 2012) should be reclassiﬁed as an
Nk2.1 paralogue (Nk2.1d).
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Figure 3.8 (2 parts). Bayesian phylogeny of Nk, Msx, Tlx and Lbx homeodomain
sequences from a selection of bilaterian genomes, showing the various S. lamarcki gene duplications and the Spiro-Nk orphan. Support values for each node are from neighbour joining (out
of 1000 bootstraps), maximum likelihood (proportion of 1000 bootstraps), and Bayesian (posterior probability) phylogenies (in order, separated by vertical bars or new lines). A dash indicates where a node is not present in the corresponding tree. Established bilaterian gene families
that have been successfully reconstructed have been collapsed to coloured triangles, and a summary of their contents is presented in Table 3.8. In some cases, new families or family subsets
containing several sequences all from a single genus have also been collapsed to aid visualisation.
Colour selection is arbitrary, and not meant to indicate a relationship. Paralogue lettering, where
present, is not intended to consistently imply direct orthology, though where evident, direct
orthologues have been lettered accordingly. S. lamarcki sequences (all underlined) are marked
with a green diamond if found in the regenerative transcriptome, with a red square if found in
the developmental transcriptome, and a blue dot if found in both. Collapsed families have their
S. lamarcki gene complement indicated nearby with the same symbols as above, with an empty
black circle indicating a gene that has been found only in the genome. New gene families suggested herein are marked with an asterisk. Where a gene has been reclassiﬁed from Kenny and
Shimeld (2012), the old classiﬁcation is included but struck out. Established gene families that
were successfully reconstructed in the neighbour joining and/or maximum likelihood analyses
but not the Bayesian analysis are marked by a ‘cartoon’ clade (not to horizontal scale) and
corresponding support values to the right. The scale bar indicates amino acid substitutions per
site. Full sequence details are included in Appendix 3.2b. The alignment used to produce this
tree is presented in Appendix 3.4e, and the full version of the Newick format tree is presented
in Appendix 3.3e. Annelid species: S. lamarcki = Spirobranchus lamarcki; C. teleta = Capitella
teleta; H. robusta = Helobdella robusta; P. dumerilii = Platynereis dumerilii. Brachiopod species:
L. anatina = Lingula anatina. Mollusc species: C. gigas = Crassostrea gigas; L. gigantea =
Lottia gigantea; P. vulgata = Patella vulgata. Insect species: A. mellifera = Apis mellifera; D.
melanogaster = Drosophila melanogaster; T. castaneum = Tribolium castaneum. Deuterostome
species: B. ﬂoridae = Branchiostoma ﬂoridae. Adapted from Barton-Owen, Szabó, Somorjai, &
Ferrier (2018).
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Table 3.8. Summary of the collapsed gene families in Figure 3.8. Clade colouration
and symbols denoting sequence origin are the same as in Figure 3.8. Annelid species: S.lam =
Spirobranchus lamarcki; C.tel = Capitella teleta; H.rob = Helobdella robusta; P.dum =
Platynereis dumerilii. Brachiopod species: L.ana = Lingula anatina. Mollusc species: C.gig =
Crassostrea gigas; L.gig = Lottia gigantea; P.vul = Patella vulgata. Insect species: A.mel = Apis
mellifera; D.mel = Drosophila melanogaster; T.cas = Tribolium castaneum. Deuterostome species: B.ﬂo = Branchiostoma ﬂoridae.

Nk3

(Nk4)

Nk5

Nk6

Nk7

Tlx

Lbx

Msx

Nk2.1
4

Nk2.2

Nk1
S.lam

2

2

1

1

1

1

1

3

1

1

◆◆ ●●■ ■◆

●

●

◆

◆

C.tel

2

2

2

1

2

2

1

1

1

1

1

H.rob

4

4

5

2

1

4

3

1

2

2

1

P.dum

1

1

1

1

1

1

1

1

1

1

1

C.gig

1

1

1

1

1

2

1

1

2

1

1

L.gig

2

1

1

1

1

1

1

1

2

1

3

P.vul

2

1

1

1

1

1

1

1

2

1

2

L.ana

2

1

1

1

1

1

1

1

1

1

1

A.mel

1

1

1

1

1

1

1

1

1

1

2

D.mel

1

1

1

1

1

1

1

1

1

2

1

T.cas

1

1

1

1

1

1

1

1

1

1

2

B.flo

2

1

1

1

1

1

1

1

1

1

1

133

Figure 3.9. Alignment of the Spiro-Nk homeodomain (red) and three preceding positions
against assorted Nk3 gene family members, demonstrating that Spiro-Nk does not belong to the
Nk3 family. Positions in the homeodomain which are invariant in the sampled Nk3s but diﬀerent
in Spiro-Nk are marked with a dot above the alignment. Annelid species: S.lam = Spirobranchus
lamarcki; C.tel = Capitella teleta; H.rob = Helobdella robusta; P.dum = Platynereis dumerilii.
Brachiopod species: L.ana = Lingula anatina. Mollusc species: C.gig = Crassostrea gigas; L.gig
= Lottia gigantea. Insect species: A.mel = Apis mellifera; D.mel = Drosophila melanogaster;
T.cas = Tribolium castaneum. Deuterostome species: B.ﬂo = Branchiostoma ﬂoridae.

3.4. Discussion
Annelid genome evolution is considered to be generally conservative relative to
various other animal lineages (Raible et al., 2005; Hui et al., 2009, 2012; Ferrier 2012). It
was therefore unexpected to ﬁnd such a surprising diversity of non-canonical and diﬃcultto-classify homeobox genes in the S. lamarcki regenerating opercular transcriptomes, including six TALE class genes, a PRD class gene, a gene similar to Nk, a divergent Hox
gene, and another unclassiﬁable gene, in addition to the 56 other genes belonging to 46
known homeobox families (Table 3.2). To classify these genes, an in-depth survey of the
TALE, PRD, Nk, and Hox content of the S. lamarcki genome (Kenny et al., 2015) was
performed and complemented with surveys of the available genomes of a number of other
Lophotrochozoa and published sequences.
This section will primarily address the non-canonical and diﬃcult-to-classify sequences. The canonical homeobox gene families found in the transcriptomes are discussed
in Chapter 6.

3.4.1.

The Spiralian TALE Expansion

In this analysis, 6 non-canonical TALE sequences from the S. lamarcki regenerative transcriptomes and 1 from the developmental transcriptome (Kenny and Shimeld
2012) were analysed with 18 sequences from the genome (Kenny et al., 2015) and a broad
sampling of sequences from other lophotrochozoan genomes. The 9 TALE clades of Paps
et al. (2015) were successfully reconstructed, although the reclassiﬁcation of some sequences modiﬁed their constituents. In addition, 10 new clades were named (TALE clades
X-XIX).
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The integration of the Paps et al. (2015) and Morino et al. (2017) nomenclatures
is discussed in the next section (section 3.4.2.3), followed by some observations about the
properties of the various TALE clades (section 3.4.2.4). Some general observations about
the dynamics of the Spiralian TALE expansions (STE) are made in section 3.4.2.5. Some
important methodological considerations to ongoing eﬀorts to proﬁle the STE are discussed in section 3.4.2.6, and the current state of knowledge about the biology of STE
genes is discussed in section 3.4.2.7. Some priorities for STE study and some potential
tools for the time-eﬃcient survey of STEs in new and existing genomes are discussed are
section 3.4.6.

3.4.1.1.

The SPILE nomenclature

The phylogenetic analysis of Morino et al. (2017, Figure 1) indicated a distinction
between a monophyletic clade (with a support value of 82%) containing the majority of
STE genes, and another containing all canonical TALE families and a selection of other
STE genes. This STE monophylum is reconstructed in the Bayesian analysis presented in
Figure 3.4, although it was not exactly reconstructed in the concurrent neighbour-joining
or maximum likelihood analyses, and the clade received a posterior probability of only
0.613. TALE clades I and X-XIV are non-SPILE clades, and TALE clades II-VIII and XVXIX are SPILE clades (see TALE-IX discussion below). Of these, sequences from TALE
clades X, XI, XIV, XVI and XIX appear only in the current analysis, so are unveriﬁed in
their placement.
The SPILE clade is less obvious but nonetheless detectable in the tree of Paps et
al. (2015, Supplementary Figure 4) in the topological proximity of TALE-I and C. gigas
TALE5 (now TALE-XIII) to the canonical TALE families and the clade containing TALE
clades II-VIII + Cers, though the topology is disrupted by the inclusion of SINE, CERS
and Hnf class homeodomains. However, the analysis of Paps et al. (2015) contradicts
Figure 3.4 by placing TALE-IX among the apparent SPILE genes. Unfortunately, TALEIX sequences were omitted from the analysis of Morino et al. (2017). TALE-IX was placed
among the non-SPILE genes by my analysis, and is referred to as non-SPILE in summaries
presented herein.
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The establishment of the SPILE nomenclature is perhaps unfortunate given that
the STE genes outside the SPILE clade have as much claim to the designation ‘SPIralian
taLEs’ as those within it. A name reﬂecting their (presumably) common gene ancestry —
for example, the Spiralian TALE Orthology Group — might have been preferable, but has
not been adopted herein to promote continuity with past research.

3.4.1.2.

Comparison with previous datasets

Tabular comparisons between the present study, Morino et al. (2017), and Paps et
al. (2015) are presented below. A summary of the presence/absence, SPILE placement,
taxonomic distribution and associated support values for each TALE clade is given in
Table 3.9. A summary of the SPILE and non-SPILE gene count from each surveyed genome is given in Table 3.10.
Full details of the sequences used in this analysis, and how they correspond to the
names used in Paps et al. (2015) and Morino et al. (2017) are included in Appendix 3.2b.
A graphical comparison of the TALE clade constituents and their identity between analyses is presented in Appendix 3.5.
The searches and analyses in the present study were performed before the publication of the work of Morino et al. (2017), and consequently sequences retrieved by their
surveys but missed by mine were not integrated into the analyses presented herein. These
include eight homeodomain sequences from Lottia gigantea, one from Pinctada fucata, and
two from C. teleta.
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Table 3.9. Comparison of cladistic and topological data from the present study, Morino
et al. (2017), and Paps et al. (2015). In the ‘Present in’ columns, parentheses indicate that the
clade is represented by a single gene in that analysis, ‘m’ that the necessary data are missing
from this analysis, ‘?’ when the data are insuﬃcient to determine if the sequences belong to the
clade (as is the case with the possible hemichordate TALE-XIII), and ‘!’ when the sequence has
been misplaced. In the analysis of Paps et al. (2015), rotiferan sequences were indicated as
present in tree notations but weren’t actually present in the tree. The analysis of Paps et al.
also did not reconstruct a SPILE clade, but a comparable distinction is visible in their topology.
Support values derive from the following phylogenetic analysis methodologies in the present
study: NJ = neighbour joining; ML = maximum likelihood; Ba = Bayesian.
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Table 3.10. Comparison of the number of sequences retrieved from each genome by
the present study, Morino et al. (2017), and Paps et al. (2015). Numbers in brackets indicate
that the sequences have been taken directly from the preceding analysis, not from an independent search. A range indicates the presence of multiple identical homeodomains (e.g. C. teleta)
or partial homeodomains which are likely but not certainly parts of the same homeodomain (see
Figure 3.5). Paps et al.’s analysis did also not reconstruct a SPILE clade, but comparable distinction is visible in their topology; for the purposes of the Paps et al. analysis tally, C. teleta
TALE-IX sequences have been counted as SPILEs (marked with asterisk).
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General observations

S. lamarcki and C. teleta are vying for the most STE-rich species yet surveyed,
each having at least 25 sequences. In S. lamarcki, most of the sequences are concentrated
in TALE clades containing sequences from other species, with only three orphan/S.lamarcki-only TALE sequences (ﬁve if TALE-XI is rejected), whereas the C. teleta complement is more diverse, with at least 11 such sequences (12 without TALE-XI, more if the
long-branch rejects from Morino et al. are included).
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The diversity of S. lamarcki and C. teleta STE sequences is not found throughout
the annelids. Assuming that the TALE clades are reliable indicators of orthology and that
the surveys have been exhaustive, Platynereis dumerilii and Helobdella robusta both seem
to have undergone major STE loss, retaining only TALE-I (both) and TALE-IV (P.
dumerilii only). H. robusta appears to have undergone a recent proliferation of 18 sequences in two H. robusta-only clades (TALE clades XVI and XIX, both SPILE). These
gains and losses in could be related to the unusual dynamism of its genome (Simakov et
al., 2013), which seems to also be reﬂected in its non-STE homeobox complements (c.f.
Table 3.3, Table 3.4, Table 3.7, & Table 3.8). In contrast, P. dumerilii is the
exemple par excellence of the generally conservative nature of annelid genome evolution
(Raible et al., 2005; Hui et al., 2009, 2012; Ferrier 2012; Zantke et al., 2014). Greater taxon
sampling (see section 3.4.6.1) and data on STE synteny are needed to understand the
dynamics of STE evolution in annelids.
The pattern of gene retention across the Lophotrochozoa as a whole is similarly
heterogenous. With the assumption that the TALE clades are orthology groups, the lophotrochozoan ancestor must have possessed at least TALE clades I, III, IV, VII, XIII,
XIV, and XVIII, but no species yet surveyed has representatives of all these clades. Furthermore, rarely do these losses seem to be common to whole classes or phyla; with the
taxonomic resolution currently available, most gene loss seems to have occurred relatively
recently and piecemeal between species.
The extent to which the STE should be seen as a truly spiralian-wide phenomenon
is debatable. The vast majority of the expansion seems to have occurred in the Lophotrochozoa; thus far STE sequences belonging to non-lophotrochozoan spiralians number
only ten from ﬁve genomes, compared to at least 115 sequences from the nine surveyed
lophotrochozoan genomes (excluding S. kraussi and N. fuscoviridis). All but two of the
TALE clades are restricted to the Lophotrochozoa, and so far, a single orphan (Echinococcus multilocularis TALEHD4, Morino, Hashimoto, and Wada 2017) is the only indicator
that any TALE clades without lophotrochozoan genes exist.
The extent to which the TALE clade nomenclature reﬂects real orthology groups
is unclear. It is probable that many of the TALE clades are comprised of orthologues, but
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only one — TALE-IV — has been examined in any depth beyond the homeodomain sequence. The presence of two homeodomains, and the conserved regions C-terminal to each
(Figure 3.5) both provide support beyond phylogenetic analyses of the homeodomain for
the notion that these genes belong to a distinct orthology group stretching at least as far
as the base of the Lophotrochozoa, but very probably beyond (Paps et al., 2015; Morino,
Hashimoto, and Wada 2017) (see below).
The evolutionary history of the STE is diﬃcult to even speculatively reconstruct
from the current paucity of information. The SPILE clade, apparently initially containing
only TALE clades III and IV, was present in the common ancestor of the Rotifera, Platyhelminthes, and Trochozoa. Five more TALE clades (listed above), including three nonSPILE clades, originated in the common lophotrochozoan ancestor. In the annelids and
molluscs, the pace of TALE expansion (from both SPILE and non-SPILE origins) has
been by far the most rapid and ﬂexible, with frequent duplication, rapid divergence to the
point where the original paralogy is mostly undetectable beyond the SPILE/non-SPILE
distinction, and seemingly unconstrained losses.

TALE-IV
On the basis of the evidence for orthology of domain structure and of conserved
motifs outside the homeodomain (Figure 3.5), TALE-IV represents a genuine orthology
group which stretches at least as far back as the Lophotrochozoa. Adineta vaga TALEHDs
1 & 2 and 3/5 & 4/6 (3 and 5 are identical, as are 4 and 6) (Morino, Hashimoto, and
Wada 2017) lie only 3-4 kilobase pairs apart from one another, but the annotation (Flot
et al., 2013) places them all in separate transcripts. Sequence comparison (Appendix 3.4f)
also indicates that the non-homeobox conserved motifs aren’t present in the A. vaga sequences. TALEHDs 1, 3 & 5 more closely resemble lophotrochozoan TALE-IV HD2s than
TALEHDs 2, 4 & 6 resemble lophotrochozoan TALE-IV HD1s. Further work is necessary
to determine if the annotations are correct and if any other indicators of orthology can be
detected in A. vaga and other non-lophotrochozoan Spiralia. From these data, it might be
possible to reconstruct some of the speciﬁcs of the event that potentially merged two
adjacent homeobox genes.
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Within the Lophotrochozoa, the sequences have a non-straightforward topology
that necessitates explanation. Speciﬁcally, the annelids seem to have two paralogues; in
one, the second homeodomain has diverged from the mollusc sequence into a completely
separate clade (labelled ‘A’ in Figure 3.4 & Figure 3.5), and in the other the second
homeodomain has been degraded. Although evidence of the original homeodomain is visible in alignments, the degraded homeodomain regions are dissimilar to one another, suggesting independent loss events. In S. kraussi, the homeodomain of the former paralogue
(the non-A-type) has also been degraded. P. dumerilii also has an orphan gene (TALEIV-like) that has been placed beside or within TALE-IV in both the present study and by
Morino et al. (2017), but with low support values.
Curiously, a H. robusta sequence (TALE-XIX A) also seems to have acquired a
second homeobox independently of the presumed TALE-IV pro-orthologue. A multi-homeobox state has not previously been observed for any TALE class genes, and is only rarely
seen in some other animal homeobox gene classes, such as Hdx (POU class), dve/Compass
(CUT class), Zfhx and Zhx/Homez (ZF class), Muxa and Muxb (orphan genes in amphioxus), and Dux genes in mammals (PRD class) (Booth and Holland 2007; Takatori et al.,
2008; Zhong and Holland 2011).

3.4.1.4.

Methodological concerns (or: it's too late topologise)

Search saturation
Three surveys (Paps et al., 2015; Morino, Hashimoto, and Wada 2017; present
study) of the C. teleta genome have all retrieved an overlapping but diﬀerent set of STE
homeodomains; that is, although each researcher may have saturated the searches performed using their particular methodology, the survey eﬀorts as a whole are in principle
incomplete. One possible explanation is the query pool; some of the most divergent homeodomains may be 'out of reach' of most queries. Many of the missed C. teleta sequences
in question are C. teleta-speciﬁc and some are extremely long-branch, indicating that these
sequences are missed because they are not represented well enough in the query sequences.
As a result, species-restricted, non-lophotrochozoan, and highly divergent homeodomains
may be systematically under-detected by previous BLAST search methodologies.
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One solution to this problem is to use and maintain as wide a query pool as
possible, and for previously surveyed genomes to be re-surveyed as the query pool is
broadened. Unfortunately, these deep recursive searches are extremely time-consuming.
Proposals for some automative tools to reduce the unnecessary human workload are presented in section 3.4.9.1.

Topology
Many of the TALE clades discussed herein have been reconstructed in either or
both of the previous published phylogenetic analyses (Paps et al., 2015; Morino, Hashimoto, and Wada 2017), as well as in either or both of the neighbour-joining and maximum
likelihood phylogenies performed on the same dataset as the presented Bayesian phylogeny.
The reconstruction of a clade between analyses including diﬀerent sets of sequences and
between multiple types of phylogenetic analysis on the same dataset is perhaps as good
an indicator of the degree of conﬁdence which should be placed in a clade as the support
values it receives from any one analysis.
However, several of the clades inspire rather less conﬁdence for various reasons;
they're as yet unreconstructed in other analyses (e.g. TALE clades X, XI, XIV, XVI &
XIX), their sequences are more heterogeneous than other clades (e.g. TALE-X), or their
composition has changed between analyses (e.g TALE-VI). As aptly demonstrated by
TALE-VI, the discovery of more sequences is likely to disrupt the topology presented here.

Nomenclature
The non-arbitrary and coherent determination of what nodes should be dubbed
TALE clades when sequence diversity is so high and apparent orthologue retention is so
unevenly distributed is a problem for the study of the STE. Although the tree presented
in Morino et al. (2017, Figure 1) almost completely recapitulates the topology presented
here (Figure 3.4), it would not be possible to non-arbitrarily impose a comparable nomenclature, and if the nomenclature used herein is mapped onto their tree, the clades seem to
be chosen incoherently. This is presumably why Morino et al. (2017) elected to erect the
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SPILE nomenclature and not attempt to integrate the TALE clade nomenclature of Paps
et al. (2015).
In contrast, the Bayesian analysis presented in this analysis (Figure 3.4) collapses
the (presumably uninformative) topology that separates informative clades into large polytomies with relatively little ‘nesting’. In most cases, the clades appearing proximally from
these polytomies represent meaningful distinctions, including the well-established canonical TALE families. Therefore, with the application of the criteria that a node must either
be supported in all three parallel analyses (NJ, ML, Bayesian) or have received a support
value of at least 70% in the Bayesian tree to be classiﬁed as an TALE clade, the node/clade
determinations in this analysis are on a basis comparable to the canonical families.
Another issue with nomenclature may materialise as and when the clades named
herein are disrupted in future analyses: speciﬁcally, that the addition of more sequences
will pull previously described clades apart to the point that the old nomenclature becomes
confusing and misleading. This problem can be partly ameliorated by the maintenance of
a clear, explicit and open record of the relation between the latest nomenclature and
previous iterations (e.g. Table 3.5, Appendix 3.5) If changes to the nomenclature are made
during the course of analysis and publication, it would be preferable if these changes were
reﬂected in all published material (TALE clade numbering is inconsistent between the
manuscript, Supplementary Figure 4, and Supplementary Figure 7 of Paps et al., 2015).

3.4.1.5.

STE biology

Expression data are currently restricted to two members of the genus Spirobranchus (present study, Kenny and Shimeld 2012; Morino, Hashimoto, and Wada 2017), the
bivalve C. gigas (Paps et al., 2015; F. Xu et al., 2016), and the gastropod N. fuscoviridis
(Morino, Hashimoto, and Wada 2017). A tabular summary is presented in Table 3.11.
Normalised developmental expression data of the 14 C. gigas STE genes, taken from Xu
et al. (2016), are presented in Figure 3.10.
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Early development
The preponderance of expression data indicates most STE genes are expressed
almost exclusively between the zygote and morula stages. Transcriptomic data from Paps
et al. (2015) and Xu et al. (2016) provide evidence for the expression of C. gigas TALEs
1-4 and 7-14 in early development, with very little expression of most genes after the
gastrula (Figure 3.10; Paps et al., 2015, Figure 3).
Morino et al. (2017) produced the ﬁrst in situ hybridisation images of STE genes
and both knock-down and over-expression data for a selection of their N. fuscoviridis
SPILE genes. Their data indicate that SPILE genes are expressed in quartet-speciﬁc domains in the early development of both molluscs and annelids, and (at least in molluscs)
engage in complex inter-regulation of one another in the speciﬁcation of cell fate along the
animal-vegetal axis. SPILE-D (TALE-XVIII) speciﬁes the apical structure, and knockdowns lost both the apical tuft and later expression of Otp, a ﬁrst quartet derivative
marker. SPILE-C (TALE-XV) is suﬃcient to determine macromere (3Q) cell fate.
The gene orthology inference from this study (discussed in section 3.4.2.6) could
help interpret the data of Morino et al. (2017). For example, N. fuscoviridis SPILE-B,
which is expressed in the 2nd quartet at 16 cells and then the vegetal pole (3rd quartet and
macromere) at 32 cells, has well-supported orthology (being members of TALE-IV) to S.
krausii SPILEs X and Y - deployed in the animal pole at the same stages.

Table 3.11. Summary of biological data concerning STE genes from the present study,
Kenny & Shimeld (2012), Paps et al. (2015) and Morino et al. (2017). Abbreviations: Loph. =
Lophotrochozoa (sensu stricto); Cg = Crassostrea gigas; Sl = Spirobranchus lamarcki; Nf =
Nipponacmea fuscoviridis; Sk = Spirobranchus kraussi; 0d = mature unregenerating opercular
transcriptome; 2d = 2 day regenerating opercular transcriptome; 6d = 6 day regenerating opercular transcriptome; mtr = maternal; 4/8/16/32c = 4/8/16/32 cell stage; troch. = trochophore
stage; 2q = second quartet; veg. = vegetal pole; anim. = animal pole; nucl = nuclear (ubiquitous); OE = over-expression, KD = morpholino knock-down. In the Morino et al. column,
changes to expression are marked by an arrow (->) in both the stages and regions columns; the
stage ranges and regions before and after the arrows correspond to one another respectively.
Where KD is greyed out, it was not found to have an eﬀect.
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Figure 3.10. Normalised developmental expression data for the 14 Crassostrea gigas
STE genes described by Paps et al., (2015), using data from Xu et al., (2016), Supplementary
Table S2. Read counts were normalised against the total read size of the SC transcriptome for
each replicate. The pink bar is used to indicate the trochophore stage, after Xu et al., SC =
single cell (presumed); LB = late blastula (presumed); ET = Early Trochophore (presumed);
T1/2 = Trochophore 1/2; D1/2 = D-shaped larvae 1/2; U1/2 = Umbo 1/2; P = Pediveliger; S
= Spat.

SPILEs D and B belong to lophotrochozoan-wide (TALE-XVIII) and spiralianwide (TALE-IV) clades respectively, but SPILEs A and C seem to have no non-gastropod
orthologues. These genes are actually quite ancient — the most recent common ancestor
of the Patellogastropoda (to which all gastropods sampled herein belong) was dated to
156–297 million years ago (Nakano and Ozawa 2007), and of the Gastropoda as a whole
to approximately 350-500 million years ago (Zapata et al., 2014) — but are nonetheless
taxonomically restricted.
Although Morino et al. (2017) invite the comparison between SPILEs and Hox
genes, it seems likely based on these observations that the evolutionary dynamics of these
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genes represents the polar opposite to the deep coding sequence, syntenic, and regulatory
conservation of Hox cluster genes, instead being typiﬁed by rapid gene turnover and ﬂexibility of deployment. Only the expansion of taxonomic sampling of in situ hybridisation
and functional data will be able to elucidate the aptitude of this comparison.
Similarly, it seems likely that evidence to support the hypothesis of Morino et al.
(2017) that the STE event was critical for the origination of spiralian development would
be obscured by the rapid, ﬂexible evolution and turnover of these genes. The available
evidence of orthologue deployment and function (i.e. NfSPILE-B vegetal pole expression
vs SkSPILEs X and Y animal pole expression, see above) and the roles of taxonomicallyrestricted clades (i.e. NfSPILE-C, a member of the gastropod-only TALE-XV, speciﬁes
the macromeres), already support the suspicion that very little signal will survive from
deep evolutionary time.

Mid to late development
Paps et al. (2015) highlighted the general paucity of STE expression in the trochophore stage, relating this to the evolutionary developmental hourglass (introduced in
section 3.1.2). The emerging picture of apparently extreme evolutionary ﬂexibility of the
STE genes seems likely to predispose them against deployment in a highly constrained
phylotypic stage.
Intriguingly, a Spirobranchus gene identiﬁed as a divergent Mkx paralogue (Mkx2)
by Kenny and Shimeld (2012) but reclassiﬁed here as a member of TALE-XVIII, derives
from a transcriptome of 24 to 72 hour embryos, which (given that the developmental
timing of the Plymouth and St Andrews Bay populations of S. lamarcki are not diﬀerent),
are trochophores (McDougall et al., 2006).
Xu et al. (2016) found that the transcriptome age indices reach their peak at the
late trochophore stages of C. gigas, the Paciﬁc abalone Haliotis discus hannai, and the
polychaete sand worm Perinereis aibuhitensis, and the transcriptome diversity index
reached its minimum in the C. gigas trochophore. However, the patterns of relative expression of genes of diﬀerent phylostrata are complex, and genes in the 2 most recent
phylostrata — Bivalvia- and C. gigas- speciﬁc — were highly expressed.
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The BLAST-based phylostratigraphy pipeline of Xu et al. (2016) placed C. gigas
TALEs 1-14 in PS2, the Eukaryote phylostratum. This placement doesn’t represent a
failure of these pipelines insofar as that they are explicitly designed to (approximately)
determine the de novo origin of taxonomically-restricted genes via the ﬁrst known instance
of broad homology, and not to distinguish the emergence and divergence of cryptic paralogues. However, it does indicate that global expression pattern analyses can entirely
miss the biologically meaningful and critical developmental information found in transcription factor evolution. Paps et al. (2015) point to their homeobox-centric candidate
gene approach as a factor behind the strength of their phylotypic signal.
Another possibility to explain the expression of S. lamarcki TALE-XVIII is that
the purported phylotypic restraints to the trochophore don’t actually apply particularly
strongly to this system. Firstly, the phylotypic period is not as unambiguously deﬁned in
annelids as in some other phyla. Xu et al. (2016) place it in the late trochophore, and this
stage was also identiﬁed as the point of the mid-developmental transition in P. dumerilii
(Levin et al., 2016). However, it has previously been suggested to be the segmenting metatrochophore (Slack 2003), and if simple enumeration of expressed Hox genes may be taken
as a phylotypic indicator (as is often assumed: e.g. Xu et al., 2016), the P. dumerilii data
would point to the metatrochophore or nectochaete stages (Kulakova et al., 2007). S.
lamarcki is the only member of the Sedentaria sampled herein which actually retains a
trochophore; C. teleta larval development omits it (Hill and Boyer 2001) and the Hirudinea
develop directly (Purschke 2002).
Secondly, regardless of phylotypology, the trochophore of S. lamarcki is already
thought to be unusual in the apparent dearth of any Hox gene deployment, a feature of
larval development of other annelids (Irvine and Martindale 2000; Peterson et al., 2000;
M. Kulakova et al., 2007; Fröbius, Matus, and Seaver 2008; Steinmetz et al., 2011) (see
further discussion in section 3.4.4).
The data of Paps et al. (2015) data indicate that the strongest expression of any
STE gene in the C. gigas trochophore is TALE5 (TALE-XIII, non-SPILE) during the
Trochophore 3 and 4 stages, though TALE5 is expressed rather patchily throughout development and peaks in the juvenile. The data from Xu et al. (2016) indicate that TALE2
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(TALE-I, non-SPILE) expression, though very high in early development (the most reads
of any STE gene), continues through the trochophore. This trend is less obvious but evident in the data of Paps et al. (2015), which also indicate late developmental expression
of TALE12 (absent from the data of Xu et al, 2016).

Adult and regeneration
TALE5 (TALE-XIII) and TALE6 (TALE-V) were reported by Paps et al. (2015)
to be most expressed in the juvenile, though they both also have developmental expression.
In the S. lamarcki regenerative transcriptomes, six STE sequences are reported:
TALE-I A and B, TALE-X A and B, and TALE-XIII A and B. Insofar as expression
information can be reliably inferred from un-replicated read counts, TALE-X A is relatively highly expressed (5,774 total reads) while all the others are expressed relatively
little (particularly TALE-X B, with seven reads). No sequence is most highly expressed in
early regeneration, but several peak in late regeneration (e.g. TALE-I A and B). All are
apparently expressed in mature tissue. None of the sequences share a common expression
topology (i.e. have their expression maxima and minima in the same stages).
With the information currently available, it seems possible that the non-SPILE
STE genes are more likely to be expressed in adults, in apparent contrast with the propensity for SPILE deployment in early development. However, this impression is almost
completely based on the data from S. lamarcki — the only mature adult/regenerative
expression data considered — and so can only be taken as tentative.

3.4.2.

