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Summary of contents 

 

The advances and subsequent widespread use of next-generation sequencing, in 

particular transcriptomics, has allowed biologists to approach questions and study 

many more powerful and previously underappreciated model animals in much 

greater detail. One such creature is the cnidarian Hydractinia echinata, which is often 

used in stem cell, developmental and regenerative studies. Recent advances in 

transgenics and the near completion of a sequenced genome has propelled 

Hydractinia to the forefront of cnidarian biology.  

 

Here a new and up-to-date reference transcriptome for H. echinata is presented. 

Quality metrics and annotation results are comparable to other cnidarians and 

demonstrates a high level of completeness. It also reveals a well conserved genetic 

landscape, similar to other cnidarians and bilaterian invertebrates. Using this 

transcriptome as a reference, two superfamilies were examined in detail; the 

homeodomain proteins, and the lectins. Results show a highly diverse repertoire of 

these large groups, both in Hydractinia and in other early-diverging clades. The lectin 

complement was found to be not only expansive, but putatively highly conserved in 

function.  

 

However, results have also revealed a surprising amount of species-specific gene loss, 

particularly within the homeoboxes. Expansion and comparison of these findings in 

other metazoans has exposed a previously overlooked and potentially evolutionary 

important phylum-wide loss of galectins in all Cnidaria. These discoveries raise 

interesting questions about cnidarian life-history, including the possible implications 

of these loss events in the evolution of and diversification of hydrozoans such as 

Hydractinia, and for other cnidarians.  
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Chapter 1: Introduction 

 

1.1 The Cnidaria 

Cnidarians are a large phylum of invertebrates, comprising over 15,000 species, 

inhabiting mostly marine and some freshwater environments (Kayal et al., 2017; 

Technau and Steele, 2011; Zhang et al., 2011). Cnidarians are morphologically simple 

animals, possessing only a few cell types. and often a radially symmetrical body. Some 

cnidarians e.g. the anthozoan Nematostella vectensis, show evidence of bilateral 

symmetry, therefore it is unclear which body form is ancestral within the phylum 

(Finnerty et al., 2004). Cnidarians develop from only two embryonic germ layers, the 

endoderm and ectoderm, lacking a mesoderm.  The Cnidaria are one of the four 

extant groups of early diverging non-bilaterian metazoans (Cartwright and Collins, 

2007), the others being Porifera (sponges), Ctenophora (comb jellies) and Placozoa 

(Ryan et al., 2013; Hejnol et al., 2009; Philippe et al., 2009). Phylogenetic analyses 

consistently and robustly place cnidarians as the sister clade to bilaterians, making 

them an important group for studying the evolution of bilaterian traits, such as the 

evolution of the mesoderm, bilateral symmetry and the central nervous system (Pick 

et al., 2010; Hejnol et al., 2009; Technau et al., 2015). 

 

All cnidarians possess sensory and stinging cells called cnidocytes that are thought to 

be highly derived neural cells. These cells are a cnidarian evolutionary novelty and 

are not present outside of the phylum Cnidaria (Oliver et al., 2008; Babonis and 

Martindale, 2014; Brinkmann et al., 1996). They function mainly in prey capture, 

defense and in locomotion. These specialized cells contain a capsule called a 

cnidocyst which is kept under enormous internal pressure (Weber, 1990) and upon 

discharge they release