The PRD Expansion

The PRD expansion (PRD-E) is at a much more modest scale than the TALE
expansion, currently totalling just 33 spiralian sequences (and six B. ﬂoridae sequences).
Paps et al. (2015) erected a nomenclature system for describing their spiralian data comprising of six clades (I-VI), which this analysis has successfully reconstructed. In addition,
I named one more clade, PRD-VII.
Unlike the STE, there is no evidence of a ‘meta-clade’ suggesting a common origin
event of more than one of the clades. However, this analysis indicates that some of the
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PRD clades (namely clades I, IV, VI and V) include cephalochordate Aprd genes. Although
further work is needed to determine if any degree of meaningful orthology is detectable
between cephalochordates and lophotrochozoans (see below), this result raises the possibility that the most recent common ancestor of the two groups — probably the ancestor
of all Bilateria — possessed a number of PRD Clade pro-orthologues which, being lost in
most deuterostomes and the Ecdysozoa, were previously unidentiﬁed as homeobox families. This possibility should be treated with caution until it has been better substantiated.
Some of the PRD-E genes have extremely unusual and possibly non-functional
homeodomains. C. gigas PRD3 appears to have lost 28 residues from the centre of the
homeodomain, corroborated in another mollusc Clade VI sequence (L. gigantea PRD-VI)
but not present in B. ﬂoridae Aprd5 (also placed in PRD Clade VI). This major homeodomain modiﬁcation is evidence for molluscan orthology but does not weigh in the favour
of cephalochordate inclusion. C. gigas PRD7 (but not C. teleta PRD-III, both members
of PRD clade III) has apparently lost/replaced the exon after the conserved intron at
position 46/47, although the strong possibility remains that this is the result of an inaccurate gene model (CGI_10025814). Although these divergent homeodomains are still
recognisable as such by the NCBI CDS (Marchler-Bauer et al., 2011, 2015), phylostratigraphy by Xu et al., (2016) placed PRD3 in PS10 (Bivalvia) and PRD7 in PS4 (Metazoa).

3.4.2.1.

PRD-E biology

The sole S. lamarcki PRD-E gene expressed in opercular regeneration, PRD-V, is
not found in either the uncut/mature tissue or in late/6dpf regeneration, and is present
as only 19 reads in the early/2dpf regenerative transcriptome. A PRD-E gene was also
found in a transcriptome of 24-72 hour S. lamarcki trochophore development, named PRDlike by Kenny and Shimeld (2012) and renamed PRD-VII herein.
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Figure 3.11. Relative developmental expression data for C. gigas PRD1-9 genes
from (a) Paps et al. (2015), Figure 3, and (b) Xu et al. (2016), Supplementary Table S2. For
(a), relative colour intensity was measured from the heat map of Paps et al. (2015). For (b),
read counts were normalised against the total read size of the SC transcriptome for each replicate, and then the relative expression level taken. The pink bar is used to indicate the trochophore stage, after Paps et al. and Xu et al. In (a): E = egg; 2/4c = 2/4 cell, EM = early morula;
M = morula; B = blastula; RM = rotatory movement; FS = free swimming; EG = early gastrula; T1-5 = Trochophore 1-5; ED1-2 = early D-shaped larvae 1-2; D1-7 = D-shaped larvae 17; EU1-2 = early umbo 1-2; U1-6 = umbo 1-6; LU1-2 = late umbo 1-2; P1-2 = Pediveliger 1-2;
S = Spat; J = juvenile. In (b): SC = single cell (presumed); LB = late blastula (presumed);
ET = early trochophore (presumed); T1-2 = trochophore 1-2; D1-2 = D-shaped larvae 1-2; U12 = umbo 1-2; P = pediveliger; S = spat.

Data from C. gigas development, derived from Paps et al. (2015) and Xu et al.
(2016), are presented in Figure 3.11. The normalised read count from Xu et al. (2016),
indicates that the PRD-E genes share the broad pattern of the highest recorded expression
being in the pre-trochophore stages with the STE genes, but the relative expression graphs
in Figure 3.11a and b indicates that many more PRD-E genes peak in post-trochophore
development than STE genes do. PRD8 (PRD Clade II), the only C. gigas gene with a
known S. lamarcki (presumed) orthologue, is expressed in the trochophore (according to
the data of Xu et al, 2016 only) and D-shaped larvae (according to both studies).
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3.4.3.

Lopx

One homeodomain sequence (comp276818_c0_seq2) from the transcriptome could
not be deﬁnitively identiﬁed nor classiﬁed (to a homeobox gene family or class) on the
basis of BLAST searches and the large neighbour-joining tree (Figure 3.1). Its closest
matches were a L. gigantea sequence automatically annotated as ceh-37, one of Caenorhabditis elegans’ three Otx paralogues, and another from the scallop Mizuhopecten
yessoensis (syn. Patinopecten yessoensis) annotated as OTX1-like. A similar gene was
present in the analysis of Paps et al. (2015), which they named Cgi_Hbx_2 but did not
place in a class.
This gene was included in the PRD class analysis because of its apparent similarity
to Otx, but it does not possess a PRD domain. My analysis (Figure 3.6) places the genes
on a polytomy with the unusual Hopx gene (Chen et al., 2002) but outside the rest of the
PRD class. Hopx has been previously placed in the PRD class on the basis of its (relative)
sequence similarity to Gsc and Pax6, the identity of residues in the Hopx homeodomain
which are invariant in PRD-class homeodomains (Q12, L16, F20, P26, W48, and F49,
taking into account a one residue insertion present in Hopx between residues 23-24) and
the presence of a conserved intron between residues 46/47 (Holland, Booth, and Bruford
2007).
The Otx-like sequence, while possessing the conserved intron position (found on
S. lamarcki poma61 genome nodes 1248323 and 1030675) as well as Q12, L16, P26, W48,
and F49, does not have F20 (instead it has Y20). Therefore, I do not contend that this
sequence belongs to the PRD class, but place it among the other unclassiﬁed homeobox
genes. Some of the PRD-E genes described in this chapter do not meet these criteria
either, but have been previously placed in the PRD class by Paps et al. (2015).
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Figure 3.12. Relative developmental expression data for C. gigas Lopx
(CGI_10016179) from (a) Paps et al. (2015, Figure 3), and (b) Xu et al. (2016, Supplementary
Table S2). For (a), relative colour intensity was measured from Paps et al.’s heat map. For b.,
read counts were normalised against the total read size of the SC transcriptome for each replicate, and then the relative expression level taken. The pink bar is used to indicate the trochophore stage, after Paps et al. (2015) and Xu et al. (2016). In (a): E = egg; 2/4c = 2/4 cell, EM
= early morula; M = morula; B = blastula; RM = rotatory movement; FS = free swimming;
EG = early gastrula; T1-5 = Trochophore 1-5; ED1-2 = early D-shaped larvae 1-2; D1-7 = Dshaped larvae 1-7; EU1-2 = early umbo 1-2; U1-6 = umbo 1-6; LU1-2 = late umbo 1-2; P1-2 =
Pediveliger 1-2; S = Spat; J = juvenile. In (b): SC = single cell (presumed); LB = late blastula
(presumed); ET = early trochophore (presumed); T1-2 = trochophore 1-2; D1-2 = D-shaped
larvae 1-2; U1-2 = umbo 1-2; P = pediveliger; S = spat. Where directly equivalent stages exist
between (a) and (b), they are indicated with grey arrows.

Related sequences were collected from among the Lophotrochozoa, including from
C. teleta, P. dumerilii, L. anatina, C. gigas, M. yessoensis, L. gigantea, Biomphalaria
glabrata (a ram’s horn snail) and Octopus bimaculoides. I conclude on the basis of the
data in Figure 3.6 and Figure 3.7 that this group of genes represents a hitherto undescribed
gene family, which I name Lopx (LOPhotrochozoan only homeoboX).
Insofar as the un-replicated read count data from the S. lamarcki regenerative
transcriptome can be taken as a measure of expression, Lopx appears to be constitutively
but only weakly expressed in the adult operculum (17 reads), increases in early regeneration (49 reads), and falls back to almost pre-regenerative levels in late regeneration (21
reads). Paps et al.’s (2015, Figure 3) and Xu et al.’s (2016, Supplementary Table S2) data
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from C. gigas embryogenesis (Figure 3.12) indicate that Lopx expression spikes in the
blastula, is immediately reduced in the rotatory movement stage, and then decreases approximately linearly from the free-swimming pre-gastrula on, though one of Xu et al.’s
replicates places the spike in the early trochophore. It does not appear to be expressed in
the juvenile.
Beyond these rudimentary data, Lopx is currently a complete enigma. Its position
outwith the established homeobox gene classes makes it unique among the novel homeobox
genes described herein. In vivo investigation of the spatiotemporal expression patterning
and function of Lopx should be a priority in any ongoing eﬀorts to understand the roles
of new and taxonomically-restricted homeobox genes in lophotrochozoan development and
regeneration.

3.4.4.

Antp and the Hox cluster

The Hox-like gene found in the transcriptomes is likely to be the S. lamarcki Antp
orthologue. It forms part of the group of Hox4/5/6-8 genes that do not resolve into individual orthology groups in Figure 3.2 (or in comparable phylogenetic analyses by others),
and is excluded from the anterior Hox genes, Lox2 and Lox5, the posterior Hox clade, and
the ParaHox gene clades by relatively strong support values (lab, 648/.964/1.0; pb,
230/.452/.530; Hox3, 358/.339/.965; Lox2, 513/.758/.999; Lox5, 864/.666/.894; posterior
Hox genes, 576/.517/.994; Cdx, –/.892/.893; Gsx, –/.677/.945; Xlox, 673/.726/.597).
Orthologues were identiﬁed for all expected annelid Hox and ParaHox genes (Fröbius,
Matus, and Seaver 2008; Kulakova, Cook, and Andreeva 2008) except Antp and Post1 (i.e.
lab, pb, Hox3, Dfd, Scr, Lox5, Lox4, Lox2, & Post2; Gsx, Xlox, & Cdx). Although it is not
impossible for it to be a divergent Dfd/Scr/Lox5/Lox4/Lox2 paralogue, it is simpler to
posit instead that the missing Antp orthologue has drastically diverged. As is evident in
Figure 3.3, the divergence is considerable; even within the highly-conserved homeodomain,
S. lamarcki Antp varies in six residues that are otherwise mostly invariant in the entire
medial Hox group (Hox6-8). It has diverged outside the homeodomain to the point that
little similarity is obvious with other Hox genes.
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This divergent Antp sequence is the only expressed Hox sequence yet detected in
S. lamarcki, including the 24-72 hour trochophore transcriptome (Kenny and Shimeld
2012). Expression of a broad spectrum of Hox genes has been previously reported in other
annelids, including the embryogenesis of Chaetopterus (Irvine and Martindale 2000; Peterson et al., 2000), nereids (M. Kulakova et al., 2007; Steinmetz et al., 2011), C. teleta
(Fröbius, Matus, and Seaver 2008) and H. robusta (Kourakis and Martindale 2001; Gharbaran, Aisemberg, and Alvarado 2012; Gharbaran, Alvarado, and Aisemberg 2014), and
in caudal regeneration in nereids (Novikova et al., 2013; Pfeifer, Dorresteijn, and Fröbius
2012) and C. teleta (de Jong and Seaver 2016), as well as being a well-established part of
expected regenerative transcriptomic activity (K. C. Wang, Helms, and Chang 2009;
Novikova et al., 2016).
The absence of Hox expression from any previously-surveyed S. lamarcki context
except the divergent Antp in regeneration is therefore surprising. Apart from Antp and the
loss of Post1 — potentially not unusual for Sedentaria (Barucca, Canapa, and Biscotti
2016) — the S. lamarcki Hox complement are not noticeably atypical, derived, or divergent
in their coding sequences (c.f. Appendix 3.4b), indicating (insofar as is possible to tell
from this metric alone) that they are presumably still used in some context and that S.
lamarcki has not so completely dispensed or modiﬁed its Hox gene deployment that they
are no longer constrained.
It is an intriguing possibility that aspects of S. lamarcki biology like their unusually
poor capacity for caudal regeneration compared to many other annelids (Bely, Zattara,
and Sikes 2014) and their blastema-less opercular regeneration (Szabó and Ferrier 2014)
could be in some way related to their unusual Hox deployment. Continuing to try to detect
their expression, conﬁrming their absence from embryogenesis and larval development, and
proﬁling Antp involvement in opercular regeneration are important avenues in unravelling
these puzzling phenomena.

3.4.5.

Spiro-Nk

The Nk1-7/Msx/Lbx/Tlx phylogenetic analysis (Figure 3.8) did not place all the
unusual similar-to-Nk genes of S. lamarcki, C. gigas, L. anatina, and L. gigantea in a
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single clade, although the latter two were placed together. These genes were dubbed LiloNk (Lingula-Lottia Nk). If they do share a common origin with the sequences from S.
lamarcki (dubbed Spiro-Nk) and C. gigas (which retains its name from Paps et al. 2015,
NKL), it is now invisible in the present data. The discovery of new similar-to-Nk sequences
from species not surveyed herein could draw these genes into a single clade. However, given
the apparent ﬂexibility in Nk1-7 paralogue number observed among the Sedentaria (c.f.
Table 3.8), it is likely that Spiro-Nk is a divergent, cryptic paralogue of a canonical Nk
gene (the topology of the Bayesian tree in Figure 3.8 suggesting Nk3).
Although the un-replicated read counts of the opercular regenerative transcriptomes are not particularly reliable as a measure of expression levels, it does appear as if
the expression of Spiro-Nk is constitutive (34 reads in the mature operculum) and increases
in regeneration (138 reads in early and 99 reads in late regeneration).

3.4.6.

The dynamics of non-canonical homeobox gene gain and loss

A cladogram of the Bilateria, on which has been mapped the minimum necessary
gain and loss events to explain the distribution of (mostly) non-canonical genes in the taxa
surveyed herein, is presented in Figure 3.13.
In trying to interpret the topology of the gene gain and loss events, we must be
aware of several caveats. The ﬁrst is that the terminal branches do not consistently represent the same taxonomic levels: in the Mollusca, for example, the data from P. vulgata
and L. gigantea have been collapsed into the Gastropoda, and likewise with C. gigas and
P. fucata to the Bivalvia. The Brachiopoda are only represented by a single species. The
Platyhelminthes and Rotifera were not surveyed herein and rely on the synthesis of information from elsewhere (Paps et al., 2015 and Morino, Hashimoto, and Wada 2017).
The cladogram also necessarily assumes that the surveys of the genomes were
exhaustive and that the PRD, TALE and Nk clades used herein all represent orthology
groups, not just the ones in which orthology has been established (Post1, Lopx, & TALEIV). Gene divergence, in which sequences diverge so extensively that any signal of speciﬁc
orthology/paralogy is lost, is now invisible and therefore all instances are recorded as gene
loss/gain events.
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Figure 3.13. Summary of the minimum gene family gain/loss events necessary to
explain the distribution of orthology groups observed. Annelid-centric cladogram of the
Bilateria, summarising the minimum gene family gain and loss events necessary to explain the
pattern of gene presence and absence in the species surveyed, for TALE class genes (blue), PRD
class genes (green), Nkx genes (pink), Hox genes (red), and unclassiﬁed genes (orange). White
text on a coloured background indicates a putative gene gain event; black text on a white
background with a coloured border indicates a putative gene loss event. The only gain or loss
event inﬂuenced by the internal topology of the Lophotrochozoa is marked in dark red (i.e.
PRD-VI). New gene families suggested herein are marked with an asterisk. Clades not sampled
in these analyses are marked with grey lines. Clades from which sequences were included but
not extensively surveyed in my work and with severely limited taxonomic sampling are marked
by a thin black line. The Protostomia, Spiralia, and Lophotrochozoa clade nodes are marked
Pr., Sp., and Lo. respectively. The topology of the cladogram is adapted from data in Weigert
et al. (2014) and Luo et al. (2018), and the position of some gain/loss events from Paps et al.
(2015). Clades not sampled here or in Paps et al. (2015) (including Phoronida, Nemertea, Entoprocta and Gastrotricha) have been omitted to aid comparison with Paps et al. (2015) Figure
4. For collapsed clades with more than one sampled species (i.e. Bivalvia and Gastropoda), gene
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gains are marked if they have been found in any of the species in that group, but gene losses
marked only if they have not been identiﬁed in any. Canonical or previously described families
are only marked for S. lamarcki. Taken from Barton-Owen, Szabó, Somorjai, & Ferrier (2018).

With these caveats in mind, the most striking pattern visible in the tree is the
major concentration of gene gain and particularly loss events in the terminal branches;
that is, it appears as though these events are not evenly distributed across phyletic levels.
If it was indeed the case that genes with ancient lophotrochozoan or spiralian origins were
being lost with greater frequency since the most recently sampled nodes than in earlier
animals, it might require special explanation. However, it seems more likely that the impression given by Figure 3.13 is biased by one of the following factors.
The ﬁrst is that this impression is exacerbated by the caveats listed above. Some
clades — particularly TALE clades VII and XIV, which each contain only one Spirobranchus and one mollusc sequence, and in neither of which is vested the highest conﬁdence
(Table 3.6) — are frequently lost, and if these are not orthologue groups, the impression
of terminal branch gene loss would be reduced. That the entire Bivalvia and Gastropoda
are collapsed also means that these terminal branches themselves represent ancestral
clades rather than species, particularly with regards to gene loss (gene gain was marked
for any species within, but gene loss only for all). Rather curiously, there are no gene gain
events that are synapomorphic to either of the well-represented phyla, the Mollusca and
Annelida.
The density of taxa sampled herein is the highest (at least within the Lophotrochozoa) of any study thus far, but could nonetheless be too sparse to reliably determine the
age of gene losses. For instance, the impression of gene loss is disproportionately contributed to by L. anatina, P. dumerilii, and H. robusta, which seem to have undergone extensive gene loss. Broader taxon sampling could easily indicate that these species are
anomalously prone to loss.
Another factor is that, although it is preferable from Occam’s point of view to
posit a single later gene gain than an earlier gene gain followed by one or more losses, it
is not necessarily true that this is what happened. Some of the more recent taxonomicallyrestricted clades — e.g. TALE clades II, V, VI, XV or XVII — could have been acquired
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earlier and lost in multiple clades since then, which, while multiplying the number of loss
events, would for the most part move them farther up the cladogram. Frequent loss events
are clearly common among these non-canonical genes.
The predominance of gene richness of the TALE/PRD non-canonical expansions
belongs to the Lophotrochozoa. Although the lophotrochozoan focus of this study has
undoubtedly skewed this impression, previous studies (Paps et al., 2015; Morino, Hashimoto, and Wada 2017) found substantially fewer genes in the non-lophotrochozoan spiralian genomes (see Appendix 3.5). Determining whether a meaningful link between lophotrochozoan evolutionary developmental biology and TALE/PRD expansions can be
drawn will require a great deal more of information about the evolution and function of
the latter.

3.4.7.

The roles and evolutionary importance of new homeobox

genes
In early development
Given the functional evidence presented by Morino et al. (2017) (e.g. NfSPILE-D,
knock-down of which causes loss of the apical structures in N. fuscoviridis), it is likely
that some of these non-canonical genes have adopted important or essential ontogenic roles
in early development. Paps et al. (2015) report that the majority of new homeobox genes
(STEs, PRD-Es, and others) from C. gigas also peak in expression during early development (22 of 33 genes, i.e. 67%) — almost the inverse of the pattern they report for canonical homeobox genes (27 of 101 genes, 27%). This potential bias towards early expression (and the possible bifurcation between STE/early development and PRD-E/late developmental) is interesting and not easily explainable.
Homeobox genes and transcription factors in general are usually found to be deployed less in early (Levin et al., 2012; Zalts and Yanai 2017) and late (Levin et al., 2012;
Piasecka et al., 2013; Zalts and Yanai 2017) developmental transcriptomes than in middevelopment. Schep and Adryan (2013) report a consistent under-representation of homeobox genes amongst other transcription factors in chordate and ecdysozoan early development, indicating that this period might even be somehow adverse to homeobox gene
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deployment. Alternatively, its ﬂexibility (Heyn et al., 2014) could allow the production of
evolutionary novelty via the introduction of new homeobox gene regulatory networks and
functions.
Understanding the diversity of the early developmental roles of non-canonical
homeobox genes and how they relate to the apparently extreme patterns of gene gain,
divergence, and loss, could provide not only indispensable information about the evo-devo
of the Spiralia but also an insight into the evolution of homeobox GRNs.

In regeneration
A surprising diversity of these non-canonical and diﬃcult-to-classify homeobox
genes was also found expressed in regeneration, a post-embryonic ontological process (see
General Introduction). The read counts of these genes are presented in Table 3.12. Most
are more highly expressed (insofar as can be gleaned from these data, which are very
limited) in one or both of the regenerative stages than they are in mature tissue, with the
exceptions of TALE-XIII A and the two TALE-X genes. All the genes except PRD-V are
expressed at some level in the mature operculum tissue.
The operculum is an evolutionarily novel modiﬁcation of a single radiole from the
sabellid radiolar crown, restricted to the Serpulidae but not universal amongst them (Bok
et al., 2017). Based on other studies of novel morphological traits (e.g. Babonis, Martindale, and Ryan 2016; Hilgers et al., 2018; others reviewed by McLysaght and Guerzoni
2015), it is reasonable to hypothesise that novel/taxonomically-restricted genes were involved in the evolution of the operculum; it might even be the case that the new and
divergent genes classiﬁed herein are among these. All of the STE genes detected in the
regenerating operculum have also either duplicated in Spirobranchus since the Spirobranchus/Capitella split (TALE clades I & XIII), or are Spirobranchus-restricted (TALE-X), a
potential indicator of interesting recent roles in evolutionary change. Discovering and comparing the genetic bases of opercular development and regeneration — particularly with
regard to patterning or modiﬁcation of radiolar developmental programmes — could oﬀer
a potentially fascinating insight into the relationship between the two ontogenic processes.
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Table 3.12. Adjusted read counts of unusual genes from the transcriptomes of S.
lamarcki operculum regeneration. dpa = days post amputation. 0dpa is from mature operculum tissue. Cells are coloured based on their fold change from the 0dpa count: light red, ≥5x;
dark red, ≥10x.

3.4.8.

Adjusted read counts

Gene

Family

0dpa

2dpa

6dpa

total

Antp

ANTP-HOXL

34

49

109

192

Spiro-Nk

ANTP-NKL

34

138

99

271

Lopx

Unclassified

17

49

21

87

PRD-VIII

PRD

0

19

0

19

TALE-I A

TALE

3

11

52

66

TALE-I B

TALE

14

4

95

113

TALE-XIII A

TALE

13

0

6

19

TALE-XIII B

TALE

6

0

9

15

TALE-X A

TALE

3306

1743

725

5774

TALE-X B

TALE

3

3

1

7

Other homeobox expansions

The general pattern of homeobox gene evolution is conservative. It is usually possible to phylogenetically detect gene orthology across hundreds of millions of years based
purely on the 60-63 residue-long sequence of the homeodomain, and in the case of many
genes, it is possible to trace the orthology group back to the bilaterian ancestor, in which
case it is referred to as a gene family (Holland 2012). In some cases, homology is detectable
beyond this point; for example, the TALE class was present in the common ancestor of
plants and animals (Burglin 1997).
However, since the evolutionarily important homeobox expansions that occurred
in the cniderian-bilaterian and bilaterian ancestors (Ryan et al., 2006; Putnam et al.,
2007), which produced and populated most of the bilaterian homeobox classes, homeobox
evolution seems to have been restrained, probably by various evolutionary forces relating
to their roles in developmental regulatory control (see General Introduction). However,
they have not been static, and small-scale duplications (c.f. Table 3.2, Chapter 4), large
clustered paralogue arrays (e.g. the Obox, Rux, and Dux loci; Rajkovic et al. 2002; MacLean and Wilkinson 2010; Leidenroth and Hewitt 2010; Zhong and Holland 2011), whole
genome duplication and preferential homeobox ohnologue retention (Huminiecki and

161

Heldin 2010), radical apomorphy of developmental programme (Ruvkun and Hobert 1998;
Aboobaker and Blaxter 2003; Edvardsen et al., 2005), and heterogenous paralogue and
family loss (Butts, Holland, and Ferrier 2010; Zhong and Holland 2011; Mendivil Ramos,
Barker, and Ferrier 2012) have all contributed to the variations on the ancestral homeobox
complement present in the genomes of modern species.
Consequently, clade-speciﬁc homeobox genes at all taxonomic levels are commonplace, as is sequence divergence extreme enough that genes cannot even be placed within
a family, or even a class. Within this context, Lopx, Spiro- and Lilo-Nk, and even the
divergent Antp (and Post1 loss in the context of annelid Hox retention — Barucca,
Canapa, and Biscotti 2016) are not unusual. However, the TALE (and to a lesser extent,
the PRD) expansion ﬁrst described in Paps et al. (2015) and elaborated in Morino et al.
(2017) and the present study are very uncommon, if not unprecedented. Perhaps the closest are the Aprd genes in cephalochordates, although my analysis (Figure 3.4, section
3.4.2) suggests a link with the PRD-E genes. Their scope, in terms of the number of genes,
their unusual diversity and ﬂexibility, and the phyletic, developmental, and morphological
diversity of the phyla involved (particularly annelids and molluscs — Giribet 2008) all
distinguish these instances from previously reported homeobox expansions.

3.4.9.

Future work

3.4.9.1.

STE and PRD-E surveying

Taxon sampling
Ongoing eﬀorts to survey the novel homeobox genes in the TALE and PRD classes
will beneﬁt as taxon sampling of spiralian genomes improves. However, as with much of
bioinformatics, analysis of the already available data is very far from complete, and genomes at interesting points in the Spiralia await surveying.
Within Annelida, these include Hermodice carunculata (Mehr et al., 2015), a member of the un-sampled Amphinomediae, and the already-performed homeobox survey of
the earthworm Eisenia fetida (Zwarycz et al., 2016). E. fetida, as a non-hirudinean member
of the Clitellata, is well-positioned to elucidate the origin of the unusual TALE clades of
H. robusta, and integrating data from H. carunculata and E. fetida can improve our
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understanding of annelid TALE diversity. Within Mollusca, the genome of Octopus bimaculoides (Albertin et al., 2015) also allows an important expansion of the survey into an
un-sampled clade (Cephalopoda).
Further sampling of the non-lophotrochozoan Spiralia is also likely to be instructive. Previous surveys have retrieved sequences from the trematode platyhelminthes
Clonorchis sinensis and Schistosoma mansoni (Paps et al., 2015), the cestode platyhelminthes Echinococcus granulosus (Paps et al., 2015) and Echinococcus multilocularis (Morino, Hashimoto, and Wada 2017), and the rotifer Adineta vaga (Morino, Hashimoto, and
Wada 2017), but the picture of the TALE clades in these groups is fragmentary, and as
yet the picture of diverse and robust gene-family-like clades emerging from the lophotrochozoan-only sequence phylogenies in this analysis is not shared by non-lophotrochozoans. Ensuring the complete saturation of searches in the above genomes and improving
sampling including in the turbellarian platyhelminthes (Wasik et al., 2015) and the recently released nemertean and phoronid genomes (Luo et al., 2018), will help in this eﬀort.
Given the degree of sophistication as a model system oﬀered by Schmidtea mediterranea
(see below), the newly-released genome assembly would also be a worthwhile inclusion
(Grohme et al., 2018).
The taxonomic coverage of transcriptomes is greater than of complete nuclear
genomes, and surveying the available bryozoan (Wong et al. 2014), chaetognath (Marlétaz
et al., 2008), cycliophoran (Neves and Strempel 2016) and rotifer (Hanson et al., 2013)
transcriptomes could also be worthwhile. Searching any available spiralian transcriptomic
time-courses (e.g. the developmental transcriptomic time-courses from Xu et al., 2016;
Levin et al., 2016) and sequence read archives would also be useful for identifying priority
targets in an ex silico candidate gene approach (see section 3.4.6.2).

Automation
A substantial amount of work is necessary to get a comprehensive grip on the
diversity of divergent, orphan and cryptic homeobox genes in the Spiralia, even if this only
involved the analyses of existing genomes and transcriptomes suggested above (and recursive re-analyses of old genomes based on new ﬁnds). Continuing to explore new genetic
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data for their unusual homeobox gene complements will have diminishing returns in terms
of important novel data unless signiﬁcant time reductions can be made.
The obvious bottleneck in the pipeline from genome search to ﬁnished gene classiﬁcation is human involvement, pointing towards the development of automative tools
and pipelines as the solution. No single tool would in isolation provide major time savings,
but the following suggestions are tools which could be scripted in Python with relative
ease:
Given the XML format results of BLAST searches of a genome using the complete
query pool, merge redundant hits and present for inspection only unique hits aligned
against their best match from the queries. Easily achievable using BioPython’s (Cock et
al., 2009) NCBIXML module.
Given a set of sequence names, hit locations, and translation frames derived from
BLAST searches, retrieve the sequence, translate it in the desired frame, and trim it to
the apparent ORF containing the target homeodomain. Moderately easily achievable using
plain Python or BioPython’s SeqIO module.
Given a set of sequences (retrieved by the above tools), categorise their contents
to allow easy inspection, automatic ﬁltering of spurious hits, and putative classiﬁcation.
This would probably need to involve several ﬁlters:


Compare to sequences in the query pool to eliminate exact matches to previously identiﬁed sequences from the same genome (for re-surveying genomes as
the query pool expands). Achievable in a variety of ways, including Python’s
Levenshtein distance module or BLAST.



Perform a local CDD search (Marchler-Bauer et al., 2011) to determine if the
sequence contains a recognisable homeodomain. Using a custom reference database containing only the homeodomain pattern would presumably cut down
on unnecessary computation.



Retrieve the 60 or 63 residue length of the homeodomain using the CDD search
results, bearing in mind that the CDD frequently underestimates the size of
the homeodomain.
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Putatively classify homeodomains using a machine learning approach. In Python, the PCP-ML package/module (Eickholt and Wang 2014) could be used
to convert previously classiﬁed homeodomain sequences into the non-categorical
data necessary for the supervised learning techniques implemented in Scikitlearn (Pedregosa et al., 2011). It should be possible to easily distinguish TALEs
from non-TALEs and canonical TALE families from non-family clades. For the
well-supported, member-rich TALE families and clades, it should be possible
to putatively predict gene identity with a good degree of accuracy.
These tools would alleviate a signiﬁcant portion of the human time necessary to

survey divergent homeodomains from new genomes. If the query pool was a part of a
broader, well-maintained database, it would be relatively simple to automate the generation of homeodomain alignments suitable for the tree-building pipeline. Beyond that, the
individual processes detailed above could plausibly be chained together using a bioinformatics workﬂow tool like Galaxy (Goecks, Nekrutenko, and Taylor 2010) Taverna (Oinn
et al., 2004), or dedicated bioinformatics scripting languages like Bpipe (Sadedin, Pope,
and Oshlack 2012). Beyond even this, a well-designed search pipeline could be generalised
to comprehensively survey the entire homeobox content of genomes and transcriptomes.
The tools and pipelines would require a substantial degree of ﬂexibility to cope
with the ‘messiness’ in the data which a human analyst can deal with without problem —
for example, the intron often found in the last third of the homeodomain. Resilience to
this kind of variability would likely be a substantial hurdle in making robust tools.
Ultimately, however, the curation of these data will always beneﬁt from human
input. It would be diﬃcult to develop tools sophisticated enough that they could have
recognised, for example, the mollusc PRD Clade VI homeodomains (which are missing 28
residues), or that the TALE-IV members frequently have two homeodomains or the degraded remnants of two, but not also allow a uselessly large proportion of spurious data
through. Tools that eﬃciently integrate relevant data (e.g. from multiple BLAST searches)
and present them to the researcher for manual curation could therefore be more useful
than complete but unreliable pipelines.
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In silico query generation
If the time burden of inspecting the results of a very large query pool was successfully minimised using the tools outlined above, a computational approach could also be
enlisted to help overcome another current limitation of the search process: the query pool.
It seems likely (see above) that highly divergent homeodomains exist outside of the ‘space’
covered by searches with previously identiﬁed ones, but within the ‘space’ of recognisable
homeodomains.
To escape this space, hypothetical homeodomains could be generated de novo to
use as queries. Various ways of achieving this are possible, but the easiest would involve
using the probability distribution of residues for each position in known homeodomains to
semi-randomly generate new ones (easily achievable in Python using the NumPy package
— speciﬁcally numpy.random.choice). Queries generated this way would not actually cover
all recognisable homeodomain-space, though a (customisable) degree of latitude for originality could be given to the algorithm to allow the introduction of novelty.

Beyond the homeodomain
Phylogenetic proximity based on homeodomain sequence alone is not considered
suﬃcient evidence of orthology. Consequently, further work is necessary to satisfactorily
establish which TALE clades represent real orthology groups beyond the evidence for at
least lophotrochozoan TALE-IV orthology. Given the variable quality of the available genomes, syntenic analyses and even construction of more complete gene models is often
diﬃcult. It should nonetheless be possible to detect conserved motifs outside but close to
the homeodomain, as was the case in TALE-IV. There is a slight chance that some of the
STE or PRD-E genes could be clustered, particularly the SPILE genes. However, given
the extreme evolutionary ﬂexibility of the genes, it would be surprising if strong patterns
were observable between taxa.
With suitably chosen pairs of sequences, it might be possible to detect the selective
conditions under which some STE or PRD-E genes are evolving, perhaps distinguishing
between positive selection, negative selection, and genetic drift (reviewed by Booker,
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Jackson, and Keightley 2017). These data could help elucidate the unusual evolutionary
dynamics of the TALE expansion.

3.4.9.2.

Antp and the Hox cluster

The S. lamarcki genome assembly is currently too fragmented to determine
whether the Hox genes are clustered; the sequences classiﬁed in this analysis are all on
separate genomic nodes, detailed in Table 3.13. For comparison, the intact portion of the
C. teleta Hox cluster (lab to Lox4) spans about 250,000 base pairs (Fröbius, Matus, and
Seaver 2008, Figure 2), more than 10x the sum length of the S. lamarcki nodes.

Table 3.13. Locations of the Hox genes in the S. lamarcki genome assembly (poma61).
Gene

Node ID

Node Length
(bp)

pb

1305075

3358

lab

104376

2448

Hox3

2185155

5111

Dfd

407738

625

Scr

2197135

1034

Lox5

6606774

437

Antp

1021697

6474

Lox4

1015850

502

Lox2

4400779

330

Post2

1345801

2130

However, the advent of known S. lamarcki Hox nucleotide sequences would help
the design of speciﬁc sequence primers for genomic walks around the loci. An existing S.
lamarcki phage library with an average insert size of 16-17 kilobases was insuﬃcient for
reconstructing a complete ParaHox cluster (Hui 2008, although these eﬀorts were prevented from working by repeat sequences), meaning it might be necessary to construct a
genomic library with larger inserts. Genomic walking has previously been used to establish
the presence (e.g. Garcia-Fernàndez and Holland 1994) and dissolution (e.g. Seo et al.,
2004) of Hox clustering.
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3.4.9.3.

Ex silico work

As illustrated by the work of Morino et al. (2017), data gathered in vivo are
extremely important for understanding the roles of the homeobox genes. Measures of relative expression level from transcriptomes — or even from quantitative real-time PCR —
fail to capture indispensable information about the spatiotemporal expression patterning,
an important aspect of homeobox paralogue evolution. Whole mount in situ hybridisation
is necessary to visualise these patterns. Beyond that, morpholino (or RNAi) and overexpression manipulations like those performed by Morino et al. (2017) are necessary to
unravel the functional roles of these genes.
The scale of the homeobox expansion in S. lamarcki alone (~30 genes) means that
even qPCR assays of expression would be time-consuming. Therefore, a candidate gene
approach to prioritise targets for cloning and WMISH will be necessary. The obvious ﬁrst
choices would be the genes found to be expressed in regeneration (TALE clades I A & B,
X A & B, XIII A & B, PRD-V, Lopx and Spiro-Nk) and development (TALE-XVIII and
PRD-VII). Sequences from the same clades as the SPILE genes of Morino et al. (2017)
(i.e. TALE clades IV, VIII and XVIII) would also allow a comparison to be developed
between the closely related Spirobranchus species and the more distant Spirobranchus/Nipponacmea comparison.
It would be unwise to try to understand such a heterogenous set of genes with
such a narrow sampling of taxa. Therefore, WMISH and functional manipulations in other
systems are desirable; C. teleta and C. gigas are prime candidates. It is unfortunate that
P. dumerilii, the best developed lophotrochozoan model for functional manipulations
(Backﬁsch et al., 2013, 2014; Simakov et al., 2013; Bannister et al., 2014; Zantke et al.,
2014), should apparently have undergone such an atypically broad STE loss. RNA interference has previously been performed in Pinctada spp. (Yan et al., 2014; Zhao et al.,
2016), C. gigas (Huvet et al., 2012), and planarians including Schmidtea mediterranea,
(Alvarado and Newmark 1999; Oviedo et al., 2008a; Rouhana et al., 2013), the best-established planarian model (Oviedo et al., 2008b) and a promising non-lophotrochozoan model,
despite not yet being surveyed (see above).
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The non-canonical genes described herein are not the only priorities for further ex
silico investigation; the expression and function of Antp in operculum regeneration is particularly interesting (see section 3.4.4). The proﬁling of the homeodomain content of the
opercular transcriptomes also oﬀers a starting-point for candidate gene investigations of
various processes happening during regeneration; for example, the possibly conserved roles
of Msx and Dlxa/Dlxb in the biomineralisation of the opercular plate, given their role in
mammal odontogenesis (Lézot et al., 2000). The relationship of the deeply conserved roles
of Msx in regeneration and blastema formation (Mannini et al., 2008) to the blastema-less
regeneration of S. lamarcki also warrants further investigation. Another possible candidate
for investigation would be the relationship between Pax4/6 (c.f. Halder, Callaerts, and
Gehring 1995; Gehring and Ikeo 1999; Manousaki Tereza et al., 2011) and the regeneration
of the radiolar eyes likely present on the rim of the S. lamarcki opercular cup (Bok et al.,
2017). The potential and conserved regenerative roles of canonical homeobox families are
discussed further in Chapter 6.

3.5. Conclusions
Homeobox genes are instrumental in the orchestration of a huge variety of developmental mechanisms, including in regeneration and biomineralisation. The operculum
regeneration transcriptomes contain a broad selection of canonical ANTP-, CUT-, LIM-,
POU-, PRD-, SINE- and TALE-class genes, many of them as multiple paralogues. Additionally, I report the expression of a surprising number of novel homeobox genes, including
a previously unidentiﬁed homeobox gene family (Lopx), members of rapid taxonomicallyrestricted homeobox expansions with cryptic paralogy (TALE clades IA & B, XA & B,
XIIIA & B, and PRD-V) and highly divergent canonical homeobox genes (Antp and SpiroNk). This diversity of divergent homeobox genes, considered in combination with the absence of expression of some expected gene families (i.e. other Hox genes), indicates that
S. lamarcki is unusual compared to previous surveys of regeneration. Further surveys of
expression in new regenerative models are necessary to determine whether the S. lamarcki
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operculum is an isolated example of divergence or represents a previously hidden but
widespread diversity of homeobox deployment in regeneration.
The historical study of the deep homology of homeobox gene families, and the
relations between ancient sequence, syntenic, regulatory, and functional conservation, have
been of cardinal importance to the understanding of animal ontology and evolution produced by the ﬁeld of Evo-Devo. However, the Spiralia seem to possess an unprecedented
diversity of relatively unconstrained and taxonomically-restricted homeobox genes in addition to the expected complement of bilaterian homeobox families. Understanding what
these genes do, why they are gained and lost so readily, and why they diverge so quickly
in the meantime, could help elucidate why the Spiralia are so phyletically and morphologically diverse (Giribet 2008).
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4. Homeobox genes in Branchiostoma
lanceolatum regeneration
4.1. Introduction
Regeneration in vertebrates proceeds via the production of a blastema, a collection
of populations of undiﬀerentiated, proliferative cells that accumulate in a mass underlying
the wound epithelium (see section 1.1.2.3). These masses are contributed to by multipotent
but lineage-restricted stem cells deriving from sources including dediﬀerentiated mature
myotubes and satellite cells. The blastema grows and eventually patterns and diﬀerentiates
into the replacement tissue. Homeobox genes are known to be important to many of these
processes, from wound healing (section 1.2.4.2) to dediﬀerentiation and satellite cell recruitment, maintenance and proliferation (section 1.2.4.3), to axial patterning of the replacement tissues (section 1.2.4.4).
Amphioxus belong to the basal-most chordate clade (cephalochordates), which
split from the vertebrate + tunicate lineage approximately 550-578 MYA (section 1.4.2).
Since that time, they have undergone relatively conservative evolution, and possess the
best extant representative of the genome of the ancestral chordate (section 1.4.3); in particular, they have not lost any homeobox gene families, though they have gained several
homeobox gene duplications (section 1.4.4). Amphioxus can regenerate their post-anal
tails as adults in a process that closely resembles vertebrate structure regeneration (section
1.4.1; Somorjai et al., 2012; Somorjai, Escrivà, and Garcia-Fernàndez 2012), a capability
that is relatively rare in chordates. As such, they are of evolutionary developmental and
medical interest.
Two homeobox genes, Msx and Pax3/7, have previously been found to be expressed in amphioxus tail regeneration (Somorjai et al., 2012), consistent with previously
described roles in vertebrate regeneration. Msx has conserved roles in vertebrates in inducing and maintaining dediﬀerentiation of multinucleate mature muscle ﬁbres underlying
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the wound site into mononucleate cells (Kumar et al., 2004; Odelberg, Kollhoﬀ, & Keating,
2000) that can be major contributors to the blastema (Echeverri, Clarke, and Tanaka
2001; Echeverri and Tanaka 2002). Pax3/7 paralogues in vertebrates are expressed in a
population of satellite cells that derive from muscle progenitor cells and reside quiescently
in mature muscle until injury reactivates these cells to proliferate and migrate to the
blastema. In some species these cells are indispensable for regeneration (Lepper, Conway,
and Fan 2009; Sambasivan et al., 2011) while others rely on dediﬀerentiation (SandovalGuzmán et al., 2014).
The known roles of Msx and Pax3/7 are primarily in the recruitment and maintenance of a population of stem-like cells from adult tissues with which the lost tissue can
be replaced – a regenerative process without a direct analogue in development. In contrast,
the processes of patterning these replacement tissues in later regeneration are analogous
to the ontogenic processes that produced the original. However, the extent to which regeneration is actually a direct recapitulation of these processes is a topic of ongoing research. Because of their conserved roles in controlling cellular behaviour and structural
development, studying the deployment of homeobox genes is an ideal tool to illuminate
the extent (or otherwise) of homology between these two processes.

4.1.1.

Aims

Drs Somorjai and Dailey produced transcriptomes of the uncut/mature and Stage
2 (sensu Somorjai et al., 2012)/14 days post-amputation regenerating tissue, including the
blastema. I aimed to retrieve the homeobox gene content of these transcriptomes, and
identify the genes present in the mature and regenerating samples.

4.2. Methods
A transcriptome was prepared of the complete mature and regenerating tissues of
the post-anal tail of B. lanceolatum. Adult animals were collected and maintained as described in section 2.1.2. The experimental conditions, amputation protocol, total RNA
extraction and assembly and mapping pipeline are described in section 2.2.2 and in Dailey
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(2017). Homeobox gene searches were performed as described in section 2.3.2. Genes were
identiﬁed based on BLAST searches and manual and MAFFT (Katoh, Rozewicki, and
Yamada 2017; Katoh and Standley 2013) alignments made in Jalview 2.x.

4.3. Results
The initial homeobox searches were performed on a de novo assembly of B. lanceolatum mature, regenerative, and developmental (Oulion et al., 2012) transcriptomes (section 4.3.1). With the advent of advance availability of the B. lanceolatum genome (courtesy
of the European Amphioxus Genome Consortium; Marletaz et al., in press), the mature
and regenerating transcriptomes were mapped against the genomic predicted transcript
database. The assembly work in both cases was performed by S. Dailey. Predicted transcripts corresponding to homeobox genes were identiﬁed from the predicted transcript
database (Appendix 4.1), and the mature and regenerative read counts retrieved from the
transcriptome mapping (section 4.3.2).

4.3.1.

Homeobox genes from the de novo transcriptome assembly

26 isotigs, 31 singletons (i.e. unassembled reads) from the uncut transcriptome,
and 31 singletons from the regenerating transcriptome were identiﬁed by the initial
BLAST searches as containing homeobox gene sequence. The details of these sequences,
their identiﬁcation, basis for their identiﬁcation, and normalised uncut and regenerative
read counts are presented in Table 4.1. The alignment ﬁles used in the identiﬁcation of
these genes are included in Appendix 4.2.
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Table 4.1. Homeobox genes found in the de novo transcriptome assembly. Sequences
with no reads in the regenerating sample are coloured grey. Sequences with more than one read
which are up-regulated in regeneration are emboldened. Numbers in the totals column are coloured in a red to green spectrum depending on their read count, so that poorly represented
genes are coloured red. In the fold change column, values are coloured with white to green (>1)
or white to purple (<-1) spectra, such that sequences with many more reads in regeneration are
coloured bright green and sequences with many fewer reads are coloured bright purple. Genes
which appear de novo in regeneration are marked with an up arrow (⇑) and genes which appear
in the mature tissue but not regeneration, by a down arrow (⇓). Read rows are marked grey

Uncut

Regen

Total

Fold
change

CLASS

when no expression is observed in the regenerative transcriptome.

0

1

1

⇑

FAMILY

GENE

Matches

Basis of ID

Cdx

Cdx

RegenGJ02JL4UK

Identical HD

Evx

Evxa

RegenGJ02G8I17

Alignment

0

1

1

⇑

Gbx

Gbx

isotig29024

Identical HD

21

34

55

1.62

Hox1

Hox1

UncutGJ01AK8RQ,
UncutGJ01ERRZY

Identical HD
+ alignment

2

0

2

⇓

Hox3

Hox3

RegenGJ02JZFXU,
UncutGJ01A4Z0Y

Alignment

1

1

2

-1.00

Hox4

Hox4

isotig35935

Identical HD

5

16

21

3.20

Hox5

Hox5

UncutGJ01DP5JF

Alignment

1

0

1

⇓

Hox6

isotig36337,
UncutGJ01C18YT

Identical HD

18

5

23

-3.60

Hox9

isotig23779

Alignment

81

56

137

-1.45

Hox11

RegenGJ02H7F0N

Identical HD

0

1

1

⇑

Hox12

isotig20727,
RegenGJ02FMLYQ,
RegenGJ02FYH3B,
RegenGJ02G3985,
RegenGJ02HO8A7,
RegenGJ02HPOJ3,
UncutGJ01A9P5B,
UncutGJ01BHKA8,
UncutGJ01BYNY7,
UncutGJ01C4XIC,
UncutGJ01CIOLE,
UncutGJ01EQIL5

Alignment

60

83

143

1.38

Hox13

RegenGJ02GQ1H3

Identical HD

0

1

1

⇑

Hox14

isotig20006,
isotig20012

Identical HD
+ alignment

17

15

32

-1.13

Hox15

RegenGJ02J1QC9

Identical HD

0

1

1

⇑

Meox

RegenGJ02JTX06

Alignment

0

1

1

⇑

0

1

1

⇑

ANTP

Hox6-8

Hox913(15)

Meox
Mnx

Mnxb

RegenGJ02HV213

Identical HD
+ alignment

BarH

BarH

isotig36167

Alignment

19

14

33

-1.36

Dlx

Dll

isotig34199

Identical HD

212

234

446

1.10

EmxB

isotig28854,
UncutGJ01DNPVA,
UncutGJ01E3716

Alignment

23

12

35

-1.92

EmxC

isotig35164,
UncutGJ01B8LLW

Identical HD
+ alignment

25

13

38

-1.92

Emx
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En

En

UncutGJ01ACY9S,
UncutGJ01ARDZ1,
UncutGJ01D7K6K

Identical HD
+ alignment

3

0

3

⇓

Hhex

Hhex

UncutGJ01DBXSU

Identical HD

1

0

1

⇓

Lbx

Lbx

isotig36831

Alignment

6

8

14

1.33

Msx

Msx

isotig35362

Identical HD

14

18

32

1.29

Nedx

Nedxb

isotig19417

Identical HD

3

1

4

-3.00

6

17

23

2.83

Nk3

Nkx3

isotig35111

Identical HD
+ alignment

Nk4

Nkx4

RegenGJ02HFE62

Alignment

0

1

1

⇑

Nk6

Nkx6

UncutGJ01CKRVP,
UncutGJ01DTFZA

Identical HD
+ alignment

2

0

2

⇓

Ventx

Vent2

isotig40164,
RegenGJ02GWKF1,
RegenGJ02H8D96

Alignment

0

11

11

⇑

CERS

Cers

Cers

RegenGJ02IHNN0

Alignment

0

1

1

⇑

CUT

Acut

Acut

UncutGJ01CMHT6

Alignment

1

0

1

⇓

HNF

Hmbhox

Hmbox1A

RegenGJ02HEVAO

Identical HD

0

1

1

⇑

Isl

Isl

UncutGJ01BHDWO

Identical HD

1

0

1

⇓

Lhx1/5

Lhx1/5

UncutGJ01EM0RZ

Alignment

1

0

1

⇓

Lhx2/9

Lhx2/9b

RegenGJ02IN2DN

Alignment

0

1

1

⇑

Pou3

Pou3

isotig34454,
UncutGJ01BY8TH,
UncutGJ01EJQE6

Identical HD
+ alignment

30

38

68

1.27

Alx

Alx

isotig21241,
isotig21243

Identical HD

0

2

2

⇑

Dmbx

Dmbx

isotig37000

Alignment

7

1

8

-7.00

Pax3/7

Pax3/7b

isotig29738

Chapter 5

6

21

27

3.50

Pitx

Pitx

isotig34677

Alignment

15

10

25

-1.50

Prrx

Prrx

RegenGJ02GZ9AQ,
RegenGJ02JQECO,
isotig35735

Alignment

2

44

46

22.00

Repo

Repo

RegenGJ02I4CTG,
RegenGJ02ISBP6,
UncutGJ01C8EVP

Identical HD
+ alignment

1

2

3

2.00

Shox

Shox

RegenGJ02GGV5G

Identical HD

0

1

1

⇑

Six1/2

Six1/2

isotig34510

Identical HD

52

75

127

1.44

Six3/6

Six3/6

isotig34745

Identical HD

15

58

73

3.87

Six4/5

RegenGJ02GFQB3,
UncutGJ01CT51G

Alignment

1

1

2

-1.00

IrxA

RegenGJ02F5SW0,
RegenGJ02I1G7W

Alignment

0

2

2

⇑

IrxB

RegenGJ02IVP8A,
UncutGJ01BVJU6

Alignment

1

1

2

-1.00

IrxC

UncutGJ01CKRUQ,
UncutGJ01DIUE9

Alignment

2

0

2

⇓

Mkx

isotig28784

Alignment

29

27

56

-1.07

Pbx

Pbx

RegenGJ02G3K3O,
RegenGJ02HE28F

Identical HD

0

2

2

⇑

Pknox

Pknox

RegenGJ02IC149,
UncutGJ01BHPL7

Alignment

1

1

2

-1.00

SINE

PRD

POU

LIM

Six4/5

TALE

Irx

Mkx
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4.3.2.

Homeobox sequences in the transcriptome read map

Using BLAST searches and alignments to B. ﬂoridae sequences retrieved from
HomeoDB2 and the Joint Genome Institute, I identiﬁed the transcript models best corresponding to homeobox genes in the B. lanceolatum genome assembly. These are presented
in Appendix 4.1. The alignments used for identiﬁcation are included in Appendix 4.2. Four
homeobox genes (Hox4, Lcx, Nedxa, and Atale; coloured pink in Appendix 4.1 and Table
4.2) were found not to be represented amongst the predicted transcripts.
The transcriptomic reads were mapped against the genomic predicted transcripts
and normalised. The read counts are presented in Table 4.2.

Class

Table 4.2. Read counts of predicted genomic transcripts identiﬁed as the best matches
for homeobox genes (Appendix 4.1). Formatting as in Table 4.1. For details on the two Pax3/7
paralogues included, see Chapter 5. Colouration & notation per Table 4.1. Genes not represented
amongst the predicted transcripts are coloured pink.

Uncut
(Norm)

Regen
(Norm)

Total
hits
(norm)

BL12756

0

56

56

⇑

BL08778

4

6

10

1.50

Evxb

BL02337

0

0

0

X

Gbx
Gsx

BL21529
BL15948

19
0

30
0

49
0

1.58

Gsx
Hox1

Hox1

BL12289

3

0

3

⇓

Hox2

Hox2

BL01409

1

0

1

⇓

Hox3

Hox3

BL14546

7

21

28

3.00

Hox4

Hox4

Hox5

Hox5

BL11265

2

26

28

13.00

Hox6

BL01497

3

1

4

-3.00

Hox7

BL02690

4

8

12

2.00

Hox8

BL01142

2

1

3

-2.00

Hox9

BL02747
BL02721

78
0

50
0

128
0

-1.56

BL25449

0

0

0

X

Hox11

BL22794

56

70

126

1.25

Hox12

BL01764

23

24

47

1.04

Hox13

BL11259

18

26

44

1.44

Hox14

BL11262

94

117

211

1.24

Hox15

BL06042

35

30

65

-1.17

Mox

BL03350

0

0

0

X

Mnxa

BL01012

0

0

0

X

Mnxb

BL24614

0

1

1

⇑

Xlox

BL11413

0

0

0

X

Family

Gene

Cdx

Cdx
Evxa

Evx

ANTP

Gbx

Hox6-8

Hox10
Hox913(15)

Meox
Mnx
Pdx

Ref.
Seq.

Fold
Change

X

X
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Abox

Abox

BL05106

0

0

0

X

Ankx

Ankx

BL05986

0

2

2

⇑

Barhl

Barh

BL05807

17

12

29

-1.42

Bari

Bari

BL01266

1

0

1

⇓

Barx

Barx

BL18096

0

0

0

X

Bsx

Bsx

BL06267

0

0

0

X

Dbx

Dbx

BL04439

0

0

0

X

Dlx

Dll

BL02953

197

196

393

-1.01

Emxa

BL04899

5

14

19

2.80

Emxb

BL12193

20

11

31

-1.82

Emx

Emxc

BL03198

20

8

28

-2.50

En

En

BL18701

4

2

6

-2.00

Hhex

Hhex

BL21396

1

0

1

⇓

Hlx

Hlx

BL17526

0

0

0

X

Hx

Hx

BL01814

66

35

101

-1.89

Lbx

Lbx

BL25553

0

1

1

⇑

BL11564

0

0

0

X

Lcx

Lcx

Msx
Msxlx

Msx

BL24026

0

0

0

X

Msxlx

BL17549

0

0

0

X

Nedxb

BL00186

5

6

11

1.20

Nkx1a

BL14817

0

0

0

X

Nkx1b

BL08182

0

0

0

X

Nk2.1

Nkx2-1

BL15126

0

0

0

X

Nk2.2

Nkx2-2

BL19775

0

0

0

X

Nk3

Nkx3

BL01669

6

14

20

2.33

Nk4
Nk5/Hmx

Nkx4

BL01674

4

9

13

2.25

Hmx

BL00743

1

1

2

1.00

Nk6

Nkx6

BL21899

8

23

31

2.88

Nk7

Nkx7

BL12992

1

1

2

1.00

Noto

Not

BL04895

0

0

0

X

Ro

Ro

BL16282

1

1

2

1.00

Tlx

Tlx

BL95610

1

0

1

⇓

Vax

Vax

BL50426

0

0

0

X

Vent1

BL06974

0

1

1

⇑

Nedx
Nk1

Ventx

CUT

CERS

Vent2

BL14812

0

8

8

⇑

Cers

Cers

BL11720

39

42

81

1.08

Acut

Acut

BL72646

2

0

2

⇓

Cmp

Compass

BL18389

0

1

1

⇑

Cux

Cux

BL21463

11

10

21

-1.10

Onecut

Onecut

BL14590

4

2

6

-2.00

Ahnfx

Ahnf

BL28317

3

6

9

2.00

Hmbox1A

BL13813

6

13

19

2.17

Hmbox1B

BL11896

2

2

4

1.00

Hmbx-l 1

BL08673

19

14

33

-1.36

Hmbx-l 2

BL12473

0

2

2

⇑

Hmbx-l 3

BL01804

28

21

49

-1.33

Hnf1

Tcf

BL16767

0

0

0

X

Isl

Isl

BL14099

2

4

6

2.00

HNF

Hmbox

Hmbox?

LIM

Nedxa

177

Lhx1/5

PRD

POU

Lhx2/9

5

2

7

BL09173

0

2

2

⇑

BL19723

2

1

3

-2.00

BL18410

1

3

4

3.00
⇓

Lhx2/9-b

-2.50

Lhx3/4

BL17252

2

0

2

Lhx6/8

Lhx6/8

BL14754

0

0

0

X

Lmx

Lmx

BL19671

0

2

2

⇑

Hdx

Hdx

BL00246

5

3

8

-1.67

Pou1

POU1

BL23543

1

0

1

⇓

Pou2

POU2

BL05378

0

0

0

X

POU3

BL16866

26

35

61

1.35

POU3L

BL05589

0

0

0

X

BL20738

2

1

3

-2.00

BL20735

0

0

0

X

BL02913

9

29

38

3.22

BL06191

10

57

67

5.70

BL00778

0

0

0

X

Pou3
Pou4

POU4

Pou6

POU6

Alx

Alx

AprdA

Aprd1

BL22260

0

0

0

X

AprdB

Aprd2

BL19810

0

1

1

⇑

AprdC

Aprd3

BL03074

0

0

0

X

AprdD

Aprd4

BL03518

0

0

0

X

AprdD

Aprd5

BL02873

0

0

0

X

AprdE

Aprd6

BL03811

0

0

0

X

Arx

Arx

BL10864

3

2

5

-1.50

Dmbx

Dmbx

BL21886

10

14

24

1.40

Drgx

Drgx

BL03270

0

1

1

⇑

Gsc

Gsc

BL18678

0

1

1

⇑

Hopx

Hopx

BL41687

2

9

11

4.50

Isx

Isx

BL06515

0

0

0

X

Otp

Otp

BL13404

6

8

14

1.33

Otx

Otx

BL18685

4

0

4

⇓

Pax3/7a

BL95937

0

0

0

X

BL32034

0

0

0

X

BL95936

0

5

5

⇑

Pax3/7b

BL13922

3

3

6

1.00

BL05977

43

26

69

-1.65

BL07358

0

0

0

X

BL12801

13

9

22

-1.44

Prop

BL07414

0

0

0

X

Prrx

BL09897

2

24

26

12.00

Rax

BL10535

6

3

9

-2.00

Repo

Repo

BL04482

1

4

5

4.00

Shox

Shox

BL04730

7

8

15

1.14

UncxA

BL07183

3

2

5

-1.50

UncxB

BL22975

0

0

0

X

UncxC

BL09739

0

0

0

X

Prox

Vsx
Prox

BL02827
BL13719

1
55

6
43

7
98

6.00
-1.28

Six1/2

Six1/2

BL08389

47

63

110

1.34

Six3/6

Six3/6

BL08388

12

42

54

3.50

Pax4/6

Pax4/6

Phox

Phox

Pitx

Pitx

Prop
Prrx
Rax

Uncx
Vsx

P.

BL00881

Lhx2/9-a

Lhx3/4

Pax3/7

SINE

Lhx1/5
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Six4/5

Six4/5

Atale

Atale

16

11

27

IrxA

BL95663

0

2

2

⇑

IrxB1

BL95664

1

2

3

2.00
-1.25

IrxC/B2

BL07471

5

4

9

Meis

BL03570

9

28

37

3.11

Mkx

Mkx

BL13385

27

24

51

-1.13

Pbx

Pbx

BL15112

20

44

64

2.20

Pknox

Pknox

BL03465

13

13

26

1.00

Tgif

Tgif

BL15514

2

9

11

4.50

Azfh

Azfh

BL04125

4

10

14

2.50

Tshz

Tshz

BL22095

5

2

7

-2.50

Zeb

Zeb

BL16274

60

42

102

-1.43

BL07014

34

30

64

-1.13

BL25196

0

0

0

X

BL27820

0

0

0

X

Other

Zfhx

4.3.2.1.

-1.45

Meis

ZF

TALE

Irx

BL13980

Zfhx

Zhx/Homez

Zhx

BL01541

6

10

16

1.67

Ahbx

Ahbx1

BL24724

2

0

2

⇓

Muxa

Muxa

BL96710

0

0

0

X

Muxb

Muxb

BL11561

19

40

59

2.11

Previously undescribed homeobox genes predicted in the ge-

nome
The sequences marked Hmbox-like (BL08673, BL12473, & BL01804) are not clear
orthologues of the amphioxus Hmbox1A or Hmbox1B genes. The Conserved Domain Search
(Marchler-Bauer et al., 2015) does identify an HNF domain in residues 12-61 of BL12473
and residues 151-224 of BL01804, hence their placement in the HNF class. The top
BLASTp match of BL12473 against the nr database is a B. ﬂoridae draft genome predicted
transcript (BRAFLDRAFT_74577) although the match is poor by the standards of B.
lanceolatum/B. ﬂoridae orthologue conservation (i.e. only 56% with a region of good alignment with BL12473, whereas >80% is more expected). Three other BRAFLDRAFT sequences are the next top hits (220804, 249692, & 249685) before the B. belcheri predicted
Hmbox1B sequence. An alignment of the homeodomains and ten N-terminal positions of
the B. ﬂoridae Hmbox1 paralogues, their corresponding B. lanceolatum predicted gene
models (BL13813 & BL11896), the three unknown genes (BL08673, BL12473, & BL01804)
and BRAFLDRAFT_74577 are presented in Figure 4.1. These genes are referred to as
Hmbox-like (Hmbx-l) in subsequent tables.
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Figure 4.1. Alignment of the undescribed homeodomains from the B. lanceolatum
genome and ten N-terminal positions, against the B. ﬂoridae Hmbox genes (Hmbox1A,
JGI:105752; Hmbox1B, JGI:105751) and the corresponding B. lanceolatum gene models
(Hmbox1A, BL13813: Hmbox1B, BL11896, highlighted red), three unidentiﬁed Hmbox-like B.
lanceolatum genomic predicted transcripts, and the top BLAST hit, B. ﬂoridae BRAFLDRAFT_74577. A region of non-homeodomain sequence, presumably the result of inaccurate
prediction, has been coloured grey in BL01804. Positions are marked above with a bullet if the
two known Hmbox1 paralogues bear more similarity to one another than to the Hmbox-like
sequences, with an ‘A’ if the Hmbox-like sequences more closely resemble Hmbox1A, and ‘B’ if
the Hmbox-like sequences more closely resemble Hmbox1B.

4.3.3.

Comparison of homeobox content analyses

Substantial discrepancies are observed between the homeobox gene pool retrieved
from the de novo transcriptome assembly (section 4.3.1) and the transcriptome read mapping (section 4.3.2). Sequences from 52 homeobox genes were detected in the de novo
assembly, compared to the 97 identiﬁed from the genome read map. Two genes (Mox and
Msx) were detected in the de novo assembly but did not have reads mapped to their
predicted genomic transcript. One gene (Hox4) was detected in the de novo assembly but
did not have a corresponding predicted genomic transcript against which to map reads. A
comparison between the homeobox gene sequences retrieved from the de novo transcriptome assembly and the genome mapping is presented in Table 4.3.

Table 4.3. Comparison of the homeobox genes detected via the transcriptome map
and de novo transcriptome assembly, with a qualitative measure of the congruency between
the two methods (right block). In regulation, ticks indicate that the two methods show the same
apparent diﬀerence in read counts, with brackets if either method produced only a single read.
Crosses indicate that the methods contradict, with brackets indicating that the gene was not
detected by at least one method. In read count, ticks indicate that the read count is diﬀerent
by no more than a factor of two, tildes indicate that the read count is diﬀerent by a factor of
two to ﬁve, and crosses that the read counts diﬀer by more than a factor of ﬁve. Bracketed
crosses indicate that the sequence was not detected by at least one method. C = CERS; P=
PROS.
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TRANSCRIPTOME
MAPPING

Uncut (norm)

Regen (norm)

Total (norm)

Fold change

Cdx

0

56

56

⇑

0

1

1

⇑

(✓)

X

Evx

Evxa

4

6

10

1.50

0

1

1

⇑

(✓)

X

Gbx

Gbx

19

30

49

1.58

21

34

55

1.62

✓

✓

Hox1

Hox1

3

0

3

⇓

2

0

2

⇓

✓

✓

Hox2

Hox2

1

0

1

⇓

0

0

0

X

(X)

(X)

Hox3

Hox3

7

21

28

3.00

1

1

2

1.00

X

X

Hox4

Hox4

5

16

21

3.20

-

-

Hox5

Hox5

2

26

28

13.00

1

0

1

⇓

(X)

X

Hox6

3

1

4

-3.00

18

5

23

-3.60

✓

X

Hox7

4

8

12

2.00

0

0

0

X

(X)

(X)

Hox8

2

1

3

-2.00

0

0

0

X

(X)

(X)

Hox9

78

50

128

-1.56

81

56

137

-1.45

✓

✓

Hox11

56

70

126

1.25

0

1

1

⇑

(✓)

X

Hox12

23

24

47

1.04

60

83

143

1.38

~

~

Hox13

18

26

44

1.44

0

1

1

⇑

(✓)

X

Hox14

94

117

211

1.24

17

15

32

-1.13

X

X

Hox15

35

30

65

-1.17

0

1

1

⇑

X

X

Meox

Mox

0

0

0

X

0

1

1

⇑

(X)

(X)

Mnx

Mnxb

0

1

1

⇑

0

1

1

⇑

(✓)

✓

Ankx

Ankx

0

2

2

⇑

0

0

0

X

(X)

(X)

Barhl

Barh

17

12

29

-1.42

19

14

33

-1.36

✓

✓

Bari

Bari

1

0

1

⇓

0

0

0

X

(X)

(X)

Dlx

Dll

197

196

393

-1.01

212

234

446

1.10

X

✓

Emxa

5

14

19

2.80

0

0

0

X

(X)

(X)

Emxb

20

11

31

-1.82

23

12

35

-1.92

✓

✓

Emxc

20

8

28

-2.50

25

13

38

-1.92

✓

✓

En

En

4

2

6

-2.00

3

0

3

⇓

✓

✓

Hhex

Hhex

1

0

1

⇓

1

0

1

⇓

(✓)

✓

Hx

Hx

66

35

101

-1.89

0

0

0

X

(X)

(X)

Lbx

Lbx

0

1

1

⇑

6

8

14

1.33

(✓)

X

Msx

Msx

0

0

0

X

14

18

32

1.29

(X)

(X)

Nedx

Nedxb

5

6

11

1.20

3

1

4

-3.00

X

~

Nk3

Nkx3

6

14

20

2.33

6

17

23

2.83

✓

✓

Nk4

Nkx4

4

9

13

2.25

0

1

1

⇑

(✓)

X

Nk5/Hmx

Hmx

1

1

2
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0

0

0

X

(X)

(X)
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8
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2.88

2

0

2

⇓

X

X
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GENE

Regen (Norm)
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ANTP
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Nk7
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0
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⇓
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⇑
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⇑
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⇑
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✓
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0
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⇑

(✓)

X
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⇓

1

0
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⇓

(✓)

✓
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0

1

1

⇑

0

0

0

X
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21
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0

0

0
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Onecut

4

2

6

-2.00

0

0
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⇑
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0

0
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4.4. Discussion
4.4.1.

Interpreting read count as indicative expression levels

Statistical methodologies have been developed for the robust detection of diﬀerential expression in transcriptomes (e.g. Marioni et al., 2008; Oshlack, Robinson, and Young
2010; Finotello and Di Camillo 2015; Conesa et al., 2016; Das, Shyamal, and Durica 2016;
Łabaj and Kreil 2016). Basic ﬁltering like normalization of raw transcriptomic database
sizes has been performed on this dataset, but more sophisticated techniques to distinguish
technical (i.e. caused by measurement error) and biological variation (Finotello and Di
Camillo 2015) rely on the availability of technical replicates, which are not available in the
case of this dataset.
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Therefore, although the read counts from maps of the de novo assembly and the
genome predicted transcripts are reported herein and referred to as a tentative measure
of their expression, they should not be taken as a reliable measure of diﬀerential expression, particularly for genes with small read counts, from which most genes proﬁled herein
suﬀer.

4.4.2.

Discrepancies between the de novo assembly and genome read

mapping
Major diﬀerences exist between the homeobox sequence data from the de novo
assembly and from the genome read mapping (section 4.3.3). Several plausible explanations for these diﬀerences exist. The ﬁrst is that the predicted transcripts contain substantially more sequence data than the queries used to retrieve putative homeobox sequences
from the de novo transcriptomes, including (predicted) non-translated regions. However,
it may be that not all this sequence belongs to the real gene transcripts. Therefore, the
expression of more genes, and more reads per gene, is expected, though the reliability of
the data are lower.
As well as the possibility of predicted transcripts containing inaccurate sequence,
they can also miss out 5’, 3’ and central portions of the actual transcript. Incomplete
predicted transcript sequence is a plausible explanation for the detection of three genes
(Hox4, Mox, & Msx) in the de novo assembly but not the genome read map.

4.4.3.

Potential diﬀerential expression of homeobox genes in regen-

eration
A summary of the genes represented by more reads in the regenerating transcriptome than the mature transcriptome, and by more than one read in either the de novo
assembly or the transcript read map, is presented in Table 4.4. These represent the genes
indicated by this analysis that may be upregulated in regeneration.
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Table 4.4. Summary of the genes with more reads in the regeneration transcriptome
than the mature transcriptome (and which have more than a single read) in either the de
novo assembly or the genome read mapping. C = CERS. Colouration per Table 4.1.
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In the genomic read mapping, of the transcripts best corresponding to the 133
previously described amphioxus homeobox genes and one new paralogue (see chapter 5),
84 were detected in the mature transcriptome and 89 in the regenerating transcriptome,
with ten found only in the mature transcriptome and 15 only in the regenerating transcriptome. Of the 74 detected in both, 38 were represented by more reads in the regenerating transcriptome, and 30 by fewer reads. In total, 1327 reads from the mature
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transcriptome were mapped to homeobox gene transcripts, and 1609 reads from the regenerating transcriptome.
These numbers consistently indicate, insofar as un-replicated read counts of predicted transcripts can be taken to be reliable (see section 4.4.1), a modest increase in
overall homeobox gene activity during regeneration. The potential roles in of a variety of
key homeobox genes in amphioxus regeneration are discussed in detail in Chapter 6.

4.4.4.

A new Pax3/7 paralogue

One sequence from the de novo transcriptome assembly (isotig29738) was identiﬁed as a Pax3/7 gene (Table 4.1) but in the C-terminus more closely resembled the sequence of the published B. belcheri Pax3/7 than the B. branchiostoma or B. ﬂoridae
sequences. This sequence is the subject of a detailed investigation in Chapter 5.

4.4.5.

Future work

4.4.5.1.

Transcriptome reanalysis

Given the several failings of the predicted gene transcript set (see Appendix 4.1),
perhaps more useful would be the construction of a manually curated set of B. lanceolatum
homeobox gene transcript models. Given that many homeobox genes are well proﬁled in
one or more of the Branchiostoma model species, producing putative B. lanceolatum gene
models should not be particularly onerous (at least for the coding sequence). This was not
performed herein because of time constraints. The mapping pipeline previously used
(gsMapper) eliminates reads that match more than one query, so it may be advisable to
replace the predicted transcripts in Appendix 4.1 with the curated models and continue
with this ‘recombinant’ database.

4.4.5.2.

Improvements to transcriptome data

The transcriptomes analysed herein are suitable to suggest candidate homeobox
genes by their presence/absence, but are not suitable for a rigorous analysis of diﬀerential
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gene expression because of the lack of replicates (section 4.4.1). To achieve this, it would
be necessary to have at least three technical replicates of each sample.
The transcriptomes also include only a single regenerative timepoint, whereas
greater depth of temporal sampling could allow greater insight into the expression of
homeobox genes during diﬀerent regenerative processes (healing, blastema cell recruitment, blastema patterning, diﬀerentiation, etc). Ideally, such a transcriptomic dataset
would not omit one of mature tissue, so that comparisons could be made to tissue not
undergoing regeneration. Finally, 454 pyrosequencing produces many fewer reads than
other next-gen sequencing technologies, which is evident in a comparison of the B. lanceolatum and S. lamarcki datasets (see Chapter 6). Future improvements to transcriptomic
technologies (discussed in Chapter 6) will also be a boon to the study of homeobox genes
in regeneration.

4.4.5.3.

Questions arising from the genome

Several homeobox genes were found to match more than one predicted model
(Appendix 4.1), including Hox10, Lbx, Lhx2/9b, Pou4, Alx, Pax3/7, Pax4/6, and Zfhx. It
would be worthwhile to check whether these models are from genuinely separate loci and
represent hitherto undescribed gene duplications or are just a product of inaccurate haplotype merging or transcript prediction. Although the investigation was pursued because
of the pre-existing interest in Pax3/7 in regeneration (Somorjai et al., 2012) rather than
the presence of multiple genomic transcript models, Pax3/7 (which is represented by three
gene models) was found to have duplicated in the cephalochordate ancestor (see Chapter
5).
There are also three similar predicted transcripts (BL08673, BL12473, & BL01804,
automatically annotated as Hmbox1) which were putatively placed in the HNF clade based
on the predicted presence of an HNF domain in two of the transcripts. These genes have
been referred to as Hmbox-like herein because of their apparent relation based on BLAST
searches and annotation (section 4.3.2.1). These putative genes require manual inspection
of their loci, curation of their models, searches of the available amphioxus (and broader
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deuterostome) genomes, phylogenetic work to determine their relationship to known HNF
genes, and eventually could proﬁt from more detailed work (e.g. in situ hybridisation).
The retrieval of homeobox gene transcript models from the genome was done by
BLAST searching for known genes, and no attempt was made to detect and retrieve previously-undescribed homeobox genes in the predicted transcripts. Some (i.e. the Hmboxlike genes, c.f. above, section 4.3.2.1) were retrieved because of their automatic annotation.
However, it might be productive to do search for all homeodomain sequences in a version
of the predicted transcript database or whole genome from which the ones identiﬁed in
Appendix 4.1 had been eliminated to ensure that there are not any more previously undescribed B. lanceolatum homeobox genes.

4.4.5.4.

Candidate homeobox genes for future study

The genes identiﬁed in Table 4.4 may be taken as a pool from which to draw
potential candidate genes for future work. Among the particularly interesting genes for
future work are the Hox (Hox3, Hox4, Hox5, Hox7, Hox11, Hox12, Hox13, and Hox14) and
ParaHox genes (Cdx), and other genes previously found to have roles in regeneration in
other systems, including Emx (Monaghan et al., 2012), Msx (Echeverri and Tanaka 2002;
Somorjai et al., 2012), Pax3/7 (Konstantinides and Averof 2014; Somorjai et al., 2012;
Tanaka et al., 2016; Wang and Simon 2016), Prrx (Lehrberg and Gardiner 2015; Satoh et
al., 2011), and Meis (Mercader, Tanaka, and Torres 2005). The known roles of these genes
in regeneration, and their potential relevance to ongoing studies of cephalochordate tail
regeneration, are discussed in Chapter 6.
However, the absence of detection of a gene from this list should not necessarily
exclude it from being a candidate gene; the current transcriptome only measures mature
and 14 dpa tissue, leaving a substantial period of early regeneration unsampled. Moreover,
overall expression level may be a misleading proxy for the roles of transcription factors in
biological tissues; for example, a ubiquitously-expressed gene in mature tissue could switch
to a highly speciﬁc, localised spatiotemporal pattern with fewer transcripts in regeneration, which could register as ‘downregulation’ while missing crucial biological information
(see section 6.2 & Figure 6.7). Genes of interest like Pou2, which was not detected in either
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sample or dataset but has ancient roles in reprogramming cells to a pluripotent state
(Tapia et al., 2012), should still be considered for future work.
Future avenues of study could start with semi-quantitative real-time PCR (qPCR)
proﬁling of expression levels in the mature tissue and regenerating time-points to conﬁrm
the putative expression patterns seen in the transcriptomic data. Mature and regenerating
cDNA material has been collected for this purpose and used for pilot experiments (Dailey
2017). These could be followed up with in situ hybridization experiments on intact and
sectioned regenerating tails. Future experiments requiring methodological validation could
include pharmacological manipulation of signalling pathways and, if the technique were to
become accessible, RNA interference of gene expression. These potential avenues of research are more comprehensively discussed in section 5.4.3.

4.5. Conclusions
Homeobox transcription factors are a key part of the regulatory networks that
orchestrate regeneration. The deep conservation of homeobox genes, resulting in detectable
orthology throughout the Bilateria and beyond, makes them ideal for understanding how
these networks and the genes used in them evolve. Here, I have identiﬁed the homeobox
gene component of transcriptomes of mature and regenerating B. lanceolatum post-anal
tail tissue and found diverse and extensive deployment of these genes. Two methods were
employed; one, a de novo assembly, produced fewer genes but are rigorously identiﬁed; the
second, a read map of the transcriptomes against predicted transcripts from the genome,
is substantially more sensitive but less reliable. These results indicate a modest increase
in overall homeobox gene activity in regenerating tissue, consistent with deployment in
roles controlling regeneration. A signiﬁcant ﬁnding was the presence of a previously undescribed Pax3/7 paralogue, which is studied in detail in Chapter 5. This analysis can
recommend candidate genes for future studies on homeobox gene function in regeneration,
a selection of which are discussed in depth in Chapter 6.
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5. Pax3/7 duplication in cephalochordates
The work presented in this chapter has been published in Scientiﬁc Reports under
the title “Pax3/7 duplicated and diverged independently in amphioxus, the basal chordate
lineage,” by Barton-Owen, Ferrier, and Somorjai (2018). The ﬁnal manuscript as submitted is included in Appendix 5.5. This chapter includes data that were omitted from the
publication. To avoid unnecessary paraphrasing, some sections of text from the published
manuscript are reused herein.

5.1. Introduction
The Pax3/7/D gene family, also called Pax group III genes, are highly conserved
transcription factors belonging to both the paired and homeobox superfamilies, and within
these to the Pax homology group of the PRD homeobox class (Holland, Booth, and Bruford 2007). The family was present in a single copy in the eumetazoan, bilaterian, and
chordate ancestors, but has undergone several known clade-speciﬁc duplications. It is present as Pax-D in cnidarians (1-4 copies); paired, gooseberry, and gooseberry-neuro in arthropods; Pax3/7 in lophotrochozoans (1-2 copies) and tunicates; and Pax3 and Pax7
ohnologues in vertebrates. No echinoderm Pax3/7/D orthologue has yet been identiﬁed
(Howard-Ashby et al., 2006).
Pax3/7 genes contain four domains. These comprise (in order from the N-terminus), the paired domain, a 126 residue DNA-binding domain named after the Drosophila
Pax3/7 orthologue paired (Bopp et al., 1986; Treisman, Harris, and Desplan 1991) but
found throughout the Metazoa (Breitling and Gerber 2000; Vorobyov and Horst 2006) and
common to almost all PRD class homeobox genes. Also present is an Engrailed Homology
1 (EH1) motif (Smith and Jaynes 1996) (a.k.a the octopeptide), which is a short Grouchointeracting sequence (Tolkunova et al., 1998) found in many metazoan transcription factor
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superfamilies (Copley 2005), possibly as the result of convergent sequence evolution
(Shimeld 1997). C-terminal to the EH1 motif is the paired-type homeodomain, and, after
a substantial, multi-exon linker region, the 21 residue Paired-type Homeodomain Tail
(PHT) (Vorobyov and Horst 2006). In terms of domain structure and completeness,
Pax3/7 is the most similar amongst the Pax genes of extant animals to the hypothetical
Proto-Pax.
The Pax3/7 family has ancient and deeply conserved roles in bilaterian nervous
system development, as observed in arthropods (Davis, D’Alessio, and Patel 2005), spiralians (Seaver et al., 2012; Navet et al., 2017), tunicates (Wada et al., 1997) and vertebrates
(Thompson and Ziman 2011; Monsoro-Burq 2015); speciﬁcally, in the speciﬁcation of lateral neural plate borders (Li et al., 2017). The family may also have ancient roles in
bilaterian myogenesis, a process in which they act in vertebrates (Buckingham and Relaix
2015), nematodes (Yi, Bumbarger, and Sommer 2009), and crustaceans (Konstantinides
and Averof 2014) but not in insects or spiralians. Pax3/7 genes have also acquired important lineage-speciﬁc functions, including as paired-rule genes in arthropod segmentation (Davis, D’Alessio, and Patel 2005).

5.1.1.

Pax3/7 in vertebrates

The vertebrate Pax3/7 paralogues, Pax3 and Pax7, are the result of the 2 rounds
of WGD in the vertebrate ancestor. Pax3 and Pax7 are highly conserved in sequence. They
perform similar and partially overlapping roles in somitogenesis and the development of
the neural plate, tube, and crest, which diverge as development proceeds (Frédéric Relaix
et al., 2004; Thompson et al., 2008). They regulate one another interdependently, although
the precise conﬁguration is variable between vertebrate taxa (Maczkowiak et al., 2010;
Agoston et al., 2012). Their functions are more obviously divergent in embryonic and adult
muscle development; Pax3 interacts with fewer transcription regulating sites than Pax7
by a factor of ten, and interacts with homeodomain motifs with a lower aﬃnity (Soleimani
et al., 2012). Pax3 and Pax7 expression also confers diﬀerent properties to satellite cells
(Yang et al., 2016).
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5.1.1.1.

Pax3/7 in vertebrate nervous system development

The neurogenic roles of Pax3 and Pax7 have been extensively studied in vertebrates (reviewed by Meulemans and Bronner-Fraser 2004; Sauka-Spengler and BronnerFraser 2006, 2008; Holland 2009; Thompson and Ziman 2011; Monsoro-Burq 2015). In
vertebrate neurulation, a region of the dorsal ectoderm ﬂattens, thickens, and diﬀerentiates
into neuroectoderm, becoming the neural plate. In the intermediate levels of BMP found
at the lateral edges of the neural plate, Wnt and Fgf signalling (reviewed by Groves and
LaBonne 2014) acts on Pax3, Msx1, and Zic1, which specify a region of tissue called the
neural plate border. The expression of orthologues of these genes at the lateral neural
borders is probably anciently conserved throughout the bilaterians (Li et al., 2017). The
neural plate folds laterally to bring the neural plate borders in contact with each other,
forming the neural tube, and the non-neural ectoderm closes dorsally over the merged
neural plate border tissue (Figure 5.1).
The olfactorian ancestor evolved the capacity to produce a novel migratory neural
progenitor from the neural plate border (Abitua et al., 2012; Stolﬁ et al., 2015). In the
vertebrate lineage, perhaps aided by WGD events in its recent past, these cells gained
pluripotency. These migratory, pluripotent neural crest cells undergo an epithelial-mesenchymal transition, travel throughout the body, and produce a wide variety of cell types
including the glia and neurons of the autonomic and sensory nervous systems, a substantial
portion of facial cartilage and bone, and pigment, neurosecretory, smooth muscle, and
other mesenchymal cells (Schlosser 2008; Groves and LaBonne 2014). Neural crest formation is dependent on Pax3 and Pax7 (Monsoro-Burq, Wang, and Harland 2005; Basch,
Bronner-Fraser, and García-Castro 2006; Hong and Saint-Jeannet 2007). Migrating cells
continue to require Pax3/Pax7 expression, which also controls exit from their proliferative
pluripotent state (reviewed by Monsoro-Burq 2015).
Vertebrates also derive another, independent population of migratory progenitor
cells from the neural plate border; the cranial placodes, which produce various sensory
cells, neurons, glial cells and secretory and neurosecretory cells, including the lateral line
system in non-amniote vertebrates, accessory sensory structures including the lens, and
the inner ear. Like the neural crest, the speciﬁcation of the preplacodial ectoderm also
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requires Pax3 (Hong and Saint-Jeannet 2007), and placode-derived cells continue to express Pax3 after fate speciﬁcation (Baker, Stark, and Bronner-Fraser 2002).

5.1.1.2.

Pax3/7 in vertebrate somitogenesis and myogenesis

Pax3/7 genes also have important and essential roles in vertebrate myogenesis and
muscle regeneration, another role that may predate the protostome/deuterostome split
(Konstantinides and Averof 2014).
In vertebrates, dorsal paraxial mesoderm either side of the nascent notochord is
partitioned progressively into somites, repetitive anteroposterior segments of epithelial
tissue. Pax3 expression in the paraxial mesoderm predates somitogenesis and persists into
the somites. As the somites mature, they become partitioned into lineage compartments,
and Pax3 expression becomes restricted to the dermomyotome in the dorsal somite (Hammond et al., 2007; Magli et al., 2013), which gives rise to dorsal muscle and dermis, vascular
cells, and brown fat (Buckingham 2017).
Pax3+ and Pax3+/Pax7+ cells in the dermomyotome form a migratory, proliferative, multipotent progenitor cell population that produces the developing skeletal muscle
in the trunk and limbs. Pax3 and Pax7 are critical regulators of the GRN that controls
the survival, migration, proliferative self-renewal, and cell fate of the progenitor cells.
Down-regulation is associated with a cell cycle exit and the onset of myogenic terminal
diﬀerentiation (reviewed by Buckingham 2007; Buckingham and Relaix 2007; Buckingham
and Vincent 2009; Buckingham and Relaix 2015; Buckingham 2017).
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Figure 5.1. Illustration of the neurulation in vertebrates and amphioxus. Epidermal tissue is indicated in yellow; neural plate tissue is indicated in
blue; neural plate border tissue is indicated in green. Mesoderm is indicated in grey; endoderm in peach. NP = neural plate; NPB = neural plate border;
NPBS = neural plate border speciﬁers. Adapted from Meulemans & Bronner-Fraser, 2004; Sauka-Spengler & Bronner-Fraser, 2008 and Holland, Vaudet &
Schubert, 2004, using information from Yu et al., 2008.
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Pax3/7 in regeneration
In late development, a portion of the Pax3/Pax7-positive progenitor cells take up
a position on muscle ﬁbres, and become satellite cells which reside quiescently in adult
muscle tissue (Relaix et al., 2005; Chen, Lin, and Slack 2006; Morrison et al., 2006), maintained by Pax7 expression and with heterogeneous behaviour modiﬁed by Pax3 (Yang et
al., 2016). In mammals these cells lie between the basal lamina and the myoﬁber sarcolemma (Yin, Price, and Rudnicki 2013; Thomas, Engler, and Meyer 2015), but in urodele
amphibians (the only tetrapods capable of adult regeneration) satellite cells are separately
partitioned (Morrison et al., 2006). Muscle injury or growth induces this quiescent population into activity in the form of self-renewal and the production of myogenic progenitors
which can repair existing damaged myoﬁbers or make new ones; in this regenerative role,
they are indispensable (Lepper, Partridge, and Fan 2011; Sambasivan et al., 2011). In the
event of major tissue excision in vertebrates with regenerative capacity, Pax7+ satellite
cells proliferate, migrate and contribute to the regenerative blastema of larval urodeles
(Morrison et al., 2006; Morrison, Borg, and Simon 2009) and neotenic adults but not
metamorphotic adults, which utilise myotube dediﬀerentiation instead (Sandoval-Guzmán
et al., 2014; Tanaka et al., 2016).

5.1.2.

Pax3/7 in cephalochordates

AmphiPax3/7 was ﬁrst described in B. ﬂoridae in 1999 by Holland et al., and its
signiﬁcance as an outgroup for the study of vertebrate neurogenic and myogenic evolution
was discussed from the outset. AmphiPax3/7 has since been studied in numerous contexts
and several species (Wang et al., 2005; Kozmik et al., 2007; Short and Holland 2008;
Somorjai et al., 2008; Yu et al., 2008; Chen et al., 2010; Wang, Zhong, and Wang 2010;
Somorjai et al., 2012; Paixão-Côrtes, Salzano, and Bortolini 2013; Kaji et al., 2016). It has
been described as appearing in expression domains consistent with sharing a set of ancestral functional roles with vertebrates; most signiﬁcantly, expression in the neural plate
border at the onset of neurulation (Figure 5.1), in the somites, in the later development
of the nervous system and larval musculature (Holland et al., 1999; Kozmik et al., 2007),
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and a persistently high level of expression in the adult segmental muscles (Chen et al.,
2010). This adult muscle expression is probably due to a population of Pax3/7+ cells that
reside peripherally between the muscle and the basal lamina, which are enriched in the
regenerative blastema and may play an important role in the regenerative capacity of
amphioxus; smaller and more regeneration-competent animals show greater Pax3/7 expression. This population of satellite-like cells is very probably homologous to vertebrate
myogenic satellite cells (Somorjai et al., 2012).
AmphiPax3/7 has been described in B. lanceolatum (Somorjai et al., 2008), where
its expression was found to be similar to that in B. ﬂoridae. AmphiPax3/7 was also described in B. belcheri (Wang et al., 2005), and it was noted that the orthologue belonging
to B. belcheri has a divergent 3'/C-terminal sequence (Wang et al., 2010). qPCR was used
to measure AmphiPax3/7 expression in a variety of diﬀerent B. belcheri developmental
stages and adult organs (Chen et al., 2010). Studies have also established the expression
of AmphiPax3/7 as part of the conserved Pax-Six-Eya-Dach network in cerebral vesicle
development (Kozmik et al., 2007). Five alternative splicing variants of AmphiPax3/7 were
described in B. ﬂoridae (Short & Holland, 2008).

5.1.3.

Aims

In the course of surveying the homeobox gene content of the tail regeneration
transcriptome of B. lanceolatum (Chapter 4), I discovered a sequence with strong identity
to the C-terminal sequence of the previously reported (and hitherto thought to be divergent) B. belcheri Pax3/7 protein (Wang et al., 2005), and which did not resemble the Cterminal sequence of the previously-reported B. ﬂoridae or B. lanceolatum Pax3/7
orthologues (Holland et al., 1999; Somorjai et al., 2008). Further investigation in the available Branchiostoma genomes revealed that two Pax3/7 paralogues are present in cephalochordates. In this chapter, I aimed to describe the diﬀerential evolution of the paralogues,
including their loci, protein sequence, and developmental expression patterns in Branchiostoma and Asymmetron lucayanum.
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5.2. Methods
During the homeobox gene content survey of the B. lanceolatum regeneration transcriptome (Chapter 4), the Pax3/7 contig was observed to be more similar to the previously described divergent B. belcheri Pax3/7 orthologue than either the B. ﬂoridae or B.
lanceolatum Pax3/7 orthologue. Subsequent searches of available Branchiostoma genome
assemblies (see Appendix 2.1) indicated that Pax3/7 is present as a pair of paralogues in
Branchiostoma sp. The ﬁrst, the paralogue discovered earliest in B. ﬂoridae (and subsequently in B. lanceolatum), was dubbed Pax3/7a, and the other, the paralogue discovered
later in B. belcheri, was dubbed Pax3/7b. Searches were executed with BLAST and results
aligned with MAFFT and inspected and manually edited in Jalview. Full details of the
tools used are presented in section 2.3.1, Table 2.1.
Transcriptomic evidence was sought using BLAST searches of available amphioxus
transcriptomes and SRAs (detailed in Appendix 2.1). A manual assembly of Asymmetron
lucayanum Pax3/7 genes was performed using data from a sequence read archive (accession number SRX437623) on the basis of BLAST searches using Branchiostoma Pax3/7
genes. The available A. lucayanum transcriptomic and genomic data was not adequate to
construct a complete A. lucayanum Pax3/7b sequence.
Previous descriptions of B. ﬂoridae AmphiPax3/7 (i.e. Pax3/7a) (Holland et al.,
1999) had indicated the presence of a start codon at the beginning of the PRD-domain
containing exon. Although this exon is in parts identical between Pax3/7a and Pax3/7b,
the genomic assemblies do not support the presence of a start codon in this position.
Therefore, a BLAST search of unassembled transcriptomic reads was undertaken, using
the region 5' to the beginning of the exon as a query. This was used to identify the presence
of an 'exon 0' in Pax3/7a. Details of exon and domain boundaries of other chordate Pax3/7
orthologues were taken from the gene entries in the NCBI and/or predicted using the
NCBI Conserved Domain Search (Marchler-Bauer et al., 2011, 2015). These data (Appendix 5.3) were compared to determine if Pax3/7a's extra exon was the result of an exon
gain in Pax3/7a or an exon loss in Pax3/7b.
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Protein sequences of Pax3/7 orthologues from C. teleta, C. gigas, T. castaneum,
Saccoglossus kowalevskii, Halocynthia roretzi, Ciona intestinalis, Petromyzon marinus,
Scyliorhinus torazame, Danio rerio, Python bivittatus, Gallus gallus, Mus musculus, and
Homo sapiens were retrieved from the NCBI database (accession numbers given in Appendix 5.4a). The full sequences were aligned against the Branchiostoma and Asymmetron
Pax3/7 orthologues using MAFFT (Katoh and Standley 2013) and the alignment viewed
and manually edited in Jalview (Waterhouse et al., 2009). The alignment was rooted
against B. ﬂoridae Pax4/6 and is presented in Appendix 5.4b. A phylogenetic analysis of
this alignment was made using the methodology described in section 2.4.
A VISTA visualisation of an AVID alignment of the genomic Pax3/7 locus from
the available cephalochordate genomes was performed per section 2.5.1. Previously identiﬁed conserved non-coding elements (CNEs) were mapped against the cluster per section
2.5.2. A 'VISTA-like' analysis was performed per section 2.5.3 to compare the Pax3/7a
locus to the Pax3/7b locus. An in silico micro-RNA prediction pipeline was performed on
predicted Pax3/7 3' untranslated regions (UTRs) as described in section 2.5.4.
To visualise developmental gene expression, an in situ probe was designed to target
the divergent 3' ends of the paralogues. Cloning, probe synthesis, whole mount in situ
hybridisation and visualisation were performed as described in sections 2.6.5-7 using B.
lanceolatum and Asymmetron lucayanum material (cDNA and embryos) collected per sections 2.6.1-4.

5.3. Results
5.3.1.

Cephalochordates have two Pax3/7 paralogues

The homeobox survey of the transcriptome of B. lanceolatum regeneration described in Chapter 4 uncovered a sequence (isotig29738) that was identiﬁed on the basis
of BLAST searches as belonging to the Pax3/7 family. Alignment of the isotig with previously published AmphiPax3/7 sequences (Holland et al., 1999; Wang et al., 2005; Somorjai et al., 2008) revealed that the sequence more closely resembled the previously described B. belcheri Pax3/7 than either the B. lanceolatum or B. ﬂoridae homologue.
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Searches of the available Branchiostoma genomes (Appendix 2.1) revealed that the
Pax3/7 gene family is present as two paralogues; Pax3/7a, named as such for being the
ﬁrst to be described (in B. ﬂoridae, Holland et al., 1999; and subsequently in B. lanceolatum, Somorjai et al., 2008), and Pax3/7b, subsequently discovered only in B. belcheri (W.
Wang et al., 2005). Pax3/7a and Pax3/7b lie adjacent to one another in the same orientation, separated by approximately 10 kilobases (Figure 5.2). Their proximity and generally conserved gene structure indicates that they are probably the result of a small-scale
tandem duplication.

Figure 5.2. Gene models of the Branchiostoma Pax3/7 loci. Exons are marked with
coloured boxes with black; introns are represented by angular lines joining the exons. Expressed
non-coding regions (indicated by transcriptomic or direct sequencing data) are marked by solid
magenta (5’) or gold (3’) boxes with coloured lines, or semi-transparent boxes and dashed lines
where predicted based on homology. Predictions were not performed on B. belcheri. Scale bar
= 10 kbps.

Searches of an A. lucayanum transcriptome and the genome (details in Appendix
2.1) also revealed that Pax3/7a and Pax3/7b are present in a homologous locus in Asymmetron, the earliest-branching extant chordate lineage (Kon et al., 2007; Igawa et al.,
2017), indicating the duplication occurred in the common ancestor of all extant cephalochordates. The sixth exon of Pax3/7b could not be recovered from the databases used,
and the A. lucayanum Pax3/7 locus in general suﬀers from incomplete coverage.
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5.3.1.1.

The Pax3/7 locus

An mVISTA analysis of the cephalochordate Pax3/7 locus reveals high non-coding
sequence conservation between species, particularly upstream of the two genes (Figure
5.3a), including >90% identity among the Branchiostoma over the majority of the ~74
kbp window shown in Figure 5.2. 84 elements from the B. ﬂoridae/A. lucayanum conserved
non-coding element library (Yue et al., 2016) were found within 20 kbps of the cephalochordate Pax3/7 locus, covering approximately 12% of the non-coding sequence in this
window. No CNE from this database was found to reoccur in this window, implying divergence in the cis-regulatory landscapes between the two paralogues.

Figure 5.3. The structure and conservation of the cephalochordate Pax3/7 genes.
(a) The amphioxus Pax3/7 locus, showing the gene models (top), a corresponding VISTA plot
against other amphioxus species (middle) and a map of Asymmetron/Branchiostoma conserved
non-coding elements from Yue et al., 2016 (bottom) on the B. lanceolatum genome scaﬀold. Alu
= A. lucayanum; Bbe = B. belcheri; Bﬂ = B. ﬂoridae. In the VISTA plot, the horizontal axis
indicates position on the B. lanceolatum genomic scaﬀold; green rounded bars indicate coverage
by the genome of the labelled species, and vertical axis indicates percent identity in a 45bp
rolling window, with a range of 50% to 100%. Pink colouration indicates regions exceeding the
threshold of 90%, while blue indicates exonic sequence. Coverage is indicated by green bars
below the plot. Details of the scaﬀolds used in the VISTA analysis are reported in Appendix
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2.4. Scale bar = 10,000 base pairs. (b) Protein structure of the Pax3/7 paralogues in amphioxus.
Each exon is highlighted with a colour corresponding its colour in (a). Conserved domains are
indicated with light boxes; the paired domain, the EH1 domain (also known as the octopeptide
motif), the homeodomain, and the Paired-type Homeodomain Tail (Vorobyov and Horst 2006).
Adapted from Barton-Owen, Ferrier & Somorjai (2018).

The B. lanceolatum Pax3/7 locus has large inserts, in the ﬁrst intron of Pax3/7b
(~7.6 kbps) and the third (~3.6 kbps) and sixth (~4.7 kbps) introns of Pax3/7a relative to
all other cephalochordates (visible as gaps in Figure 5.3a). These represent the largest
divergence from the prototypical cephalochordate Pax3/7 locus detected with the current
data (the Asymmetron genomic data do not completely cover the locus).

The Pax3/7 loci have almost no non-coding conservation between paralogues
The Pax3/7a and Pax3/7b loci were compared using a Python script that used a
VISTA-like rolling window to analyse alignments of the Pax3/7 loci (see section 2.5.3). A
MAFFT alignment of 25,000 randomly generated nucleotides produced a mean similarity
of 35.9% with a standard deviation of 7.74% in a 75 position rolling window. The VISTAlike plots are presented in Figure 5.4.
No noticeable similarity outside of the expected range was found within the loci
except minor spikes just after the second shared exon and before the third (Figure 5.4b).
The mean identity of the Pax3/7 loci alignment (30.8%, SD = 16.8%) was overall lower
than the random nucleotide alignment, probably the result of aligning introns of very
diﬀerent lengths.
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Figure 5.4. VISTA-like visualisations of similarity of various alignments. (a) Baseline
reference of a MAFFT alignment of 25,000 random nucleotides. Gaps in the alignment are
indicated by faint vertical blue and red bands. The mean (35.9%) is indicated with a horizontal
line and one standard deviation (7.74%) either side is represented with dark brown shading. (b)
Alignment of the Pax3/7a and Pax3/7b loci of Branchiostoma belcheri. Shared exons (i.e. not
including Pax3/7a exon 1) are marked in dark purple, with their relationship to the exons in
Figs 5.1 and 5.2 and (c) marked by coloured spots at the base; the longest known extent of 3'
UTR sequence is marked in green. The mean ± standard deviation of the random baseline
marked as in (a). (c) Alignment of the open reading frames of Branchiostoma lanceolatum
Pax3/7a and Pax3/7b. Domains are marked with dark boxes. The exon structure is indicated
below with coloured boxes (corresponding to (b) and Figs. 5.1 and 5.2). The locations of the
Pax3/7a and Pax3/7b in situ hybridisation probes are indicated with coloured bars above. The
rolling window length is 75 positions in (a) and (b), and 45 positions in (c). In (b) and (c), blue
vertical bars represent gaps in Pax3/7a sequence (i.e. only Pax3/7b covers this region) and red
bars represent gaps in Pax3/7b. N.B. the identity falling at the 3' end of the domains is an
artefact of the rolling window, not because these areas are not identical.

MicroRNA targets in the Pax3/7a and Pax3/7b 3' UTRs
The original B. ﬂoridae Pax3/7(a) nucleotide sequence (AF165886.1, Holland et
al., 1999) has a 3' untranslated region (UTR) 380 nucleotides in length, terminating in a
poly-A tail. Unassembled reads (n=545) were retrieved by BLAST search from a B. ﬂoridae developmental transcriptomic sequence read archive (SRR1952655) and indicate support for the transcription of genomic sequence 3' to the last exon of at least 2,030 nucleotides in length.
The B. lanceolatum regenerative transcriptomic contig for Pax3/7b (isotig29738)
possesses a UTR 1,138 nucleotides in length; a similar length (1,116 nucleotides) is
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supported by reads (n=219) from the B. ﬂoridae developmental transcriptomic sequence
read archive.
Four in silico microRNA target prediction tools (MiRanda, RNAhybrid, PITA and
FindTAR) were used in parallel on the predicted 3' UTRs of cephalochordate Pax3/7s,
after the methodology of Candiani et al., (2011) (section 2.5.4). This analysis was not
completed. A summary of target sites predicted by at least three of these tools in the B.
ﬂoridae and B. lanceolatum predicted 3' UTRs are presented in Table 5.1 (Pax3/7a) and
Table 5.2 (Pax3/7b).

5.3.1.2.

Pax3/7 paralogue diﬀerential evolution

The gene structures of Pax3/7a and Pax3/7b are presented in Figure 5.3b. Homology is detectible at the nucleotide level between Pax3/7a exon 2-7 and Pax3/7b exon 1-6;
Pax3/7b does not have an exon homologous to Pax3/7a exon 1. On the basis of a summary
comparison of the structures of other deuterostome Pax3/7 genes (presented in Table 5.3;
full version presented in Appendix 5.3), I conclude that the presence of an initial exon
that does not contain the start of the paired domain is ancestral to deuterostome and
chordate Pax3/7 orthologues. Therefore, cephalochordate Pax3/7b has lost its initial exon.

Table 5.1. Predicted target sites in the 3' UTR of Pax3/7a from B. ﬂoridae and B.
lanceolatum. The analysis was performed on the 3' UTR (380 nucleotides) from a published
B. ﬂoridae sequence (AF165886.1, Holland et al., 1999) and the homologous region of the B.
lanceolatum genome (392 nucleotides), using miRanda (Enright et al., 2003), RNAhybrid
(Rehmsmeier et al., 2004), PITA (Kertesz et al., 2007), and FindTar (Ye et al., 2008). Only
equivalent or similar sites predicted by at least three of the tools used are included in this
summary. Salient details from the reports of each of the four tools are included in the table.
Abbreviations: Q = Query, R = Reference (MiRanda); t = target, m = miRNA (RNAhybrid).

PAX3/7 DUPLICATION IN CEPHALOCHORDATES
204

miRNA

bfl-miR-7a

bfl-miR-373

bfl-miR-4026-5p-1

Species

B. floridae

Target
location
313-337

253-280

B. lanceolatum 18-50

B. floridae

23-40

7-29

8-26

B. lanceolatum 267-293

bfl-miR-4028-3p-1 B. floridae

B. floridae

352-372

B. lanceolatum 333-355

B. floridae

bfl-miR-4028-3p-2 B. floridae

bfl-miR-4108-5p

bfl-miR-4121-3p

bfl-miR-4155

Q 3'
R 5'

MiRanda
uaCUAUUUA- - - GUGAUCAGAAGGa 5'
||||:||
:|||
||||||
at GATAGATTAGTACTTATCTTCCc 3'

-

Score: 86 | Energy: -20.02 kCal/Mol

Q 3'

ac ugcAGUAGUGA- - AUGGU- ACUGu 5'
||||||:|
||||| ||||
gaaaaTCATCATTAATACCAGTGACa 3'

ac ugcAGUAGUGA- - AUGGU- ACUGu 5'
||||||:|
||||| ||||
gaaaaTCATCATTAATACCAGTGACa 3'

Score: 90 | Energy: -22.00 kCal/Mol

R 5'

Q 3'
R 5'

-

Score: 90 | Energy: -22.00 kCal/Mol

Q 3'

ggaGUU- GUUGUUGUAGUAAGGa 5'
||| ||||
|||||| |:
gt gCAAGCAACCTCATCATCCTc 3'

uc AGGAGAUGAAGUGUGu 5'
||||||:
||||:|
caTCCTCTGAATCACGCc 3'

Score: 77 | Energy: -20.51

R 5'

Q 3'
R 5'

Score: 74 | Energy: -20.02 kCal/Mol
-

-

t 5'

Outputs
RNAhybrid
G
AGU
UA
C 3'
AUGAUAGAUU
ACU UCUUCC
UACUAUUUAG
UGA AGAAGG
UC
A 5'

mfe: -23.9 kcal/mol | p-value: 0.602393

m 3'
t 5'

C
U
C CUCAUCUAA
A 3'
UCAUCC CAU GC
AAAAUCAAG
AGUAGG GUG UG
UUUUAGUUU
AU
U
C 5'

mfe: -21.7 kcal/mol | p-value: 0.615001

m 3'
t 5'

G UG AAAA
AA
G
C 3'
G G
UCAUCAUU UACCA UGACA
C C
AGUAGUGA AUGGU ACUGU
A UG
5'

mfe: -27.8 kcal/mol | p-value: 0.583331

m 3'
t 5'

A
AGGUGGAAAA
AA
G
C 3'
GACG
UCAUCAUU UACCA UGACA
CUGC
AGUAGUGA AUGGU ACUGU
A
5'

mfe: -28.8 kcal/mol | p-value: 0.578804

m 3'
t 5'

U A
CU
C 3'
GC AGCAAC CAUCAU
CG UUGUUG GUAGUA
G
UU
U 5'

mfe: -20.2 kcal/mol | p-value: 0.618871

m 3'
t 5'

U GUGCA
CU
C 3'
CC
AGCAAC CAUCAU CCU
GG
UUGUUG GUAGUA GGA
AG
UU
A
5'

mfe: -22.4 kcal/mol | p-value: 0.610014

m 3'
t 5'

A
AA
C 3'
UCCUCUG UCACGC
AGGAGAU AGUGUG
UC
GA
U 5'

mfe: -23.8 kcal/mol | p-value: 0.600155

m 3'
t 5'

A
C
UA
A 3'
AUUAG ACU UAAUUCCAAC
UAGUU UGG GUUGAGGUUG
AA 5'

mfe: -20.0 kcal/mol | p-value: 0.621498

m 3'
t 5'

U
C
A 3'
GUGGAAACAG CAAAAAA
CGUCUUUGUC GUUUUUU
UU
AC 5'

mfe: -20.4 kcal/mol | p-value: 0.619652

m 3'

347
8:1:1
-14.4
-3.1
-11.29
364
8:1:0
-15.9
-4.02
-11.87

15
8:1:0
-12.2
-2.06
-10.13
21
8:1:1
-14.9
-3.1
-11.79

42
8:0:1
-16.2
-1.92
-14.27

PITA
Position:
Seed:
dGduplex:
dGopen:
ddG:

-

-

Position:
Seed:
dGduplex:
dGopen:
ddG:
Position:
Seed:
dGduplex:
dGopen:
ddG:

-

Position:
Seed:
dGduplex:
dGopen:
ddG:
Position:
Seed:
dGduplex:
dGopen:
ddG:

FindTAR

score: 44 | energy: -22.3

UACUAUUUAGUGAU- - - CAGAAGGA
| | | | | | : | | : | *| | ****| | | | | | *
ATGATAGATTAGTACTTATCTTCCC

score: 34 | energy: -20.3

AUAGUAGGGU- GUUGUUUUAGUUUC
*| | | : *| : | | *| *| *| | | | | | | | : *
CATCGCCTCATCTAAAAAATCAAGA

AC- - UGCAGUAGUGA- - AU- GGUACUGU
| | **| **| | | | | | : | **| | *| *: | | | | |
TGGAAAATCATCATTAATACCAGTGACA

score: 28 | energy: -24.4

score: 28 | energy: -24.4

AC- - UGCAGUAGUGA- - AU- GGUACUGU
| | **| **| | | | | | : | **| | *| *: | | | | |
TGGAAAATCATCATTAATACCAGTGACA

score: 31 | energy: -20.1

GCGUU- GUUGUUGUAGUAU
: | | | | *| | | | **| | | | | | *
TGCAAGCAACCTCATCATC

-

score: 26 | energy: -23.5

UCAGGAGAUGAAGUGUGU
| *| | | | | | : **| | | | : | *
A- TCCTCTGAATCACGCC

score: 27 | energy: -18.2

UAGUU- UGGGU- - UGAGGUUGAA
| | : | : *| | : : | **| : | | | | | | **
ATTAGCACTTATAATTCCAACAG

score: 39 | energy: -20.0

CGUCUUUGUC- - - UUGUUUUUUAC
| : : | | | | | | | ***| | *| | | | | | **
GTGGAAACAGCCAAAAAAAAAAAA

B. floridae

bfl-miR-4017-3p

283-308

83-107

85-102

bfl-miR-4121-5p

781-799

B. lanceolatum 797-819

B. floridae

B. lanceolatum 928-953

85-102

bfl-miR-4028-5p-9 B. floridae

bfl-miR-4099-5p

85-102

bfl-miR-4028-5p-7 B. floridae

bfl-miR-4028-3p-2 B. lanceolatum 457-474

bfl-miR-4028-3p-1 B. floridae

bfl-miR-4026-5p-1 B. lanceolatum 17-39

B. floridae

bfl-miR-430d

B. lanceolatum 997-1027

978-1008

B. floridae

bfl-miR-100

906-940

B. floridae

bfl-miR-19c

Target
location

Species

miRNA

Position:
Seed:
dGduplex:
dGopen:
ddG:
Position:
Seed:
dGduplex:
dGopen:
ddG:

5'

ac UGCAGUAGUGAAUGGUACugu 5'
:|||||
||
||||||
ggGCGTCAGGACAAACCATGc aa 3'

A
U 3'
GACCCAG UCCGACAC
UUGGGUU AGGUUGUG
m 3' GAG
G
5'

mfe: -27.5 kcal/mol | p-value: 0.597166
t 5' U
A
CCUG
U 3'
UCGACC GAC
UCCGACAC
AGUUGG UUG
AGGUUGUG
m 3' G
G
5'

mfe: -26.5 kcal/mol | p-value: 0.602026

Score: 82 | Energy: -24.82 kCal/Mol
Q 3' gaGUUGGGUUG- - - - AGGUUGUg 5'
|:||| :||
|||:|||
R 5' t t CGACCAGACCCTGTCCGACAc 3'

Score: 77 | Energy: -22.47 kCal/Mol

t 5'

mfe: -26.0 kcal/mol | p-value: 0.606567

Q 3' gaGU- UGGGUUGAGGUUGUg 5'
|| |||||: |||:|||
R 5' ac CAGACCCAG- TCCGACAc 3'

Score: 85 | Energy: -25.59 kCal/Mol

G
GAAG AA
U 3'
CCAG UUG
CG GGUGCCAAU
GGUC AGC
GU CCACGGUUA
3' UA
U
A
A
5'

t 5'

mfe: -26.0 kcal/mol | p-value: 0.603414

Score: 94 | Energy: -20.98 kCal/Mol
Q 3' uaGGUCUAGC- - AG- UACCACGGUUa 5'
|||| | |
| | ||||||||
R 5' agCCAGTTGGAAGCGAAGGTGCCAAt 3'

A
A 3'
CAACAACAGCAUCA
GUUGUUGUUGUAGU
m 3' GA
AA 5'

t 5'

mfe: -27.8 kcal/mol | p-value: 0.595090

Score: 94 | Energy: -22.20 kCal/Mol
Q 3' gaGUUGUUGUUGUAGUAa 5'
||||||||||| |||
R 5' aaCAACAACAACAGCATc 3'

t 5' C
A 3'
AACAACAACAGCAUCA
UUGUUGUUGUUGUAGU
m 3'
AA 5'

Q 3' uuGUUGUUGUUGUAGUAa 5'
||||||||||| |||
R 5' aaCAACAACAACAGCATc 3'

mfe: -22.8 kcal/mol | p-value: 0.620563

t 5' G
UUU
A 3'
CCUCAAU
UCAUUCC
GGAGUUG
AGUAAGG
3'
UUGUUGU
A 5'

mfe: -25.3 kcal/mol | p-value: 0.606655

Score: 94 | Energy: -21.02 kCal/Mol
-

A
A 3'
CAACAACAGCAUCA
GUUGUUGUUGUAGU
m 3' GC
AU 5'

t 5'

mfe: -27.5 kcal/mol | p-value: 0.599807

t 5' G
GG AA
A 3'
GGCGUCA AC ACCAUG CA
CUGCAGU UG UGGUAC GU
m 3' A
AG AA
U
5'

Q 3' gc GUUGUUGUUGUAGUAu 5'
||||||||||| |||
R 5' aaCAACAACAACAGCATc 3'

Score: 79 | Energy: -25.49 kCal/Mol

R

3'

mfe: -26.0 kcal/mol | p-value: 0.606321

Score: 88 | Energy: -20.99 kCal/Mol
Q

A
U
AC
A
3'
GACACC AUACA UGUAC
CUGUGG UAUGU ACGUG
m 3' AGA
AAAU 5'

t 5'

mfe: -20.6 kcal/mol | p-value: 0.630354
Q 3' agaCUGUGG- UAUGU- - ACGUGAAAu 5'
|||||| |||||
||:|| ||
R 5' gt aGACACCTATACAACTGTACATTa 3'

-

Position:
Seed:
dGduplex:
dGopen:
ddG:
Position:
Seed:
dGduplex:
dGopen:
ddG:

Position:
Seed:
dGduplex:
dGopen:
ddG:
Position:
Seed:
dGduplex:
dGopen:
ddG:
Position:
Seed:
dGduplex:
dGopen:
ddG:
Position:
Seed:
dGduplex:
dGopen:
ddG:

791
8:1:1
-19.7
-5.86
-13.83
811
8:1:1
-18.2
-7.97
-10.22

-

94
8:1:0
-16.4
-1.13
-15.26
466
8:1:0
-17.9
-4.59
-13.3
94
8:1:0
-18.5
-1.13
-17.36
94
8:1:0
-17.2
-1.13
-16.06

-

99
8:1:1
-15.1
-1.45
-13.64
300
8:1:1
-20.9
-5.89
-15

97
8:1:1
-20.7
-1.03
-19.66

97
8:1:1
-22.7
-1.03
-21.66
97
8:1:1
-21.4
-1.03
-20.36

score: 24 | energy: -24.3

GAGUUGGGUUG- - - - AGGUUGUG
: | | : | | | *: | | ****| | | : | | | |
TTCGACCAGACCCTGTCCGACAC

-

score: 17 | energy: -25.1

UAGGUCUAGCA- - G- UACCACGGUUA
| *| | | | *| *| ***| *| *| | | | | | | | |
AGCCAGTTGGAAGCGAAGGTGCCAAT

-

-

score: 14 | energy: -21.8

GGAGUUGUUGUUGUAGUAAGGA
| | | | | | : **: ****| | | | | | | *
CCTCAATTTT- - - - TCATTCCA

-

score: 7 | energy: -26.9

ACUGCAGUA- - GU- - - GAAU- - - - - GGUACUGU
*| : | | | | | ***| | ***| *| : ******: | | | | : |
GGGCGTCAGGACAAACCATGCAACCATATGATA

-

score: 44 | energy: -19.2

GUUGUUUUAGUU- - CGUGGUUUCC
| | | | | | *| *| | | **| | | : | | | | **
CAACAACAACAACAGCATCAAAAT

score: 30 | energy: -21.6

mfe: -25.6 kcal/mol | p-value: 0.60837

Score: 75 | Energy: -20.58 kCal/Mol
t 5' A
CAA AC
A 3'
CAACAA
CA AGCAUCAAA
GUUGUU
GU UCGUGGUUU
m 3'
UUA
CC 5'

UGU- GUUC- - AAGCC- - - - - - UAGAUGCCCAA
| : | *| | | | **| | | | | ******: | : *| : | | | | |
ATAACAAGCCTTCGGCGCCACGTTAATGGGTT

t 5' G
CC
CG CACGUUA
A 3'
AUACAAG UUCGG C
AUGGGUU
UGUGUUC AAGCC G
UGCCCAA
m 3'
UA A
5'
-

score: 22 | energy: -22.8

mfe: -24.6 kcal/mol | p-value: 0.612652

Q 3' ugUGUUC- - AAGCC- - - - - - UAGAUGCCCAa 5'
|||||
|||||
:|: |:||||
R 5' t aACAAGCCTTCGGCGCCACGTTAATGGGTt 3'

UGU- GUUCA- - AGCC- - - - - - UAGAUGCCCAA
| : | *| | | | ***| | | | ******: | : *| : | | | | |
ATAACAAGGCGTCGGCGCCACGTTAATGGGTT

score: 27 | energy: -27.2

Score: 67 | Energy: -21.93 kCal/Mol

-

FindTAR
UUGUCGAACGUCC- - - - - - - CC- - - - UAAACGUGU
| | | | | | **| : | | | *******| | ****| *| | | : | | :
AACAGCCAGTAGGAAGCGAAGGTACCAATTGTACG

A
GCG
CG CACGUA
A 3'
ACAAG
UCGG C
AUGGGUU
UGUUC
AGCC G
UGCCCAA
m 3' UG
A
UA A
5'

t 5'

-

PITA

Q 3' ugUGUUC- - AAGCC- - - - - - UAGAUGCCCAa 5'
|||||
||||
:|: |:||||
R 5' t aACAAGGCGTCGGCGCCACGTTAATGGGTt 3'

mfe: -24.5 kcal/mol | p-value: 0.613522

Score: 62 | Energy: -21.98 kCal/Mol

Outputs
RNAhybrid
t 5' A
CA
AAGCGAA UACCAA
U 3'
AACAGC GUAGG
GG
UUGUACG
UUGUCG CGUCC
CC
AACGUGU
m 3'
AA
UA
5'

MiRanda
Q 3' uuGUCGAACGUCC- - - - - - - CC- - - - UAAACGUGu 5'
||||
|:|||
||
| |||:||
R 5' aaCAGCCAGTAGGAAGCGAAGGTACCAATTGTACg 3'
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Table 5.2. Predicted target sites in the 3' UTR of Pax3/7b from B. ﬂoridae and B.
lanceolatum. The analysis was performed on the 3' UTR (1,138 nucleotides) from the B. lanceolatum regenerative transcriptome (isotig29738) and the homologous region of the B. ﬂoridae
genome (1,115 nucleotides), using miRanda (Enright et al., 2003), RNAhybrid (Rehmsmeier et
al., 2004), PITA (Kertesz et al., 2007), and FindTar (Ye et al., 2008). Only equivalent or similar
sites predicted by at least three of the tools used are included in this summary. Salient details
from the reports of each of the four tools are included in the table. Abbreviations: Q = Query,
R = Reference (MiRanda); t = target, m = miRNA (RNAhybrid).
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Previous published versions of Pax3/7a (e.g. EEN66816.1, from Holland et al.,
1999) reconstructed the start of the gene as the start of Pax3/7b; this was the result of
the complete nucleotide identity of the Pax3/7a and Pax3/7b paired domain (see below)
leading the researchers to assume they were from the same gene. The initial exon was
recovered by a search of raw unassembled transcriptomes from B. lanceolatum
(SRR2057056 and SRR2164904) and A. lucayanum (SRR1138336), using an excerpt from
the genomic sequence 5' of the second Pax3/7a exon as a query. The current gene model
is supported by 30 reads from B. lanceolatum and 86 from A. lucayanum that overlap the
exon junction.

Table 5.3. Exon structures of Pax3/7 genes from vertebrates and non-vertebrate
deuterostomes, showing that the presence of an initial exon that does not contain the start of
the paired domain (c.f. the exon lengths and paired box position columns) is probably ancestral
to the deuterostomes. Paired and homeodomain positions are as predicted by the NCBI Conserved Domain Search. M. musculus = Mus musculus; H. sapiens = Homo sapiens; G. gallus =
Gallus gallus; A. mississippiensis = Al ligator mississippiensis; D. rerio = Danio rerio; C. milii
= Callorhinchus milii; L. japonicum = Lethenteron japonicum; S. kowalevskii = Saccoglossus
kowalevskii; B. lanceolatum = Branchiostoma lanceolatum; C. intestinalis = Ciona intestinalis.

Paired domain conservation and conversion
The paired domains of Pax3/7a and Pax3/7b are almost identical, sharing extremely strong conservation at the nucleotide level (c.f. Figure 5.5c). If codons with inconsistencies between the various sources of sequence data (genome assembly, transcriptome or BAC clone) are discounted, no within-species diﬀerence exists between the
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nucleotide sequences of the paired domain Pax3/7a and Pax3/7b. Two sites in B. belcheri
and one site in B. ﬂoridae (highlighted in Appendix 5.1) were found to have within-species
similarity between the Pax3/7 paralogues but between species diﬀerences with all other
(amphioxus) Pax3/7 orthologues; i.e. within the paired domain, B. belcheri Pax3/7a is
more similar to B. belcheri Pax3/7b than it is to B. lanceolatum/B. ﬂoridae Pax3/7a and
more similar than B. belcheri Pax3/7b is to B. lanceolatum/B. ﬂoridae Pax3/7b, and the
same has been observed in B. ﬂoridae.

EH1 domain conservation
The cephalochordate Pax3/7s have an EH1 domain (also called the Octapeptide
or TN) which diﬀers in its initial residue only. The Pax3/7a and Pax3/7b homeodomains
are identical except for the 60th position, which is glutamine in Pax3/7a and alanine in
Pax3/7b. The homeodomains are ﬂanked by fourteen consecutive identical residues in the
N-terminal direction and four in the C-terminal direction. Pax3/7a and Pax3/7b also have
a PHT (Paired-type Homeodomain Tail) domain (Vorobyov and Horst 2006). An alignment of the C-termini of a selection of vertebrate, non-vertebrate deuterostome, and protostome Pax3/7 sequences, including the PHT domain, is presented in Figure 5.5. Pax3/7a
has a more prototypical PHT domain than Pax3/7b. An amino acid alignment of Pax3/7a
and Pax3/7b is presented in Appendix 5.2, highlighting the paired, EH1, homeo- and PHT
domains, as well as the location of the Pax3/7 probes used for in situ hybridisation (section
5.3.5).

5.3.1.3.

Pax3/7 duplicated independently in the cephalochordates

The amphioxus Pax3/7 protein sequences were aligned against Pax3/7 sequences
from vertebrates (H. sapiens, M. musculus, G. gallus, P. bivittatus, D. rerio, S. torazame
and P. marinus), tunicates (H. roretzi and C. intestinalis), a hemichordate (S. kowalevskii), and members of the Protostomia (T. castaneum, C. teleta and C. gigas). Details of
the sequences in the alignment, and the alignment itself is presented in Appendix 5.4. This
alignment was used to produce Bayesian, maximum likelihood and neighbour-joining trees,
rooted against B. ﬂoridae Pax4/6. Support values from the maximum likelihood and
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neighbour-joining trees were mapped onto equivalent nodes in the Bayesian tree, which is
presented in Figure 5.6. Vertebrate Pax3 and Pax7 are not more closely related to either
Pax3/7a or Pax3/7b than to each other, indicating that the cephalochordate Pax3/7 duplication event occurred independently in the common ancestor of the extant cephalochordates.

Figure 5.5. An alignment of the C-termini of Pax3/7 sequences from a selection of
vertebrate, non-vertebrate deuterostome, and protostome species, illustrating the conservation
of the Pax3/7 PHT. The overall consensus sequence for the PHT, as determined by Vorobyov
and Horst (2006) is given at the top of the PHT domain box, and all identities (marked with a
full stop) are relative to this consensus. The PHT domain box is grey in sequences which lack a
PHT domain. The Asymmetron lucayanum Pax3/7b sequence does not have coverage of the Cterminus, hence its omission. H. sapiens = Homo sapiens; M. musculus = Mus musculus; G.
gallus = Gallus gallus; P. bivittatus = Python bivittatus; D. rerio = Danio rerio; S. torazame =
Scyliorhinus torazame; B. lanceolatum/ﬂoridae/belcheri = Branchiostoma lanceolatum/ﬂoridae/belcheri; A. lucayanum = Asymmetron lucayanum; H. roretzi = Halocynthia roretzi; C.
intestinalis = Ciona intestinalis; S. kowalevskii = Saccoglossus kowalevskii; T. castaneum =
Tribolium castaneum; C. gigas = Crassostrea gigas; C. teleta = Capitella teleta.

5.3.2.

Pax3/7 expression in the cephalochordates

Whole mount in situ hybridisation (WMISH) was used to visualise Pax3/7 paralogue expression patterns in amphioxus development. Probes were designed to target
the divergent 3’ ends of Pax3/7a and Pax3/7b to avoid paralogue cross-reactivity (see
Figure 5.4, Appendix 5.2). The Pax3/7a probe targeted a region with 54.5% similarity
(with 33 gaps) to the equivalent region of Pax3/7b (aligned with MAFFT) and the
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Pax3/7b probe targeted a region with 51.1% similarity (with 72 gaps) to Pax3/7a. Probe
locations in the transcripts are marked in Figure 5.4c. WMISH was performed on B.
lanceolatum embryos from mid-gastrula (stage G5) to larvae (L2) (Figure 5.7 & Figure
5.8) and on A. lucayanum embryos (Figure 5.9). These results indicate that the expression
of the paralogues diﬀers during embryogenesis.

Figure 5.6. Bayesian tree of Pax3/7 genes. Support values are presented as follows: bootstraps out of 1000 from PHYLIP (dark green) | bootstraps out of 1.0 from equivalent nodes
from maximum likelihood (dark red) | posterior probabilities from equivalent nodes from a
Bayesian analysis (dark blue). Absence of an equivalent node in the corresponding analysis is
indicated by a dash. The alignment and accession numbers of all included sequences are reported
in Appendix 5.4. The scale bar in the lower left corner indicates amino acid substitutions per
site. S. kowalevskii = Saccoglossus kowalevskii; C. teleta = Capitella teleta; H. roretzi = Halocynthia roretzi; C. intestinalis = Ciona intestinalis; C. gigas = Crassostrea gigas; T. castaneum
=
Tribolium
castaneum;
A.
lucayanum
=
Asymmetron
lucayanum;
B.
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lanceolatum/ﬂoridae/belcheri = Branchiostoma lanceolatum/ﬂoridae/belcheri; D. rerio = Danio
rerio; S. torazame = Scyliorhinus torazame; H. sapiens = Homo sapiens; M. musculus = Mus
musculus; G. gallus = Gallus gallus; P. bivitattus = Python bivitattus; P. marinus = Petromyzon
marinus. Figure taken from Barton-Owen, Ferrier, & Somorjai (2018).

5.3.2.1.

Branchiostoma lanceolatum

b. LATE GASTRULA (G6/7)

Pax3/7b

Pax3/7a

a. GASTRULA (G5)

c. EARLY NEURULA (G7/N0)

Pax3/7b

Pax3/7a

d. MID NEURULA (N1)

Pax3/7b

Pax3/7a

e. MID NEURULA (N2)

*

*

f. LATE NEURULA (N3)

*
*

*
*
50 μm

Figure 5.7. Expression of Pax3/7a and Pax3/7b in B. lanceolatum early development, visualised with whole mount in situ hybridisation with Pax3/7a-speciﬁc probe (top rows
of image blocks) and Pax3/7b-speciﬁc probe (bottom rows of image blocks). Embryos are oriented laterally, dorsally, and blastoporally (G5-7 only) in a left-to-right order. Dorsal and lateral
views are presented with the anterior facing left. (a) 10 hours post fertilization (hpf) gastrula
(G5). (b) 12 hpf late gastrula (G6/7). (c) 14 hpf early neurula (G7/N0). (d) 16 hpf mid neurula
(N1). (e) 21 hpf mid neurula (N2). (f) 24 hpf late neurula (N3). Red and blue arrowheads (c):
diﬀerential patterning in the neural plate border. Black arrow(d): anterior mesodermal tissue
expression. White arrows (d): anterior and posterior ends of the neural tube. White arrowheads
(d) postero-lateral somatic tissue. Black arrowhead (d) postero-medial notochord tissue. Asterisk: sinistral expression domain found in both paralogues and A. lucayanum (immediately anterior to mark), Scale bars = 50 micrometres. Adapted from Barton-Owen, Ferrier & Somorjai
(2018).
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Expression of Pax3/7a
In mid-gastrulae (G5, Figure 5.7a), Pax3/7a is expressed in a semicircular band
in the dorsal endoderm of the blastoporal lip. This expression pattern remains relatively
diﬀuse in the late gastrula (G6/7, Figure 5.7b), but by the early neurula (N0, Figure 5.7c)
the expression domain has become condensed into lines running symmetrically either side
of the midline (Figure 5.7c, red arrowheads) with enlarged anterior patches, though weak
expression persists throughout the posterior. By the hatchling neurula (N1, Figure 5.7d),
Pax3/7a has diﬀuse expression with greater concentration in ﬁve indistinct, bilaterally
symmetrical areas; the anterior mesodermal tissue (black arrow), the anterior end and
posterior of the neural tube (white arrows), the postero-lateral somitic tissue (white arrowheads), and the postero-medial notochord tissue (black arrowhead). These expression
domains continue with little change through to the mid neurula (N2, Figure 5.7e), except
for the appearance of a distinct domain of asymmetrical Pax3/7a expression in the anterior
(marked throughout by an asterisk placed just posteriorly), which is consistently absent
or very weak on the right side. In the late neurula (N3, Figure 5.7f), Pax3/7a expression
has become condensed into the anterior and posterior mesodermal regions, and into the
left anterior somite. Patchy and granular neural regions of expression have also appeared.
The asymmetrical domain persists into the early larva (L1, Figure 5.8a) while the other
domains of expression are substantially reduced such that only a few anterior neural and
the posterior mesodermal domains are present. This pattern continues in the later L1 and
L2 larvae (Figure 5.8b & c), with faint, patchy neural expression reappearing in the latter
stage.

Expression of Pax3/7b
In mid-gastrulae (G5, Figure 5.7a), Pax3/7b is expressed in smaller lateral patches
in the dorsum in both germ layers, in contrast to Pax3/7a, which is restricted to the
endoderm. This lateral expression pattern continues in the late gastrula (G6/7, Figure
5.7b); by the early neurula (N0, Figure 5.7c) the interior lateral borders of the expression
domain have become strongly resolved (Figure 5.7c, blue arrowheads), though weak medial
expression continues. Pax3/7b expression overlaps with Pax3/7a in the posterior regions
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Pax3/7a

*

Pax3/7b

a. EARLY LARVA (L1)

*

c. LARVA (L2)

Pax3/7b

Pax3/7a

b. PRE-MOUTH LARVA (L1)

*

*
*

*

Figure 5.8. Expression of Pax3/7a and Pax3/7b in B. lanceolatum later development, visualised by whole mount in situ hybridization of Pax3/7a-speciﬁc probe (top row of
image blocks) and Pax3/7b-speciﬁc probe (bottom row of image blocks). Views are presented
with anterior to the left, and are in left-to-right order, lateral (all stages) and dorsal (early
larvae only). (a) 30 hpf early larva (L1). (b) 36 hpf pre-mouth larva (L1). (c) 48 hpf larva (L2).
Asterisk: common sinistral domain of expression. Scale bars = 50 micrometers. Adapted from
Barton-Owen, Ferrier & Somorjai (2018).

but with a much weaker signal. By the N1 stage (Figure 5.7d), in contrast to Pax3/7a,
there are ﬁve distinct, symmetrical domains of Pax3/7b expression in the dorsolateral
neural tube. These spots are ﬂanked at their anterior and posterior limits by the weaker,
more diﬀuse regions of Pax3/7a expression (white arrows). This expression pattern continues with little change through to the mid neurula (N2, Figure 5.7e). By stage N3 (Figure
5.7f), the neural regions of expression are reduced in size and number, retaining only the
two anterior-most and posterior-most spots, while the strong asymmetrical domain of expression in the left anterior somite previously distinguished by Pax3/7a expression is now
also labeled by Pax3/7b (asterisks). This domain persists with strong expression into the
early larva (L1, Figure 5.8a) while expression ceases elsewhere in the later L1 and L2
larvae (Figure 5.8b & c).

213

5.3.2.2.

Asymmetron lucayanum

Whole mount in situ hybridisation was also performed on A. lucayanum early and
mid neurulae, using probes covering an identical region of the A. lucayanum Pax3/7a and
Pax3/7b transcripts (Figure 5.4). The experimental protocol for in situ hybridisation has
not yet been optimised for A. lucayanum, and consequently the results are lesser in quality
than those for B. lanceolatum, particularly having a less favourable signal-to-background
ratio. The images are presented in Figure 5.9.
The A. lucayanum embryos are not directly comparable in developmental stage:
the A. lucayanum early neurula (N1, Figure 5.9a) is more elongated than the B. lanceolatum early neurula (G7/N0, Figure 5.7c) but less than the mid neurula stage (N1, Figure
5.7d). The N2 stages of A. lucayanum and B. lanceolatum (Figure 5.7e and Figure 5.9b)
seem approximately equivalent but the internal physiology of the A. lucayanum mid neurula is much less visible.
The patterns for Pax3/7a and Pax3/7b are not directly equivalent to those from
B. lanceolatum. In the A. lucayanum early neurula (N1, Figure 5.9a), Pax3/7a seems to
have diﬀuse expression throughout the dorsal mid-section. Although it is less expressed
along the centre of the neural plate, it is broadly expressed throughout the mesoderm. In
contrast, Pax3/7b is expressed in restricted symmetrical domains in the neural plate border.
In the mid-neurula (N2, Figure 5.9b), Pax3/7a is expressed in two bilaterally symmetrical domains of expression in the mid-anterior. Pax3/7b retains vestiges of the symmetrical, partitioned neural plate border expression, and is strongly expressed in the left
anterior domain seen in B. lanceolatum Pax3/7a and Pax3/7b (Figure 5.7e & f; Figure 5.8;
marked with an asterisk posteriorly throughout).
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Figure 5.9. Expression of Pax3/7a and Pax3/7b in A. lucayanum early and mid
neurulae. Top: Illustrative line drawing of adult A. lucayanum, adapted from Andrews, 1893.
Scale bar ≈ 5 mm. Bottom: Whole mount in situ hybridisation images of Pax3/7a-speciﬁc probe
(top row of block) and Pax3/7b-speciﬁc probe (bottom row of block) in A. lucayanum embryos.
Views are presented in the left-to-right order: lateral, dorsal, and blastoporal (early neurula
only). Lateral and dorsal views are oriented with the anterior to the left. (a) Early neurula, N1,
12 hpf. (b) Mid neurula, N2, 16 hpf. Asterisks mark to the immediate anterior the sinistral
domain of expression found in both paralogues and in A. lucayanum. Scale bars = 50 micrometres.

5.4. Discussion
Gene duplication is an important mechanism in evolution, providing a potent
source of new genetic material on which evolution can act outside the constraints on singlecopy genes. Transcription factors stand out as a particularly important subset of retained
and adapted paralogous genes. Paralogue divergence includes subfunctionalisation and
neofunctionalisation of binding speciﬁcity and motif recognition, upstream regulatory control, and cofactor interaction, which all provide opportunities for more intricate spatiotemporal expression control and the potential for the generation of novel gene regulatory
networks and morphology (Voordeckers, Pougach, and Verstrepen 2015).
The two rounds of whole genome duplication (2R-WGD) at the base of the vertebrate lineage (Putnam et al., 2008) provided an ample source of stoichiometrically-balanced raw genetic material, possibly facilitating the elaboration of vertebrate novelties
including the head, neural crest, and neurogenic placodes (Gans and Northcutt 1983;
Kassahn et al., 2009). In contrast, cephalochordate genomes bear no indications of paleopolyploidy events (Putnam et al., 2008; Holland et al., 2008; Huang et al., 2014), and share
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more similarities in terms of architecture and gene content with the chordate ancestral
genome than other extant chordate clades (Louis, Roest Crollius, and Robinson-Rechavi
2012). Cephalochordates therefore have many fewer paralogues than vertebrates, though
both RNA-mediated and DNA-mediated duplications have been described. Among the
latter, homeobox genes are most numerous; paralogues have been found in Evx (Ferrier et
al., 2001; Minguillón et al., 2002), Emx (Minguillón et al., 2002; N. A. Williams and Holland 2000; Takatori et al., 2008), Mnx, Vent, Nk1, Nedx, Uncx, Lhx2/9, Irx, Pou3 (Takatori
et al., 2008), and Hox9-15 (Holland et al., 2008; Feiner et al., 2011), many of which are
the result of small-scale tandem duplications. Of these, only Vent1 and Vent2 have been
the subject of detailed functional assays, which established their cis- and trans-regulation
in the amphioxus dorsoventral patterning regulatory network (Kozmikova et al., 2011) and
their expression in pharmacologically manipulated embryos (Kozmikova et al., 2013).

5.4.1.

Cephalochordate Pax3/7 evolution

Data presented herein from three species of Branchiostoma and Asymmetron lucayanum, a representative of the earliest branching of the extant amphioxus genera, support
the idea that tandem gene duplication may have been an important mechanism for generating cell type diversity in the cephalochordate ancestor. I report that amphioxus possess
two paralogues of Pax3/7, a gene notable for its functions in neural plate border speciﬁcation, its vertebrate roles in neural crest and placode speciﬁcation, and for its involvement
in somitogenesis, myogenesis and the population of regenerative muscle satellite cells possibly common to all bilaterians (Konstantinides and Averof 2014). I conﬁrm that this
duplication predates the modern cephalochordate radiation but post-dates the divergence
from other chordates, implying that the chordate ancestor had a single copy.
One of my key ﬁndings is that Pax3/7a and Pax3/7b diverged symmetrically but
heterogeneously between duplication and the cephalochordate radiation (Figure 5.6). They
share very strong nucleotide sequence conservation, complete amino acid sequence identity
in the paired domain, and very strong conservation in the EH1/Octapeptide motif and
homeodomain. In contrast, they have diverged substantially in the linker regions, the Nterminus (where Pax3/7b seems to have lost an exon) and the four exons of the C-terminus.
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The paralogues have changed little since their divergence, both in coding sequence and
local CNEs; of the pair, Pax3/7a has changed more since the Asymmetron/Branchiostoma
speciation events, indicating it might be under slightly relaxed selection, but has a more
prototypical PHT domain (Vorobyov and Horst 2006) (Figure 5.5), while Pax3/7b is more
conserved among species. Pronounced evolutionary asymmetry is common amongst tandem paralogues (reviewed by Holland et al., 2017), for instance, in AmphiEvx; however,
examples in which asymmetry is not observed have also been documented (e.g. AmphiEmx).
Although cephalochordates are considered to be slow-evolving, the pattern we observe in paralogue divergence is also consistent with the recent estimate that the crown
cephalochordate node dates to only 38.8-46.0 million years ago (MYA), in contrast to
previous results placing it ~120-250 MYA (see Igawa et al. 2017). Based on their calibration date of the cephalochordate/Olfactores split approximately 550 MYA, the duplication, ﬁxation, fate-determination and preservation phases of paralogue evolution (see Innan and Kondrashov 2010) all occurred in the ~500 MYA interval during which no evident
radiation occurred. Comparatively rapid change and quicker preservation is considered
typical of tandem duplications (Voordeckers, Pougach, and Verstrepen 2015), although as
Pax3/7 genes are transcription factors involved in development, and speciﬁcally neurogenesis (Roux, Liu, and Robinson-Rechavi 2017), their sequence and expression domain
change may have been severely constrained.

Symmetry in paralogue evolution
Symmetry of sequence evolution rate between paralogues is considered indicative
of subfunctionalisation (Yampolsky and Bouzinier 2014). The evolutionary trajectory of
cephalochordate Pax3/7 duplicates, based on the symmetry of sequence change evident in
Figure 5.6, seems to accord with the duplication-degeneration-complementation (DDC)
model of Force et al. (1999) or the specialisation model of Hughes (1994). According to
these models, the duplicated pair, under relaxed purifying selection, accumulates either
mutations that complementarily degrade (DDC) or improve (specialisation) their capacity
to perform subsets of their pre-duplication function, until the loss of either paralogue is
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deleterious. The only non-duplicated chordate or deuterostome outgroups for ancestral
Pax3/7 function are found in the tunicates and hemichordates. However, both groups have
a highly divergent Pax3/7 sequence, and the former of which has a very derived genome
and morphology. Consequently, it is diﬃcult to determine the exact set of ancestral functions of the Pax3/7 pro-orthologue in the chordate ancestor. Nevertheless, a conserved
role in neural border speciﬁcation is highly probable, given enrichment of Pax3/7 in lateral
neuroblasts in a number of bilaterians (Li et al., 2017).

The Pax3/7 tandem duplication and locus evolution
The cephalochordate Pax3/7 locus is consistent with a DNA-mediated small-scale,
tandem duplication of 20+ kilobases. An attempt was made to detect homology between
the Pax3/7a and Pax3/7b loci using a script that implemented a rolling window of identity
summation on a genomic alignment, producing a VISTA-like visualisation (Figure 5.4).
Almost no non-coding nucleotide similarity was retrieved for the Pax3/7a/Pax3/7b comparison, indicating the almost complete divergence of the loci. Given their duplication
potentially occurred ~550 MY (see section 1.4.2, Figure 1.11, & Igawa et al., 2017), this is
expected, but prevents detection of further details about the duplication event, including
its precise extent and whether the exon loss of Pax3/7b was the result of incomplete
duplication.
Since the cephalochordate radiation responsible for all extant cephalochordate
genera, recently dated to 38.8-46.0 MYA (Igawa et al., 2017) but previously placed at 120360 MYA (Kon et al., 2007; Yue et al., 2014), the Pax3/7 duplication locus has been
tightly conserved between species (Figure 5.3a), but has nonetheless undergone divergence.
The largest post-speciation divergence is in B. lanceolatum, where insertions of several
kilobases have occurred in the ﬁrst introns of Pax3/7b and the third and last introns of
Pax3/7a (Figure 5.2).

MicroRNA targets in the Pax3/7 3' UTRs
The miRNA survey presented herein is limited by the available data concerning
the extent of the Pax3/7a and Pax3/7b 3' UTRs. Holland et al. (1999) cloned the entirety
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of the 3' UTR (including the poly(A) tail) of B. ﬂoridae Pax3/7a, although data from
SRAs suggests that a much longer region might be transcribed (see section 5.3.1.1). Alignment of the published B. ﬂoridae Pax3/7a 3' UTR against the B. lanceolatum genome
allowed the prediction of a similarly-sized homologous 3' UTR. For Pax3/7b, the 1,138 bp
region after the ﬁrst in-frame stop codon in isotig29738 was taken as a predicted 3' UTR
and used to predict a homologous B. ﬂoridae 3' UTR. Both UTR predictions would beneﬁt
from experimental validation.
Distinct targets of six microRNAs were detected in the B. ﬂoridae Pax3/7a UTR
and three in the predicted B. lanceolatum Pax3/7a UTR; of these, one target (bﬂ-miR4026-5p-1) was found in both (Table 5.1). Targets of seven microRNAs were detected in
the predicted B. ﬂoridae Pax3/7b UTR, and ﬁve in the predicted B. lanceolatum Pax3/7b
UTR; of these, two targets (bﬂ-miR-100 and bﬂ-miR-4121-5p) were found in both (Table
5.2). Three targets (bﬂ-miR-4026-5p-1, bﬂ-miR-4028-3p-1, bﬂ-miR-4028-3p-2) were found
in a Pax3/7a and a Pax3/7b UTR. Seven miRNAs with Pax3/7 3' UTR targets have
previously been reported to be expressed in amphioxus development (Zhou et al., 2012).
A summary of these data is presented in Table 5.4.
MicroRNA-mediated regulation of vertebrate Pax3 and Pax7 in muscle development and pathology has been extensively characterised, focussing on miR-1 (Chen et al.,
2010; Hirai et al., 2010; Goljanek-Whysall et al., 2011; Li et al., 2012) and miR-206 (Hirai
et al., 2010; Goljanek-Whysall et al., 2011; Dey, Gagan, and Dutta 2011; Li et al., 2012;
Liu et al., 2012; Hanna et al., 2016). Involvement of the vertebrate- or mammal-speciﬁc
(Heimberg et al., 2008) miR-27 (Crist et al., 2009), miR-431 (Wu et al., 2015) and miR486 (Dey, Gagan, and Dutta 2011) has also been reported.
The apparent lack of conserved microRNA control of Pax3/7 between vertebrates
and cephalochordates is consistent with previous studies ﬁnding very little conservation of
the regulation of speciﬁc genes by speciﬁc miRNAs across long evolutionary timescales
(Chen and Rajewsky 2006; Xu et al., 2013), despite the deep conservation of miRNAs and
3' UTR motifs themselves (Chen and Rajewsky 2006). Given the evolutionary ﬂexibility
of the miRNA/speciﬁc target relationship, miRNA target prediction in cephalochordate
Pax3/7s is more likely to be a useful tool in assaying diﬀerential paralogue and post-
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speciation orthologue regulatory evolution within the cephalochordates than between
cephalochordates and other deuterostomes. The possible ﬁnding that three targets are
shared between Pax3/7a and Pax3/7b (which potentially started diverging millions of
years earlier than the origin of vertebrates) is signiﬁcant in this light.

Table 5.4. A summary of the presence of microRNA targets in the 3' UTRs of
Pax3/7a and Pax3/7b of B. lanceolatum and B. ﬂoridae, and of the developmental expression
data reported by Zhou et al., 2011 (where present). B. ﬂo = B. ﬂoridae; B. lan = B. lanceolatum.
Light blue indicates an absence of expression; the purple-to-yellow spectrum indicates the expression intensity (low to high), adapted from Figure 5 of Zhou et al. (2012).

Gene conversion in the paired domain
The complete nucleotide sequence conservation within the paired domains of
Pax3/7a and Pax3/7b suggests that this 375 nucleotide region is subject to gene conversion, a process by which a genomic region is uni-directionally overwritten by homologous
sequence via various responses to double-strand breaks (reviewed by Chen et al., 2007).
Gene conversion is an important mechanism in shaping paralogue fate (reviewed by Innan
and Kondrashov 2010), where it can exert a homogenising force between paralogues that
produces concerted evolution and minimises divergence (Teshima and Innan 2004; Mano
and Innan 2008). The regions involved are usually short, rarely above 1 kb in vertebrates
(Chen et al., 2007), but the literature rarely addresses examples of exons or, as in this
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case, speciﬁc domains, being subject to localised gene conversion within the context of
otherwise divergent paralogues. However, a relevant example is found in the engrailedfamily genes of the desert locust Schistocerca gregaria, which have undergone region-speciﬁc gene conversion (including of the homeobox) in the midst of divergent 5' and 3'
sequence (Peel, Telford, and Akam 2006).
There is some indication that gene conversion has occurred since the speciation
events that separate the sampled Branchiostoma species, in the form of two sites in B.
belcheri and one in B. ﬂoridae at which there is greater similarity between paralogues than
between orthologues (see section 5.3.1). These could be the product of assembly error if
the genomic reads used were short enough that not all of them contained sequence that
unambiguously identiﬁed them as belonging to either Pax3/7a or Pax3/7b, which could
produce an in silico 'gene conversion' eﬀect that obscured dimorphism as well as indications of real gene conversion. The B. belcheri genomic assembly pathway was engineered
to overcome its unusually extreme polymorphism (Huang et al., 2014), and could be suboptimal for determining the presence of single nucleotide diﬀerences in otherwise highlyconserved paralogous regions.

Pax3/7 protein functionality
Although the DNA-binding domains of Pax3/7a and Pax3/7b are almost identical,
it is likely that the diﬀerences in the C-terminus and in the linker regions between the
conserved domains are suﬃcient to alter their functionality. Amino-terminal sequence
changes have been shown to aﬀect the binding speciﬁcity of DNA-binding domains and
homeodomains in general (Liu, Matthews, and Bondos 2009; Tzeng and Kalodimos 2012)
and Pax genes speciﬁcally (reviewed by Mayran, Pelletier, and Drouin 2015).
Small sequence changes have the potential to diﬀerentially modify the binding
aﬃnity of the paired domain and homeodomain, the binding modality of the paired subdomains, and subnuclear localisation (Corry et al., 2010). The presence of two DNAbinding domains in Pax4/6 and Pax3/7, which are known to act cooperatively (Corry and
Underhill 2005), adds complexity to these modiﬁcations: small sequence changes have the
potential to diﬀerentially modify the binding aﬃnity of the two domains (Vogan,
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Underhill, and Gros 1996; Vogan and Gros 1997), the binding modality of the paired
subdomains (Vogan, Underhill, and Gros 1996), and subnuclear localisation (Corry et al.,
2010). The vertebrate Pax3 C-terminus contains a transactivation domain (Chalepakis et
al., 1994), and Pax7 and cephalochordate Pax3/7s possess the PHT/OAR/paired tail/Cpeptide domain (Vorobyov and Horst 2006), thought to contribute to transcriptional repression (Norris and Kern 2001). The modest diﬀerences between Pax3 and Pax7, located
mostly in the C-terminus, are enough to produce substantial diﬀerences in target activation in myogenesis (Soleimani et al., 2012).
The extent of these substantial functional eﬀects caused by the minor diﬀerences
in mutants, splice variants and between vertebrate Pax3 and Pax7 is an indication that
Pax3/7a and Pax3/7b, which have diverged more than Pax3/Pax7, probably behave differently with regard to target recognition and interaction with cofactors. Such sequence
change has been highlighted as an important but under-appreciated mechanism in the
evolution of developmental GRNs (Cheatle Jarvela and Hinman 2015).

5.4.2.

Pax3/7 expression in cephalochordate development

Regardless of putative diﬀerences in downstream activity, Pax3/7a and Pax3/7b
are expressed diﬀerently in gastrulae and neurulae in B. lanceolatum, demonstrating that
the paralogues have diverged in their cis-regulation. Pax3/7a and Pax3/7b are expressed
in partially overlapping but distinct domains in the neural plate (G5 to N0, Figure 5.7ac, red and blue arrowheads), presumably as the result of modiﬁcation of an ancestral
neural plate domain. Pax3/7a is expressed throughout the dorso-posterior mesoderm prior
to neurulation (G5 & G6/7, Figure 5.7a & b) while Pax3/7b is restricted to smaller,
bilaterally symmetrical dorso-posterior regions in both the mesoderm and ectoderm, consistent with a role in the initial speciﬁcation of the neural plate border. Distinct ectodermal
lateral lines of expression do appear in Pax3/7a in the late gastrula/early neurula (G7/N0,
Figure 5.7c), though diﬀuse mesodermal expression remains throughout the posterior. By
the mid-neurula, the paralogues seem to have switched to a diﬀerent expression programme, one in which their expression patterns have the least overlap. Particularly notable
are the tight, deﬁned neural spots of Pax3/7b and the appearance of the asymmetrical,
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sinistral domain (the left anterior somite, Holland et al., 1999) of expression that ﬁrst
appears in Pax3/7a (left of asterisk throughout, N2, Figure 5.7e) and later appears in
Pax3/7b (N3, Figure 5.7f). As the embryo becomes a larva, the two expression patterns
converge until both expression patterns are largely restricted to the asymmetrical domain
(L1 & 2, Figure 5.8a-c). Thus, divergence between duplicate expression patterns increases
during gastrulation and early neurulation, peaking at mid-neurula stages, consistent with
function partitioning.

My results broadly recapitulate previous Pax3/7 expression data from B. lanceolatum (Figure 3H, I & J of Somorjai et al., 2008), considering that the latter used a probe
with probable cross-reactivity between the 5' conserved region of Pax3/7a and Pax3/7b.
In contrast, the B. lanceolatum expression patterns are not a perfect subset of the
Pax3/7(a) domains reported for B. ﬂoridae (Figure 5 of Holland et al., 1999), who used a
similarly cross-reactivfe probe. Potentially missing from our patterns are the anterior somitic and mesodermal expression (Figure 5F, G, I & K of Holland et al., 1999), the distinct
anterior neural spot (arrow, Figure 5K, M, P & Q of Holland et al., 1999) and the larval
axial musculature and notochord expression (Fig. 5M, P, & Q of Holland et al. 1999).
Minor discrepancies are not unusual, but signiﬁcant diﬀerences among Branchiostoma
species are rare (Somorjai et al., 2008). It is possible that these diﬀerences are caused by
the general variability between probes for the same target, Pax gene probe cross-reactivity,
or experimental sensitivity. The probes I used were by necessity relatively short in order
to limit possible cross-reaction of highly conserved regions, but the expression patterns I
observed are highly speciﬁc and reproducible, suggesting they reﬂect the core domains of
Pax3/7a and Pax3/7b.
In contrast to what is observed in amphioxus, diﬀerences between vertebrate Pax3
and Pax7 early developmental expression are much less pronounced, to the extent that
they have 'swapped' expression proﬁles during evolution (Monsoro-Burq, Wang, and Harland 2005; Basch, Bronner-Fraser, and García-Castro 2006; Maczkowiak et al., 2010; and
see synthesis in Monsoro-Burq 2015). Pax3/Pax7 appear in the neural plate border during
neural induction in the early gastrula, and intensify at the lateral edges to mark the dorsal
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edge of the closing neural tube, a pattern comparable to late gastrula/early neurula expression in amphioxus. Pax3 and/or Pax7 are also expressed throughout the posterior
dorsal neuraxis, an approximate analogue of the neural spots in Pax3/7b and later
Pax3/7a, though these spots are more spatiotemporally restricted.

Developmental expression in Asymmetron lucayanum
Although the in situ hybridisation images of A. lucayanum embryos presented
herein (Figure 5.9) suﬀer from a sub-optimal degree of noise, the expression patterns they
show are enough to tentatively suggest that Pax3/7a and Pax3/7b regulation is not identical between B. lanceolatum and A. lucayanum.
Although Figure 5.9a is an N1 neurula, it is less developed than the B. lanceolatum
N1 stage sampled herein (Figure 5.7d), and consequently could represent a transitional
point between B. lanceolatum-like late gastrula/early neurula (Figure 5.7c-like) and mid
neurula (Figure 5.7d-like) patterns rather than a departure from the B. lanceolatum patterns. However, the mid neurula patterns (Figure 5.9b) are more obviously divergent. The
A. lucayanum N2 Pax3/7b pattern seems to be a precocious version of the B. lanceolatum
N3 Pax3/7b pattern, having the asymmetrical left anterior somite domain (marked with
an asterisk placed just posteriorly throughout) while the medial neural partitions have
disappeared. The A. lucayanum left anterior somite domain is also noticeably less tightly
deﬁned in the anteroposterior axis. However, the A. lucayanum N2 Pax3/7a expression
pattern has no B. lanceolatum analogue, being in approximately the same anteroposterior
and dorsoventral position as the left anterior somite domain but symmetrical. No other
expression domain is reliably discernible within the noise.
The Pax3/7 loci and products are tightly conserved between B. lanceolatum and
A. lucayanum (c.f. Figure 5.3 and Figure 5.6), indicating that diﬀerences in deployment
are likely due to small changes to the cis-regulatory landscape. The cephalochordate
Pax3/7 locus is a promising system with which to understand the evolution of the cisregulation of a homeobox gene paralogue pair.
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Myogenic roles of Pax3/7 genes
While Pax3 and Pax7 appear to play semi-redundant roles in neural development,
they diverge in function in vertebrate myogenesis (reviewed by Buckingham and Relaix
2015). Pax3 acts broadly from the onset of myogenesis in the presomitic mesoderm to the
dermomyotome, while Pax7 expression is later and restricted to a dermomyotomal subdomain. These PAX3/PAX7 positive cells form a proliferative muscle progenitor population
that eventually positions itself underneath the basal lamina on the muscle ﬁbres. In the
adult, these cells become a heterogenous population of quiescent satellite cells; all are
maintained by Pax7 expression, but some also express Pax3, which is known in this context
to be an inadequate substitute, binding 10-fold fewer targets (most of which are also
targets of PAX7). During myogenesis, Pax3 and Pax7 seem to be responsible for maintaining the cells in a proliferative/quiescent but undiﬀerentiated state. Lack or cessation
of Pax3 or Pax7 expression in a cell can lead to apoptosis or cell cycle exit and muscle
diﬀerentiation via MyoD, depending on the precise context.
Although the later myogenic roles of amphioxus Pax3/7 genes are yet to be thoroughly characterised, at least one of the paralogues is known to be expressed in adult
muscle, as Pax3/7b has been ampliﬁed from adult B. belcheri segmental muscle (Chen et
al., 2010). Whether both paralogues are involved in adult muscle development redundantly,
or rather show temporal or tissue-speciﬁc patterns of expression (similar to Pax3 and Pax7
in post-embryonic muscle development and regeneration in mice) is still unclear. The initial identiﬁcation of Pax3/7b transcripts in a tail blastema transcriptome clearly identiﬁes
a role in the adult regeneration process. However, previous characterisation of Pax3/7 in
a population of satellite-like cells and the nerve cord during tail regeneration (Somorjai et
al., 2012) utilised a cross-reactive in situ hybridisation probe. Therefore, changes in paralogue function during postembryonic processes in amphioxus cannot currently be ruled
out. Future studies are required to determine to what extent divergence has occurred in
expression, downstream targets, and interaction with co-factors in both myogenic and
neural contexts.
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5.4.3.

Future work

The cephalochordate Pax3/7 tandem duplication would be an excellent system in
which to perform a detailed study of the dynamics of cis-regulatory, sequence, and transregulatory evolution following a tandem duplication in an otherwise highly-conserved,
WGD-free genome. Pax3/7 duplication is of interest as a homeobox superfamily involved
in neurogenesis, which places it at the nexus of several factors known to constrain gene
evolvability, as well as being involved in myogenesis and the post-developmental ontogenesis of proliferative regenerative cells.
There are many aspects of Pax3/7 paralogue evolution which should be investigated, from the completion of assays started herein, to eliminating ambiguities in the
currently available data, and beyond to the use of yet-undeveloped techniques to achieve
functional insights into Pax3/7 deployment in cephalochordates. Below are some suggestions for future research directions, divided between investigations into the cis-regulatory
and diﬀerential expression evolution of the Pax3/7 loci and the trans-regulatory eﬀects
that the Pax3/7 paralogues could exert on other genes.

Pax3/7 cis-regulation and diﬀerential expression
Several expansions could usefully be made to the in situ hybridisation data presented herein. A particular bottleneck in interpreting the expression data from A. lucayanum development was a lack of ﬁne temporal sampling between G7/N0 (Figure 5.7c) and
N1 (Figure 5.7d), to detail the appearance and sequence of the transition between the
expression pattern of the late gastrula/early neurula and the expression pattern of the
early/mid neurula. Samples taken from the same fertilization at 20 or 30 minute intervals
between 14 and 16 hpf would provide such a time course.
A detailed study of the evolution of the Pax3/7s after the radiation of the extant
cephalochordates would necessitate more complete and better quality in situ data from A.
lucayanum, which would require the optimisation of the protocol for this species and probably the collection of fresh embryonic material. Additionally, expression data from B.
belcheri and/or B. ﬂoridae could be a useful addition given that the B. lanceolatum Pax3/7
locus is somewhat divergent relative to other Branchiostoma, and the imperfect correlation
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between the domains reported herein and those reported from the cross-reactive B. ﬂoridae AmphiPax3/7 probe by Holland et al. (1999), although the observed diﬀerences are
explainable by diﬀerences in embryo developmental progress and experimental conditions.
Another obvious candidate for in situ hybridisation would be regenerating tail
material. Expression patterns have already been reported using a cross-reactive Pax3/7
probe and antibody (clone DP312, which targets the middle of the homeodomain). Although paralogue-speciﬁc antibodies are unavailable, in situ hybridisation using the existing speciﬁc probes should be suﬃcient to reveal important aspects of regenerative Pax3/7a
and Pax3/7b activity. Sectioning in situ hybridisation samples would also be invaluable to
determining tissue speciﬁcity for both developmental and regenerative samples.
A ﬁnal potential improvement to the expression data would be two-colour in situ
hybridisation experiments. These would help reveal the precise spatial relationships between Pax3/7a and Pax3/7b expression where they are not clear when visualised in separate embryos; for example, whether the diﬀuse dorsal domains of Pax3/7a expression in
the mid-neurula (white arrows, Figure 5.7d) bookend or overlap the Pax3/7b partitioned
neural expression, and whether there is an exact overlap between the left anterior somite
domains of Pax3/7a and Pax3/7b (asterisks, Figure 5.7f). Two-colour in situ hybridisation
or in situ hybridisation/immunohistochemistry could also allow comparison with the expression of marker genes (e.g. SoxB1a-c), signalling genes (Wnts, Fgfs and BMPs) other
neural plate border speciﬁers (i.e. Zic and Msx), and other genes involved in neural crest
speciﬁcation in vertebrates (e.g. Snail).
If the miRNA target site analyses were to be completed, it would be necessary to
more robustly determine the extent of the 3' UTRs of the Pax3/7s, and ideally, to retrieve
both 3' UTRs from all four cephalochordate model organisms to reveal commonalities and
diﬀerences of miRNA targeting. 3' UTRs could be retrieved from total RNA/cDNA samples using 3' RACE (Frohman, Dush, and Martin 1988; Borson, Salo, and Drewes 1992)
or predicted in silico. Direct sequencing of the paired domains using ﬂanking Pax3/7aand Pax3/7b-speciﬁc primers would also clarify the potential evidence for recent domainspeciﬁc gene conversion.
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B. ﬂoridae AmphiPax3/7(a) was previously shown to be expressed in multiple
splice variants (Short and Holland 2008), including an isoform lacking exon 3, which terminates early in exon 5 and lacks the PHT domain (isoform 3[-]), and isoforms retaining
introns 2, 3, and 4 (3, 4, and 5 accounting for the Pax3/7a exon 1 described herein).
Although these data are almost certainly robust for Pax3/7a exons 2-7, it might be worthwhile to repeat these analyses with the information that Pax3/7a has 7 exons and on
Pax3/7b. If eﬀorts to understand the subtleties of Pax3/7 diﬀerential regulation were taken
to an extreme, it might be possible to perform in situ hybridisation with probes with
greater aﬃnity for speciﬁc isoforms and miRNA target prediction on the 3' UTRs of these
variants.
Other, purely in silico analyses of the Pax3/7 locus could be undertaken. Information about the selective environment of the early evolution of the paralogues might be
available from an analysis of the nucleotide sequences using tools and tests like MEME
(Murrell et al., 2012), BUSTED (Murrell et al., 2015), RELAX (Wertheim et al., 2015),
and PAML (Yang 2007), although the analysis is likely to be limited by the small number
of paralogues and species, the heterogenous nucleotide sequence divergence between
Pax3/7a and Pax3/7b, the tight conservation of orthologues between species, and the
polymorphism between diﬀerent sources of sequence data for the same species.
Cis-regulatory elements including transcription factor binding sites can be predicted with the aid of tools including MULAN/MultiTF (Ovcharenko et al., 2005),
PROMO (Farré et al., 2003), jPREdictor (Fiedler and Rehmsmeier 2006), and PreCisIon
(Elati et al., 2013). These analyses could be complemented by B. lanceolatum ChIP-seq
data owned by the laboratory of J.L. Skarmeta.
These in silico approaches to analysing the Pax3/7 cis-regulatory landscape would
only be useful as a source of hypotheses for in vivo experimentation. One possibility would
be using Ciona intestinalis transgenics to test the activity of putative regulatory elements,
as was done with the use of regulatory elements of B. ﬂoridae Gsx to drive expression in
the C. intestinalis central nervous system (Garstang 2016; Garstang, Osborne, and Ferrier
2016). With the advent of CRISPR-Cas9 genome editing (Ran et al., 2013; reviewed by
Doudna and Charpentier 2014; and Hsu, Lander, and Zhang 2014), it may eventually be
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possible to perform these analyses directly in cephalochordates. Loss-of-function treatments (see below) could also be used on the upstream regulators of Pax3/7.
With the experiments suggested above, it may be possible to achieve some insight
the relationships between speciﬁc regulatory elements and spatiotemporal aspects of the
expression patterns, and in so doing gain a detailed understanding of the evolution of
diﬀerential deployment and function of the Pax3/7 paralogues in cephalochordates.

Pax3/7 trans-regulation
Two avenues exist for studying the trans-regulatory eﬀects of the cephalochordate
Pax3/7 paralogues. One option could be a genome-wide binding site analysis/ChIP-Seq of
Pax3/7a and Pax3/7b modelled after Soleimani et al.'s (2012) analysis of Pax3/Pax7
binding.
Another option would be the application of loss-of-function techniques to knock
down Pax3/7a and Pax3/7b expression in development and/or regeneration. These could
include microinjection (Holland and Onai 2011), electroporation, and/or passive soaking
(e.g. Luo and Su 2012; Heyland, Hodin, and Bishop 2014) to deliver carefully-controlled
(c.f. Kok et al., 2015; and Blum et al., 2015), paralogue-speciﬁc antisense morpholino
oligonucleotide or siRNA treatments to embryos and adult tails. Morpholino treatments
could also be used to inﬂuence Pax3/7 splicing (Draper, Morcos, and Kimmel 2001) and
miRNA regulation (Choi, Giraldez, and Schier 2007). Over-expression of Pax3/7a or
Pax3/7b could also be induced by ectopic messenger RNA (Holland and Onai 2011). These
techniques have been attempted in amphioxus before by researchers and have yielded few
published data, indicating that they are not straightforwardly accessible.
The functional manipulations suggested herein could help achieve an understanding of how the diﬀerential deployment and C-terminal sequence divergence of Pax3/7a and
Pax3/7b have produced diﬀerent trans-regulatory eﬀects on their downstream targets, and
how these have contributed to the evolution of cephalochordate development.
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5.5. Conclusions
AmphiPax3/7 was considered a useful proxy for understanding the properties and
deployment of the chordate proto-Pax3/7. My ﬁndings showing independent vertebrate
and cephalochordate Pax3/7 duplications – and the ensuing sequence and regulatory divergence – oﬀer new insight into genomic constraint/plasticity, and evolvability of gene
duplicates and GRNs in diﬀerent duplication contexts. In amphioxus, tandem duplication
and divergence of Pax3/7 has resulted in subfunctionalisation (and possibly neofunctionalisation) of ancestral neural plate border (Li et al., 2017) and muscle related (Liu, Matthews, and Bondos 2009; Konstantinides and Averof 2014) functions, many of which parallel those seen in vertebrate Pax3 and Pax7 following WGD. Dissecting the regulatory
landscape of Pax3/7 genes in amphioxus, including the function of the CNEs partitioned
between paralogues, should shed further light on genome architecture evolution in chordates.
I have shown that cephalochordates, which are considered to be a signiﬁcant outgroup to vertebrates in the study of the evolution of the neural crest GRN, have two
Pax3/7 paralogues where it was previously thought that this family was represented by a
single-copy gene. This discovery has implications both for previous and future studies of
amphioxus development and regeneration and for vertebrate studies in which cephalochordates are used as an outgroup. The amphioxus Pax3/7 gene pair also oﬀers a tantalising
and tractable example of cis-regulatory and sequence subfunctionalisation after tandem
duplication of a developmental transcription factor involved in the development of key
chordate features and in regeneration.
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6. General results & discussion
6.1. Homeobox genes in regeneration
An objective of the present study was to compare the regenerative homeobox expression response of S. lamarcki and B. lanceolatum. The involvement of speciﬁc gene
families and orthology groups with regard to aspects of S. lamarcki/B. lanceolatum regeneration and known developmental/regenerative roles is discussed in sections 6.1.2 & 6.1.4.
First, I compare the homeobox content of the mature and regenerative transcriptomes of
the two species with a broad quantitative view (section 6.1.1), in an attempt to detect
overall diﬀerences or similarities in apparent patterns of expression as well as highlight
some gene families worthy of candidacy for future investigations.

6.1.1.

Quantitative comparison of homeobox deployments in regen-

eration
A comparison of the genes found in the transcriptomes of S. lamarcki and B.
lanceolatum is given in Table 6.1. Spearman’s rho tests of correlation were performed on
normalised read counts of genes common between pairs of transcriptomes (Figure 6.1).
These indicated that read counts of sequences between the mature, early (2 dpa) and late
(6 dpa) regeneration transcriptomes of S. lamarcki are strongly correlated, indicating that
diﬀerential regulation of genes relative to one another is relatively minimal between these
transcriptomes, and that regeneration does not entail the transcription of a diﬀerent, exclusive set of homeobox genes. However, the overall homeobox gene expression is far from
static, increasing 426% in early regeneration and then falling from that peak by 31% in
late regeneration. Most of the diﬀerence between the mature tissue and the regenerating
tissue (73.6% of the total 2dpa read count, and 87.1% of the diﬀerence) comes from the
massive increase in the read counts of just ﬁve genes; Six1/2, Dlxa, Emx B, Emx A, and
Pax4/6 B (Figure 6.2). These genes were already among the most transcribed in mature
tissue (2nd, 8th, 11th, 10th, and 6th respectively). Read counts of genes outwith these ﬁve are
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also generally increased by 150% overall in early regeneration. Two genes are outliers in
their degree of read count change from mature to early regeneration (Figure 6.3); Dlxb (13
reads to 746; 5,738%) and Otx B (2 reads to 68; 3,400%). In late regeneration, the most
prominent outlier is TALE-I B (14 reads in mature to 4 reads in early regeneration to 95
reads in late regeneration; 2,375%). Eleven genes (Hbn, Lmx, Nk5, Pou4 A, PRD-VIII,
Shox, En, Msxlx, Barh, Six3/6 B, & Nk6) were expressed de novo in the early regeneration
transcriptome. All of these except Lmx, Six3/6 B and Nk6 are greatly reduced in late
(6dpa) regeneration (Figure 6.4).

Table 6.1. Summary of homeobox genes in the transcriptomes of S. lamarcki and
B. lanceolatum. Gene presence is indicated with an up arrow if the gene is upregulated (based
on read count) in the regenerative transcriptomes relative to the mature tissue transcriptome
and with a tick if the read count is approximately equal, or a dash if they are absent. For S.
lamarcki, the arrows are qualiﬁed with an ‘E’ if they are more highly up- or downregulated in
the early regenerative (2dpa) transcriptome and ‘L’ if they are more highly upregulated in the
late regenerative (6dpa) transcriptome. The arrows are underlined if they are absent from the
mature transcriptome (up arrow) or the regenerative transcriptome (down arrow). Arrows or
ticks are placed in parentheses if they are based on a low (≤5) read count. Where gene names
are placed in parentheses, the genes in the left and right columns are not detectibly orthologous
beyond the class level. HOXL = Hox-linked; NKL = Nk-linked; S.lam = Spirobranchus lamarcki;
B.lan = Branchiostoma lanceolatum.
S.lam

B.lan

ANTP-HOXL
▲E ▲E
Dlx
✓
Evx
▲
Gbx
▲
Meox
(▲)
Mnx
(▲)

S.lam

B.lan

▲E

PRD
Alx
Arx
Dmbx
Drgx
Gsc

▲
(▼)
▲
(▲)
(▲)

S.lam

B.lan

TALE
(▲)
(▲) ▼
▲

▲L

Irx

▲E ▲L
▲L
▲L

Meis
Mkx
Pbx

▲L
▲L

Pknox
Tgif

✓
▲

(Other)

-

✓
▲

-

└ Hox
Hox1
Hox2

(▼)
(▼)

▲E
-

Hbn
Hopx
Isx

▲
-

-

Hox3

▲

▲E ▲L

Otp

▲

-

Hox4

▲

▲E ▲E

Otx

(▼)

▲L ▲L
▼▼▼
▼

▲L

Hox5
Hox6-8

-

Hox9-14

▲
▼▲▼
▼▲▲
▲▲▼

-

Phox
Pitx
Prop

▼
-

x
▲E

CUT
Acut
Cmp

(▼)
(▲)

▲E

Prrx

▲

▲L

Cux

✓

▲L

Onecut

✓

PROS
Prox

▼

-

Rax

▼

-

Cdx
Gsx

▲
-

▲E

Repo
Shox

(▲)

Xlox

-

-

Uncx

✓
(▼)

-

-

▼

Vsx

▲

-

└ ParaHox

ANTP-NKL

ZF
Azfh

▲

232

GENERAL RESULTS & DISCUSSION

▲E

Abox
Barhl
Bari
Barx

▼
(▼)
-

▲E

(▲)

-

(Other)
└ PAX
Pax2/5/8
Pax3/7

-

Bsx

-

▲L ▲E

Pax4/6

▼

▲E
▲E ▲E
▲E
-

Dbx
Emx
En
Hhex
Hlx
Hx
Lbx

▲▼▼
▼
(▼)
▼
▲

▲E
▲L
▲L ▲L
▲L

LIM
Isl
Lhx1/5
Lhx2/9
Lhx3/4
Lhx6/8
Lmx

▲
▼
(▲) ▲
(▼)
(▲)

▲L
▲E
▼

Lcx
Msx
Msxlx
Nedx
Noto
Ro
Tlx

▲
▲
(✓)
(▲)

▲L
▲L
▲E ▲L
▼E

POU
Hdx
Pou1
Pou2
Pou3
Pou4
Pou6

▼
(▼)
▲
(▼)
▲

▲E

Vax
Ventx
(Other)
└ NK

(▲) ▲
(▲)

▲E
-

HNF
Ahnfx
Hmbox
Hnf1

▲
▲ (✓)
-

▲L ▲L
▲E ▲L
▲E
-

Nk1
Nk2.1
Nk2.2
Nk3

▲

▲E
▲L
▲L

SINE
Six1/2
Six3/6
Six4/5

▲
▲
▼

▲E

Nk4
Nk5

▲
(✓)

▲L

CERS
Cers

✓

▲L
-

Nk6
Nk7

▲
(✓)

▲E

▲

(OTHERS)
(Other)
(▼) ▲

▲E
-

Tshz
Zeb
Zfhx
Zhx

▼
▼
✓
▲
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Figure 6.1. Spearman's rho correlations between the read counts of the transcriptomes. Spearman’s rho was calculated between the read counts of genes for all sequences (purple
numbers), between the read counts of gene families only present in both species’ transcriptomes
(black numbers), or between the read counts of gene families only present in the transcriptomes
of one species (brown numbers). Spearman’s rho is given to 3 signiﬁcant ﬁgures. 1.00 = perfect
correlation. Colouration is on a red (0.00) to green (1.00) scale. na = number of all withinspecies genes, used to calculate purple numbers; nc = number of genes common between the two
datasets, used to calculate black numbers; nu = number of within-species genes which are not
in nc. na ≠ nc + nu because of one-to-many and many-to-many orthology relationships between
the data sets.

B. lanceolatum also shows a fairly strong correlation between read counts in mature and regenerating tissue (Figure 6.1). Unlike S. lamarcki, however, the regenerative
response is mild in terms of overall homeobox expression (127% increase). The top ﬁve
genes with the largest regenerative read count (Dlx, Hox14, Hox12, Six1/2, and Hox11;
Figure 6.2) contribute much less to the change in overall homeobox expression (31% of
the early count, and 27% of the diﬀerence). The most upregulated genes are Prrx (2 reads
to 44, 2,200%) and Hox5 (2 reads to 26, 1,300%). Fourteen genes (Cdx, Vent2, Ankx,
Hmbx-l2 [see section 4.3.2.1], Lhx2/9-a, Lmx, IrxA, Mox, Mnxb, Vent1, Compass, Aprd2,
Drgx, Gsc) were expressed de novo in regeneration, although all but Cdx (see section
6.1.2.3) and Vent2 were represented only by two or fewer reads.

234

GENERAL RESULTS & DISCUSSION

Figure 6.2. Box-and-whisker plots of the homeobox content of the transcriptomes.
Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined
by R software; whiskers extend to 5th and 95th percentiles, outliers are represented by dots;
crosses represent sample means. N.b., the scale is 0-25,000 reads for S. lamarcki and 0-250 reads
for B. lanceolatum. Adapted from plots produced using BoxPlotR (Spitzer et al., 2014).
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Figure 6.3. Box-and-whisker plot of the percent read count changes between mature
and early (2dpa) regeneration (white, S. lamarcki); between early (2dpa) and late (6dpa) regeneration (grey, S. lamarcki) and between mature and regeneration (white, B. lanceolatum). Center
lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R
software; whiskers extend to 5th and 95th percentiles, outliers are represented by dots; crosses
represent sample means. The dotted black line denotes 100%, i.e. parity in read count. Adapted
from a plot produced using BoxPlotR (Spitzer et al., 2014).

Normalised read counts represent (to some extent) change in expression as a relative component of the total transcriptome, not absolute change in expression. Read counts
are not a reliable indicator of gene expression because they are un-replicated, and therefore
no measure of reliability/stochasticity can be made. Gene expression is also usually measured by reads per kilobase of gene length per million reads (or less bias-prone measures,
[Zheng, Chung, and Zhao 2011]) to account for the fact that a certain number of transcripts of a long gene will produce more reads than the same number of shorter gene
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transcripts. Resources for calculating these in B. lanceolatum are not particularly robust
given the incomplete nature of many predicted transcripts, but are worse for S. lamarcki.
In the absence of predicted transcripts from the S. lamarcki genome, the only measure of
transcript length is contig length, which is not independent of read count and is closely
correlated (0.878, using Spearman’s rho). Accordingly, patterns of expression indicated by
contig coverage are not particularly diﬀerent from those indicated by read count (Figure
6.5).

Figure 6.4. Sequences transcribed de novo in S. lamarcki regeneration, i.e. those not
found in the mature transcriptome but found in the early (2dpa) and/or late (6dpa) regeneration
transcriptomes.

Spearman’s rho tests of correlation were calculated for the genes that were found
in the transcriptomes of both species (‘common,’ black numbers, Figure 6.1) and for all
the genes found within-species (‘all,’ purple numbers, Figure 6.1). These numbers were
observed to be generally higher than the set of all genes, and correspondingly, when the
correlations of read counts for genes found only in one species or the other were calculated
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(‘unique,’ brown numbers, Figure 6.1), they were found to be lower than the set of all
genes. The correlation between read counts in the mature and late (6dpa) regeneration of
S. lamarcki was an exception to this pattern, and is more closely correlated than the set
of all genes. To determine if this could be indicative of a greater degree of diﬀerential
regulation amongst genes outwith a conserved regenerative, homeostatic, cellular, etc. programme, I calculated the correlations between the read counts of 200 randomly-chosen
(using the pseudo-random number generation capability of spreadsheet software) subsets
of the data of equivalent size to the unique gene sets (nu = 21 and 56 for S. lamarcki and
B. lanceolatum, respectively) to determine the probability of this signal occurring by
chance. In the S. lamarcki random subsets, 10% of the mature-2dpa, 18% of the 2dpa6dpa, and 76% of the mature-6dpa correlation tests were lower than the unique gene set,
and in the B. lanceolatum random subsets, 31% of the correlation tests were lower than
the unique set. These numbers suggest that the unique gene set is not particularly remarkable and that the observation that it is less strongly correlated between transcriptomes is
not likely to be biologically meaningful.

6.1.2.

Regenerative axial patterning

A summary of the genes of interest discussed in sections 6.1.2 and 6.1.3 is presented in Table 6.7 (pages 254-255).

6.1.2.1.

Homeobox members of a homocratic PD patterning GRN are

expressed in operculum regeneration
A highly similar GRN controlling proximodistal axis initiation exists in arthropod
and vertebrate appendage development, strongly suggesting some degree of molecular homocracy between the two (Nielsen and Martinez 2003; Svensson 2004; see section 1.2.3.2).
However, because arthropod and vertebrate appendages are not considered to be direct
morphological homologues, this relationship is referred to as ‘deep homology’ (Shubin,
Tabin, and Carroll 1997, 2009). Homocratic, non-homologous relationships are presumed
to derive from independent co-option of genes and GRNs; in the case of appendage development, a head patterning GRN is a good candidate (Lemons et al., 2010).
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Figure 6.5. Comparison of read count and coverage in S. lamarcki transcriptomes;
in the graph to the right, the normalised read count (graph on the left) has been divided by the
length of the contig to compare the diﬀerence in signal. A gene that was not in the outliers
indicated in the left graph and in Figure 6.2 (Cux) is emboldened. Center lines show the medians;
box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend
to 5th and 95th percentiles, outliers are represented by dots; crosses represent sample means.
Adapted from plots produced using BoxPlotR (Spitzer et al., 2014).

The available evidence conﬂicts on whether a comparable network is operating in
the appendage development of errantian polychaetes; components of the network including
Lhx1/5, Lhx2/9, Dlx, Dac and omb orthologues were found to be expressed (but not in
regions comparable to arthropods) in Neanthes arenaceodentata appendage development
(Winchell, Valencia, and Jacobs 2010; Winchell and Jacobs 2013) but Dlx, Meis and Pbx
family members and decapentaplegic were considered to be expressed in analogous zones
in P. dumerilii, leading to the suggestion of homology/homocracy (Grimmel, Dorresteijn,
and Fröbius 2016). Recently, members of the network including Dlx, Meis, and Pbx family
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members and Dac orthologues have also been found in conserved roles in cephalopod arm
development, which is also considered to be an evolutionary novelty (Tarazona et al., 2018
[preprint]).
Orthologues of the homeobox members of this GRN (speciﬁcally the Lhx2/9, Meis,
Pbx, and Dlx families) are observed to increase in read count during S. lamarcki operculum
regeneration (summarised in Table 6.2). However, there are some diﬃculties in interpreting
this as the straightforward involvement of a PD patterning GRN (see next subsection).
Additionally, orthologues of these gene families are present and increase in read count in
B. lanceolatum tail regeneration, which suggests it would be wise to be cautious about
over-interpreting the available data. The presence of orthologues of non-homeobox commonly-identiﬁed members of this GRN, such as Dac and the transcription factor Sp8 (i.e.
buttonhead) (e.g. Lemons et al., 2010; Tarazona et al., 2018), and in situ hybridisation of
its gene members in development and regeneration would help conﬁrm that this network
speciﬁcally is at work in S. lamarcki.

Table 6.2. Summary of homeobox gene families deployed in appendage patterning.
References: [1] Grimmel, Dorresteijn, and Fröbius 2016; [2] Winchell, Valencia, and Jacobs 2010;
[3] Winchell and Jacobs 2013; [4] Tarazona et al., 2018 [preprint]; [5] Pueyo and Couso 2005; [6]
Williams 2013; [7] Petit, Sears, and Ahituv 2017; [8] Rodriguez-Esteban et al., 1998; [9] Capellini, Zappavigna, and Selleri 2011. Cells include a tick if the gene was, a cross if its absence is
speciﬁcally reported, or left blank if the study did not report the presence or absence. The
numbers given for S. lamarcki are the read counts of family members in the mature, 2dpa, and
6dpa transcriptomes; symbols are per Table 6.1. Regen. = regeneration; devo. = development.

Context
S. lamarcki operculum regen.
P. dumerilii appendage regen. [1]
N. arenaceodentata appendage
devo. [2,3]
Cephalopod appendage devo. [4]
Arthropod appendage devo.
[5,6,7]
Vertebrate appendage devo.
[5,8,9]

Lhx2/9
✓

Dlx
✓

Meis
✓

198▲635▲757

978▲17,662▼8,605

1,001▲2,656▼1,240

31▲92▲144

13▲746▼434

71≈78▲186

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

X

Pbx
✓
4≈2▲18

X
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Dlx
A previous study of the S. lamarcki Dlx paralogues noted the absence of the expression of either paralogue in operculum development, which was considered to be surprising given its conserved roles specifying distal identity (McDougall et al., 2011). Both
Dlx paralogues are apparently constitutively expressed in mature opercula, with Dlxa being expressed at high levels (978 reads) and Dlxb at low levels (13 reads). Both undergo a
substantial increase in read count in early regeneration; Dlxa increases 18-fold and is the
second most abundant homeobox transcript in the early and late regenerating transcriptomes (Figure 6.2) and Dlxb increases 57-fold, making it the sequence with the greatest
fold change (Figure 6.3). Both see their expression approximately halved in later regeneration. The implication of the absence of Dlx genes in appendage development is that these
genes are not recapitulating a developmental role in proximodistal axis speciﬁcation but
have important regeneration-speciﬁc functions (see sections 6.1.3.3 & 6.1.4).

An independent co-option of a cephalic patterning GRN?
Tomer et al. (2010) reported a GRN responsible for patterning the brain topology
of P. dumerilii which involved the expression of Lhx2/9, Emx, Pax4/6, Gsx, Nk2.1, Vax
and Dlx homeobox family members, a network that they found to share homology with
the GRN responsible for patterning the vertebrate brain. The homeobox gene proﬁle of S.
lamarcki operculum regeneration resembles this network, with very abundant reads reported for multiple paralogues of Emx, Pax4/6 (Figure 6.2), and Nk2.1, as well as the
aforementioned Lhx2/9 and Dlx expression. However, neither Gsx nor Vax orthologues
were identiﬁed.
Although data necessary to support the hypothesis that the evolution of the operculum involved the independent co-option of this brain patterning GRN are not reported
herein (for example, the identiﬁcation in the transcriptomes of the non-homeobox network
members identiﬁed by Tomer et al.), it is tempting to speculate that it could help explain
the extremely (e.g. Emx, Pax4/6) and relatively high (e.g. Lhx2/9, Nk2.1) read counts of
members of the homeobox families, which in some cases do not have known roles that help
explain their presence.
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The evolution of proximodistal axis initiation/polarization and patterning is an
important question in evolutionary developmental biology, and spiralian models are taxonomically well-placed to help illuminate these problems. If vertebrates, arthropods, annelids and cephalopods all independently co-opted homologous GRNs for the formation of
their appendages, this extreme degree of homocratic convergence would demand either
more compelling evidence that appendages are the result of homoplasy and not homology
or an explanation for its susceptibility to co-option into appendage development. One such
explanation could be that the GRN was involved not just in in cephalic patterning (Lemons et al., 2010) but also in the development of pre-bilaterian anterior sensory appendages
(Nielsen and Martinez 2003; Jacobs et al., 2007, 2010; Winchell and Jacobs 2013), from
which it was easily co-opted into trunk appendages.

6.1.2.2.

Hox genes

Anterior, Medial and Posterior Hox genes are all constitutively expressed in the
mature tail, and later in the regenerating tail of B. lanceolatum. A comparison of previous
reports of Hox gene expression in amphioxus species is given in Table 6.3, indicating that
the detection of all Hox gene orthology groups except Hox10 has not been reported by
previous developmental surveys (Oulion et al., 2012; Pascual-Anaya et al., 2012; Yang et
al., 2016), although a previous PCR/WMISH survey detected all except Hox13 (PascualAnaya et al., 2012). The present survey has the greatest variety of Hox genes yet reported
in transcriptomes of adult tissue (Oulion et al., 2012).
In the case of the Anterior and Medial Hox genes, mature expression seems to be
at an extremely low level (a mean of 3.7 reads per gene for Hox1-Hox3 and a mean of 6.2
reads per gene for Hox4-Hox8). In contrast, for the Posterior Hox genes, many more reads
are present (a mean of 57 reads per gene for Hox9 + Hox11-Hox15). In both the mature
and regenerative transcriptomes, Posterior Hox genes are amongst the most abundant in
read counts (Figure 6.2). This ﬁnding is consistent with the possibility that Hox genes are
expressed in the adult amphioxus tissues in an ongoing role in positional speciﬁcation, as
has been extensively reported in vertebrates (reviewed by Wang, Helms, and Chang 2009;
see section 1.2.4.1).
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Table 6.3. Comparison of detection of Hox gene expression by previous studies. A
plain tick indicates that the study reports the expression pattern of the gene via in situ hybridisation; a tick in parentheses indicates that the study reports the expression of a gene via detection in a transcriptome; a tick in square brackets indicates that in situ hybridisation did not
produce a positive result but PCR did; and ‘a’ that the gene was found to be absent from
transcriptome searches. 8c = 8 cells; gas. = gastrula; 48h = 48 hours post fertilization larvae;
mat. = mature tissue; reg. = regenerating tissue; B. lan. = Branchiostoma lanceolatum; B. bel.
= Branchiostoma belcheri.

Hox1

Hox2

Hox3

Hox4

Hox5

Hox6

Hox7

Hox8

Hox9

Hox10

Hox11

Hox12

Hox13

Hox14

Hox15

Context

Species

Oulion et al.,
(2012)

(✓)

a

(✓)

(✓)

a

(✓)

a

a

a

a

a

a

a

a

a

8c - adult

B. lan.

PascualAnaya et al.,
(2012)

✓

[✓]

✓

✓

[✓]

✓

✓

[✓]

[✓]

✓

[✓]

[✓]

a

✓

[✓]

gas. – 48h

B. lan.

(✓)

(✓)

(✓)

(✓)

(✓)

(✓)

(✓)

(✓)

a

a

a

a

(✓)

(✓)

a

egg – 48h

B. bel.

(✓)

(✓)

(✓)

(✓)

(✓)

(✓)

(✓)

(✓)

(✓)

a

(✓)

(✓)

(✓)

(✓)

(✓)

mat. + reg.

B. lan.

Yang et al.,
(2016)

Study

Present study

Despite their high read counts, the Posterior Hox gene complement sees a decrease
(Hox9 & Hox15) or only a modest increase (Hox11, Hox12, Hox13, & Hox14,) in apparent
expression in regeneration (Figure 6.2 & Figure 6.6). This observation diﬀers from a study
in the tail regeneration of a newt, which found a 2-to-20-fold increase in HoxA9, HoxC10,
HoxC12, and HoxC13 in regeneration (Nicolas et al., 2003). This diﬀerence between amphioxus and newt regeneration does not refute the patterning hypothesis, which might not
necessarily require strong upregulation. In addition, the early blastemal stage sampled
could easily be too early in regeneration to observe Hox genes acting in these roles. As
well as their known roles in patterning adult and regenerating tissue, vertebrate HoxA9,
HoxC10, HoxA13, and HoxC13 have been implicated in blastema formation (see section
1.2.4.3), indicating a variety of potential roles could be possible for these genes. The
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paucity of evidence makes it currently impossible to determine the relationship between
developmental, adult, and regenerative expression patterns except to note that the absence
of Hox10 expression, which was detected in posterior tissue in 48 hpf larvae (PascualAnaya et al., 2012) could indicate a diﬀerence between developmental and adult/regenerative Hox deployment. The absence of evidence for Posterior Hox deployment (other than
Hox10 and Hox14 in 48 hpf B. lanceolatum larvae) probably indicates that these genes are
not expressed until later in development or at metamorphosis.
The apparent increase in Hox3, Hox4, and Hox5 expression are also a matter of
interest. Hox3 semi-orthologue HoxA3 has been shown to induce endothelial and epithelial
(Mace et al., 2005) and stem (Mace et al., 2009) cell migration during wound healing in
mice. More evolutionarily distantly, a Hox3 gene has been found expressed in annelid
posterior blastemas (Novikova et al., 2013) and echinoderm arm blastemas (Ben Khadra
et al., 2014). Hox3 and Hox4 have been reported to be expressed in the posterior of amphioxus 48 hpf larvae (Pascual-Anaya et al., 2012). Hox4 family genes are expressed in the
epidermis during development in humans (Kömüves et al., 2002) and in B. ﬂoridae (Schubert et al., 2004) but surprisingly not in B. lanceolatum (Pascual-Anaya et al., 2012),
where its expression is restricted to the posterior central nervous system. Hox4 and Hox5
family members are infrequently reported in conjunction with regeneration, although they
were also detected in echinoderm blastemas (Ben Khadra et al., 2014). Hox5 family members have even fewer known roles that could be relevant to amphioxus regeneration, and
no previously reported amphioxus expression pattern.
Detailed proﬁling of the expression of Hox genes via qPCR and in situ hybridisation – both in late development and in mature and regenerating tails – is undoubtedly a
major priority in future studies of amphioxus regeneration.
In contrast to B. lanceolatum tails, S. lamarcki operculum regeneration does not
involve a broad selection of Hox genes. A single Hox gene was found and inferred by
phylogenetic analysis and process of elimination to be a highly divergent Antp gene (Chapter 3). The A. virens Antp-orthologue Hox7 was reported in bilateral domains underlying
the wound epithelium and in the nascent posterior growth zone (Novikova et al., 2013),
but Antp is unchanging in mature tissue and absent from the blastema of the more closely-
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related sedentarian C. teleta (de Jong and Seaver 2016). Regardless, the protein sequence
of S. lamarcki Antp is divergent enough to indicate that it may have undergone radical
concurrent cis-regulatory change to the extent that pre-existing data on annelid expression
of Antp may be unhelpful in speculating about its roles in S. lamarcki. The exciting possibility exists that the divergence of Antp could be related to the evolutionary novelty of
the development and regeneration of the operculum.

Figure 6.6. Read counts of Hox genes in the B. lanceolatum transcriptomes. Normalised read counts from the mature (black) and regenerating (white) tail transcriptomes are
shown, with their fold change stated above to two signiﬁcant ﬁgures. Hox10 was not detected in
either transcriptome. Counts were taken from whichever method (de novo assembly vs. mapping
to predicted transcripts) detected more reads.

6.1.2.3.

ParaHox genes

The expression of Cdx and Gsx has previously been reported during the development of the operculum in S. lamarcki, in which they are both localised in the pre-adult to
the spines and the outward face of the cup (Hui 2008). Surprisingly, no ParaHox genes
were detected in the mature or regenerating operculum transcriptomes. It is possible that
they are expressed transiently between 2 and 6 dpa and were therefore missed by the two
transcriptomes; the pre-adult opercula expressing Cdx and Gsx, in which the beginnings
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of mineralization are visible, may be less mature than a 6 dpa regenerating operculum, in
which mineralization is well underway and pigmentation is beginning. A PCR survey of a
densely-sampled time-course of S. lamarcki regeneration would help determine if Cdx and
Gsx are ever expressed.
Cdx was detected in the regeneration of B. lanceolatum, where it is apparently
expressed strongly de novo (0 reads in the mature to 56 reads in the regenerating tail, the
joint 8th most abundant homeobox gene in the regenerative transcriptome and the strongest presumptive signal of de novo expression). Cdx expression has been reported in B.
ﬂoridae in the posterior developing neurectoderm and ectoderm tissue throughout development, including in the posterior neural tube and hindgut as late as 7 dpf (Brooke,
Garcia-Fernàndez, and Holland 1998; Osborne et al., 2009). Treatment with exogenous
retinoic acid was shown to posteriorly compress its domain of expression (Osborne et al.,
2009). In vertebrates, Cdx ohnologues function in specifying posterior cell fates and in
axial elongation with various deﬁciencies being associated with severe posterior truncation
(Joly et al., 1992; Subramanian, Meyer, and Gruss 1995; Charite et al., 1998; Isaacs,
Pownall, and Slack 1998; van den Akker et al., 2002; Chawengsaksophak et al., 2004; T.
Young et al., 2009; Marlétaz et al., 2015, reviewed by Deschamps and Nes 2005; Beck and
Stringer 2010). As suggested by the name of the D. melanogaster orthologue caudal (after
which Cdx is named), Cdx has older roots in posterior (i.e. caudal) patterning, performing
homologous roles in D. melanogaster and C. elegans as well as less derived protostome
models like the red ﬂour beetle T. castaneum and the errantean annelids P. dumerilii and
A. virens (Copf, Schröder, and Averof 2004; de Rosa, Prud’homme, and Balavoine 2005;
Kulakova, Cook, and Andreeva 2008). Cdx expression has been found to regulate the
expression of Hox genes in these posterior contexts (Subramanian, Meyer, and Gruss 1995;
Charite et al., 1998; Isaacs, Pownall, and Slack 1998; van den Akker et al., 2002; Chawengsaksophak et al., 2004; Copf, Schröder, and Averof 2004; Deschamps and Nes 2005; T.
Young et al., 2009).
The discovery of apparently de novo Cdx expression in posterior regeneration in
amphioxus is therefore signiﬁcant because of the possibility that it is recapitulating a
developmental programme of induction of posterior elongation. Cdx genes have previously

246

GENERAL RESULTS & DISCUSSION

been reported in P. dumerilii posterior regenerative blastemas (de Rosa, Prud’homme,
and Balavoine 2005) and in nemertean posterior regeneration (Charpignon 2007), but have
not been examined by studies of vertebrate posterior regeneration (zebraﬁsh caudal ﬁns
or newt tails). Proﬁling the expression of Cdx in regeneration with qPCR and in situ
hybridisation is another major priority for ongoing study. Further, it might be possible to
inﬂuence the expression of Cdx – and via it, the Hox genes – by treating regenerating
animals with retinoic acid, either by microinjection or bead implantation.

6.1.2.4.

Other homeobox genes

Evx
Evx family genes have ancient roles in posterior patterning in gastrulation and
posterior growth in later development, being found in related roles in ecdysozoans (e.g.
Copf et al., 2003), annelids (de Rosa, Prud’homme, and Balavoine 2005), vertebrates (Bell
et al., 2016), and amphioxus (Ferrier et al., 2001; Yu et al., 2007). Amphioxus possesses
two paralogues; EvxA is expressed in the tailbud during amphioxus development and is
prototypical of the chordates in regards to sequence and expression domain, whereas EvxB
is highly divergent in sequence and seems to be uniformly and strongly expressed in the
ectoderm of post-hatching embryos and larvae (Ferrier et al., 2001). EvxA was detected in
the mature and regenerating transcriptomes (4 and 6 reads, respectively) whereas EvxB
was not detected. Although the minimal expression and unconvincing read count change
of EvxA is rather underwhelming, this gene remains an important candidate for studying
developmental patterning mechanisms in amphioxus regeneration, particularly in stages
later than the one sampled for the transcriptome.

Emx
The Emx paralogues Emx A and Emx B prominently increase in read count in the
S. lamarcki early (2dpa) regeneration transcriptome and continue to be abundant in late
(6dpa) regeneration (Figure 6.2 & Figure 6.5). In contrast, the B. lanceolatum paralogues
Emxa, Emxb and Emxc appear at low levels in the mature transcriptome (5, 23, and 25
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reads, respectively) and increase (Emxa, to 14 reads) or decrease (Emxb, to 12 reads, and
Emxc, to 13 reads) in regeneration.
Emx genes have been found to have a role in the regeneration of urodele amphibian
limbs (Beauchemin et al., 1998; Monaghan et al., 2012) in a proximodistal gradient in the
epidermis overlying the regenerative blastema. Given the paucity of reports in other regenerative contexts, it might be imprudent to suppose that the S. lamarcki Emx paralogues are engaging in some kind of conserved role in regeneration. Nonetheless, their
very high read counts suggest that they could potentially be important. Emx genes in S.
lamarcki are candidates for future investigation.

6.1.3.

Blastemas and stem cells

6.1.3.1.

Satellite cells

As well as Pax3/7 family genes (see Chapter 5), several other homeobox families
are known to be expressed in and regulate the behaviour of satellite cells, including the
Barx (Makarenkova and Meech 2012), Lbx (Watanabe et al., 2007), Pitx (Knopp et al.,
2013), Six1/2 (Yajima et al., 2010; Le Grand et al., 2012), and Six4/5 (Yajima et al., 2010)
families. The read count data from the B. lanceolatum orthologues of these families is
presented in Table 6.4.

Table 6.4. Read counts of B. lanceolatum genes from families with known roles in
satellite cell regulation. Symbols per Table 6.1.

Transcriptome
mature
regen.
Barx
NOT DETECTED
≈
Lbx
6
8
▲
Pax3/7b
6
21
Pitx
NOT DETECTED
Six1/2
52
▲
75
Six4/5
16
11
▼
Gene

Surprisingly, only one of these genes mirrors the pattern of regenerative upregulation suggested by the read counts of Pax3/7b; Six1/2 is relatively abundant in the mature
transcriptome and more so in the regenerative transcriptome; in the latter, it is the 4th
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most abundant homeobox gene transcript (Figure 6.2). The absence of Barx and Pitx and
apparent Six4/5 downregulation might be explained by these families having roles in satellite cell diﬀerentiation, (Yajima et al., 2010; Makarenkova and Meech 2012; Knopp et
al., 2013) in which they would be active after the stage of regeneration sampled in the
transcriptome used herein, although Barx also seems to promote proliferation. Vertebrate
Lbx1 is expressed in activated but not quiescent satellite cells, making the minimal response by B. lanceolatum Lbx more diﬃcult to explain.

Table 6.5. Read counts of POU-class genes in the transcriptomes of S. lamarcki and
B. lanceolatum. Symbols per Table 6.1.

Family

B. lanceolatum

S. lamarcki
mature

Pou1

2dpa

6dpa

NOT DETECTED

1

Pou2

185

▲

289

▲

699

Pou3

90

▼

77

▲

179

0
285
14

▲

26
585
5

▼

2
592
16

Pou4
Pou6

▲
▼

≈
▲

mature

regen.
(▼)

0

NOT DETECTED
▲
30
38
NOT DETECTED
2

(▼)

1

9

▲

29

In S. lamarcki, Pou4 A is expressed de novo in the early (2dpa) regenerative
transcriptome and is apparently downregulated in late (6dpa) regeneration, while its paralogue Pou4 B is expressed constitutively in mature opercula and is approximately doubled in both regenerative transcriptomes. A putative Pou4 gene (Gold, Gates, and Jacobs
2014), Smed-POU-P1, is speciﬁcally expressed in planarian neoblasts alongside homologues of up- and down-stream members of the vertebrate pluripotency GRNs (Önal et
al., 2012). The other POU-class genes are not detected (Pou1), peak in late (6dpa) regeneration (Pou2, Pou3) or are apparently downregulated in early (2dpa) regeneration (Pou3,
Pou6). The question of the presence of pluripotency or multipotency in the decentralised
proliferative cell population observed in opercular regeneration (Szabó and Ferrier 2014)
is unresolved, but important.
In the B. lanceolatum transcriptome, most POU-class genes are not detected
(Pou2, Pou3L) or very weakly detected and apparently down-regulated (Pou1, Pou4).
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Pou3 and Pou6 are detected with moderate read counts and apparently upregulated in
regeneration (the latter triples in read count in the regenerative transcriptome). Vertebrate
adults and adult regenerative processes seem to lack pluripotent cells (Kragl et al., 2009;
Slack 2017), particularly the tail regeneration of anuran amphibians, which seems to involve tight lineage restrictions (Gargioli and Slack 2004). Given the overall similarities
between cephalochordate and vertebrate regeneration (Somorjai et al., 2012), it would be
very surprising to discover the involvement of pluripotent cells in B. lanceolatum regeneration, but fascinating given the deleterious tumorigenic properties of induced pluripotent
stem cells in vertebrates (e.g. Abad et al., 2013) and the contrasting capacity of some
tunicates to perform WBR using totipotent blood cells (Rinkevich, Shlemberg, and Fishelson 1995).

6.1.3.2.

Muscle dediﬀerentiation

Msx
Msx genes are expressed in vertebrate regeneration in the blastema (e.g. Koshiba
et al., 1998; c.f. Taghiyar et al., 2017) and in the muscle proximal to the amputation,
where it induces dediﬀerentiation and fragmentation of mature myoﬁbres into multipotent
blastema cells (see section 1.2.4.3, reviewed by Frasch 2016). Msx has previously been
detected in the blastema and overlying mesenchyme of amphioxus (Figure 1.12, Somorjai
et al., 2012) and is found in both the mature and regenerating transcriptomes (14 & 18
reads, respectively). The roles of Msx in amphioxus regeneration – speciﬁcally whether it
is involved in the dediﬀerentiation of muscle ﬁbres proximal to the wound site, which do
fragment but in which Msx expression was not detected by in situ hybridisation (Somorjai
et al., 2012) – are an important avenue for future research.
Msx expression was also detected in the S. lamarcki transcriptomes (6, 22, and 49
reads in mature, 2dpa and 6dpa transcriptomes respectively). S. lamarcki regeneration
does not involve a blastema (section 1.3.1) but does involve the fragmentation of muscle
ﬁbres (Bubel and Thorp 1985; Bubel et al., 1985), though it is not known if they contribute
to a population of proliferative cells, nor anything about the proliferative cells aside from
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their distribution (Szabó and Ferrier 2014). Msx is an important candidate gene for future
studies of S. lamarcki regeneration.

Barx
Barx gene expression has been found to have a similar eﬀect in causing the dedifferentiation of mature myotubes in a mouse culture model (Meech et al., 2010; Makarenkova and Meech 2012) but unlike Msx, also has a role in producing early myotube diﬀerentiation. Barx is observed to be present in relatively high read counts in the S. lamarcki
mature and regenerative transcriptomes, appearing to be upregulated in early (2dpa) regeneration and then downregulated to below its mature expression level in late (6dpa)
regeneration (847, 1471 and 621 reads respectively). Barx was only relatively recently
described in protostomes (Paps et al., 2015). Barx was not found in the amphioxus transcriptomes.

6.1.3.3.

Blastema markers

Dlx
Like in S. lamarcki, Dlx is the most abundant homeobox transcript in the B.
lanceolatum mature and regenerative transcriptomes (Figure 6.2), showing a slight increase
in the latter (212 to 234 reads). Dlx genes have previously been found in mature tissue
and tail and limb blastemas of the newts N. viridescens and P. waltl (Beauchemin and
Savard 1992; Nicolas et al., 1996). Expression of NvDlx-3 was found to be constitutive and
constant in the skin, but upregulated two-fold in connection with muscle and central nervous system regeneration (Nicolas et al., 1996). In comparison, Dlx reads only increase 1.1fold in regeneration in B. lanceolatum, although the regenerative transcriptome could be
drawn from too early a time point to see a substantial increase associated with potential
roles in muscle re-diﬀerentiation, though ependymal tube elongation is underway (Somorjai et al., 2012). The abundance of Dlx reads in amphioxus regeneration suggests that
proﬁling its expression in mature and regenerating tissue is a priority.
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Prrx
Prrx is present in the mature B. lanceolatum tissue transcriptome (2 reads) and
undergoes the strongest apparent upregulation of any gene in the regenerating transcriptome (to 44 reads, Figure 6.3). In contrast, S. lamarcki Prrx is apparently expressed moderately in mature tissue (149 reads), is approximately halved in early (2dpa) regeneration
(71 reads) and is re-expressed at the same moderate level in late regeneration (153 reads).
Prrx genes are expressed constitutively at low levels in urodele skin (Makanae et al., 2013;
Lehrberg and Gardiner 2015) and in the distal mesenchyme of limb blastemas, and have
been used as blastema markers and sources of blastema-speciﬁc enhancers (Satoh et al.,
2007; Suzuki et al., 2007; Satoh et al., 2011; Yokoyama et al., 2011; Lehrberg and Gardiner
2015). The read count data suggest that these expression domains could be homologous
between cephalochordate posterior blastemas and vertebrate limb blastemas. The strong
apparent upregulation of Prrx in B. lanceolatum regeneration ﬂags it as an important
candidate gene for future study.

6.1.4.

Biomineralization

Biomineralization is an interesting phenomenon for evolutionary developmental
biology. Biomineralized structures are often an evolutionarily important part of the body
plans in which they are deployed. They oﬀer a window into the morphology of ancient
creatures via their durability, and potential insight into the mechanisms that link genome,
GRN, and gene evolution and deployment to the morphology of extant animals. However,
our understanding of the evolution of those GRNs and the mechanisms that they govern
is still relatively insubstantial (Wilt, Killian, and Livingston 2003; Jackson and Degnan
2016). A conserved deuterostome biomineralization ‘toolkit’ (including the homeobox gene
family Alx) was hypothesised by Livingston et al. (2006), but the fact that the TFs involved control very diﬀerent downstream genes indicates these similarities might be coincidental or at best homocratic, rather than homologous. The evidence for a broader
nephrozoan, bilaterian or metazoan biomineralization toolkit is even poorer, with few
genes found to be conserved between the mineralizing transcriptomes of molluscan classes
(reviewed by McDougall and Degnan 2018), let alone between phyla. However, the
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possibility that a spiralian, protostome or even metazoan biomineralization toolkit might
exist has not yet been conclusively discounted.
Although most Evo-Devo studies on biomineralization focus on molluscs (Jackson
and Degnan 2016) – which have the advantage of having relevance to ocean ecology and
food security – the biomineralizing annelids (the Sabellida, see section 1.3.2.2) are a vital
component of robust sampling of the biomineralizing taxa. A previous study proﬁled the
involvement of msp130, a cell surface glycoprotein, in S. lamarcki regenerative biomineralization; msp130 homologues are known to be involved in the biomineralizating processes
of deuterostomes and other protostomes (Szabó and Ferrier 2015). Cephalochordates do
not produce biomineralized structures, so the discussion of biomineralization toolkit genes
herein is limited to S. lamarcki.

Table 6.6. Read counts of S. lamarcki genes from selected families with known roles
in spiralian and deuterostome biomineralization. Symbols per Table 6.1.

Gene

Transcriptome
mature

Alx

2dpa

6dpa

NOT DETECTED

Dlxa

978

▲ 17662 ▼

8605

Dlxb

13

▲

746

▼

434

En

0

▲

15

▼

4

Gbx

NOT DETECTED

Hox1

NOT DETECTED

Hox4

NOT DETECTED

Post1

NOT DETECTED

Post2

NOT DETECTED

Msx

6

▲

22

▲

49

Several homeobox families have been associated with biomineralization in the molluscs and brachiopods, including Hox1, Hox4, Post1, Post2, Msx, En, Gbx, and Dlx. Some
of these (see relevant subsections) also have roles in vertebrate biomineralizing processes.
A summary of the read counts of these genes in the S. lamarcki transcriptomes is provided
in Table 6.6. Mineralization of the distal plate of the regenerating S. lamarcki operculum
starts at 2-3 dpa (Figure 1.7, Szabó and Ferrier 2014) and is mostly complete by 6dpa.
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Dlx
Dlx genes play a part in tooth and bone formation in vertebrate development
(Bendall and Abate-Shen 2000; Lézot et al., 2000, 2002; Panganiban and Rubenstein 2002;
Morsczeck 2006; Ryoo, Lee, and Kim 2006), and in patterning the shell ﬁeld in gastropods
(Jackson and Degnan 2016). The extremely abundant (Dlxa, Figure 6.2) and apparently
strongly upregulated (Dlxb, Figure 6.3) Dlx paralogue expression in S. lamarcki regeneration could be related to a function in biomineralization. A previous study reported the
absence of Dlx gene expression in the developing operculum, although whether the opercula of the juvenile animals they used were mineralizing is not reported. However, the
animals were de-calciﬁed to remove their nascent habitation tube, and no Dlx expression
was reported in the thorax or thoracic collar region (McDougall et al., 2011) from which
adult animals produce and deposit mineralized material for their tubes. The necessity of
such a step suggests that calciﬁcation was actively occurring in this region, indicating that
Dlx is not involved in thoracic calciﬁcation. Although some other serpulid species produce
opercular plates and habitation tubes with similar mineralogical composition (e.g. Riedi
2012; referenced by Szabó 2015), S. lamarcki opercular plates and habitation tubes are
diﬀerent (Bubel et al., 1983), suggesting the faint possibility of diﬀerent thoracic and
opercular mineralizing processes controlled by distinct genes. A more spatiotemporally
rich qPCR time-course or in situ hybridisation would help to determine the potential roles
of Dlx genes in S. lamarcki operculum regeneration.

En
Despite the extreme diversity of mollusc shell transcriptomes, En family genes are
quite consistently found as a regulator of shell formation, being found in gastropods
(Moshel, Levine, and Collier 1998; Nederbragt, van Loon, and Dictus 2002; Iijima et al.,
2008), bivalves (Jacobs et al., 2000; Kin, Kakoi, and Wada 2009), cephalopods (Baratte,
Andouche, and Bonnaud 2007), chitons (Jacobs et al., 2000) and scaphopods (Wanninger
and Haszprunar 2001), as well as brachiopods (Shimizu et al., 2017) and in bone formation
in vertebrates (e.g. Deckelbaum et al., 2006). En is apparently expressed at a low level de
novo in early (2dpa) S. lamarcki operculum regeneration (15 reads), and then is reduced
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in late (6dpa) regeneration (4 reads). Despite its low read count, En is an important
candidate gene for future studies in annelid biomineralization.

Msx
As well as roles in muscle dediﬀerentiation and in blastemas, Msx genes are expressed in biomineralizing processes in tooth (reviewed by Suryadeva and Khan 2015) and
craniofacial development (reviewed by Alappat, Zhang, and Chen 2003) and adult skeletal
tissue (Lézot et al., 2000) in the vertebrates, and in oyster shell formation (Zhao et al.,
2014). These taxonomically distant examples could be the result of independent co-option,
but the biomineralization of the distal opercular plate is another potential role for the Msx
expression observed in S. lamarcki regeneration. Unlike the other genes in Table 6.6, Msx
is detected most strongly in the transcriptome of late (6dpa) regeneration, well after the
onset of biomineralization (Figure 1.7).

Missing genes
Gbx, Pax2/5/8 (Wollesen et al., 2017), Hox1, Hox4 (Hinman et al., 2003; Samadi
and Steiner 2009; Wollesen et al., 2017), and Hox9-15 (i.e. Post1 and Post2) (Samadi and
Steiner 2009) family genes have previously described roles in mollusc shell ﬁeld formation.
Alx family genes were suggested to be master regulators of the deuterostome biomineralization toolkit (Ettensohn et al., 2003; Livingston et al., 2006; Ettensohn 2009).
Orthologues of these genes were not detected in S. lamarcki operculum regeneration, suggesting that these genes are not involved in S. lamarcki biomineralization.

Table 6.7 Summary of the known involvement of various homeobox gene famililes
in regenerative processes. The system studied herein to which the families are of potential
relevance (Sp. column) are indicated with B.lan (B. lanceolatum) and S.lam (S. lamarcki). References for publications are given in the text. Potentially interesting genes (italicized) or gene
families which were not represented in the pertinent transcriptome are indicated in parentheses.
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6.2. Interpreting transcriptomic data
The preceding discussion of the roles of homeobox genes in regeneration has reported the read counts of various S. lamarcki and B. lanceolatum homeobox genes, and
has adopted the implicit premise that a signal of the involvement or not in regenerative
processes exists in the presumptive measure of up- or downregulation from read counts.
However, this assumption can be entirely misleading. Homeobox genes frequently participate in multiple GRNs, mediating diﬀerent signals and regulating diﬀerent sets of targets,
in the same tissues. Figure 6.7 depicts a scenario in which a hypothetical homeobox gene

Figure 6.7. How a hypothetical homeobox gene with important roles in regeneration
might appear to be downregulated. The hypothetical homeobox gene product (‘Hhx’) is a
member of three GRNs (circles, boxes, & arrows), involved in homeostasis (red), distalization
(green) and mineralization (blue), and is ubiquitously but weakly expressed in its mature homeostatic role, producing a large read count, but strongly expressed in low numbers of cells in
regeneration-speciﬁc roles, producing lower read counts and the appearance of downregulation.

(‘Hhx’) appears to be downregulated in regenerating tissue but in fact has important
regenerative roles associated with strong expression in a small number of speciﬁc cells.
Data of this kind are out of reach of transcriptomes produced from amalgamated tissue
samples, and consequently care should be taken to avoid over-interpreting read counts.
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The issue of localization and sample amalgamation has broader implications for
transcriptomic surveys of genes involved in processes like regeneration. Such surveys often
praise the unbiased nature of their own methodology in comparison to a candidate gene
approach, which has an inevitable tendency to highlight homology and miss apomorphic
GRN reconﬁguration or innovation. Beyond the existing criticisms of transcriptomic approaches to identifying important genes (e.g. Sarup et al., 2011; Evans 2015), biologically
and evolutionarily meaningful spatiotemporal signals enacted by homeobox genes and
other transcription factors can be entirely lost by these crude data. Recent developments
in single-cell transcriptomics (reviewed by Lee 2017; Svensson, Vento-Tormo, and Teichmann 2018) suggest a future in which it is possible to produce single-cell transcriptomes
of an entire regenerative structure in which spatial origin data of cells are preserved, and
in the meantime certain types of spatial transcriptomics are already possible (e.g. Ståhl
et al., 2016).

6.3. The importance of manual curation of genomic data
My analyses of the unusual homeobox genes in S. lamarcki regeneration (Chapter
3) and the cephalochordate Pax3/7 duplication (Chapter 5) are illustrations of the value
of manually examining data. The duplication of Pax3/7 in cephalochordates would not
have been discovered if I had relied on an entirely automated process of homeodomain
identiﬁcation, and the searches and classiﬁcation of the former process relied on manual
legwork. Automated pipelines as yet are ill-equipped to notice when they encounter an
anomaly that warrants further investigation, let alone to make the qualitative judgements
on which are often based our understanding of the orthology relationships between genes.
However, these manual analyses are extremely time-consuming. As genomic data
availability increases explosively, as well as hitting storage and skill bottlenecks (Barone,
Williams, and Micklos 2017; Papageorgiou et al., 2018), there exists a growing disparity
between the sum of genomic data and the data that have been rigorously surveyed. As I
suggested in section 3.4.9, some relatively simple tools to integrate, manage and present
search data for manual inspection could easily be constructed to minimise the time burden
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of genomic homeobox survey. Although these obviously don’t represent a solution to the
growing problem of meaningful big data analysis, it is possible that they would at least
be suﬃcient for the purpose of ongoing robust evolutionary developmental study of homeobox gene diversity.

6.4. Homeobox gene radiation in evolution
It has been proposed that the duplications of ANTP-class genes that produced
the Hox, ParaHox and Nk clusters could have contributed to a permissive genomic environment from which emerged the bilaterian bodyplan and with it, the Cambrian explosion
(Holland 2015), although the majority of homeobox families were already in place in the
planulozoan (Cnidaria + Bilateria) ancestor (see Figure 1.4), including a diverse ANTP
class (Thomas‐Chollier and Martinez 2016). The idea of (and evidence for) an association
between transcription factor diversity and evolutionary novelty or increasing developmental/morphological complexity is an old and enduring one (e.g. Holland et al., 1994; Valentine, Collins, and Meyer 1994; Lundin 1999; Miyata and Suga 2001; Levine and Tjian
2003; Wagner, Amemiya, and Ruddle 2003; McCarthy and Enquist 2005; Vogel and Chothia 2006; Degnan et al., 2009; Charoensawan, Wilson, and Teichmann 2010; Pick and
Heﬀer 2012; Mendoza et al., 2013; Schmitz, Zimmer, and Bornberg-Bauer 2016). Increased
transcription factor complement allows for an increased diversity and complexity of tissue
type and modelling, producing more sophisticated morphology, while duplications allow
an escape from the pleiotropy associated with involvement in pre-existing GRNs (Ancliﬀ
and Park 2014).
The molecular phylogenies presented in Chapter 3 indicate that an evolutionarily
signiﬁcant radiation in transcription factor diversity might have started and be ongoing in
the Lophotrochozoa (speciﬁcally, annelids and molluscs). These duplications and divergences should not be seen as analogous to those in the last common bilaterian ancestors;
they are occurring in a genomic context of pre-existing regulatory sophistication and unlike
canonical homeobox gene complements, vary substantially between diﬀerent taxa. However, they do oﬀer a stage on which to study the potential integration of new and rapidly-
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evolving homeobox genes into existing developmental processes (e.g. Morino, Hashimoto,
and Wada 2017) and the potential creation of new GRNs and novel morphology, as a part
of the evolutionary history of two of the most speciose and morphologically diverse phyla
in the Metazoa (Giribet 2008). That these sequences are only surfacing now is a testament
to the neglect of the Spiralia by evolutionary and developmental biology and the promising
insights oﬀered by the recent increased interest and availability of genomic data and techniques for spiralian species.

6.5. General conclusions
Homeobox genes are important, highly conserved master controls of gene regulatory networks that orchestrate complex cellular and organismal processes like development, and as such are potential signals of homology across disparate taxa. Regeneration,
a post-ontogenic developmental process, has a convoluted and diﬃcult to understand distribution across the Metazoa. Homeobox genes oﬀer a window into the cryptic relationships between regeneration and ontogenesis and between modes of regeneration between
species.
In this thesis, I identiﬁed the homeobox gene content of the primarily morphallactic regeneration of the operculum, an evolutionarily novel head appendage of serpulid
annelids, in S. lamarcki (Chapter 3), and the epimorphic regeneration of the post-anal
tail, a chordate synapomorphy, in the highly conserved cephalochordate B. lanceolatum
(Chapter 4). I found an unexpected diversity of diﬃcult-to-classify homeobox genes in the
genome and transcriptome of S. lamarcki, leading to an investigation into the unusual
evolutionary history of a set of homeobox genes in a variety of spiralian clades. In B.
lanceolatum, identiﬁcation of homeobox genes is much simpler but unveiled a previously
undiscovered duplication of Pax3/7 of cephalochordates (Chapter 5), a gene involved in
several GRNs which underwent important changes during vertebrate evolution for which
cephalochordates are a signiﬁcant outgroup.
A comparison of broad patterns of homeobox transcription activity (section 6.1.1)
yielded potentially interesting quantitative diﬀerences between the regenerative reactions
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of the two systems, contrasting a massive increase in homeobox gene deployment by S.
lamarcki with a relatively mild rise in expression in B. lanceolatum. Finally, the signiﬁcance
of the detection of a selection of candidate genes with regard to their known roles in other
systems and contexts was discussed (sections 6.1.2-6.1.4).
This thesis demonstrates that there is value in detailed manual inspection of genetic data, time-consuming though it undoubtedly is. Until artiﬁcial intelligences are capable of discerning when they have encountered something biologically meaningfully unexpected and investigating that ﬁnding, there will be valuable things to discover by manually performing and carefully examining BLAST searches, protein alignments, and molecular phylogenies. Improvements to automatic processing of these data could dispense
with much of the information wrangling necessary to distil signal from noise and vastly
improve the productivity of this approach.
The ﬁndings of this study reaﬃrm the importance of the duplication of homeobox
genes in evolutionary developmental biology and oﬀer two signiﬁcant bases in which to
study the evolutionary eﬀects of this duplication. One is a tandem duplication of a wellstudied gene that resulted in diﬀerential paralogue C-terminal sequence and regulatory
change and strong conservation between extant cephalochordates, and oﬀers a platform
for the study of the tempo of duplication that has typiﬁed gene evolution within phyla.
The other is an unusual ‘wild west,’ characterised by rapid, unconstrained, and extreme
duplication and divergence atypical of previously observed homeobox gene evolution of
the last ~500 million years and has the potential to reveal new insights into a more radical
pace of homeobox gene evolution.
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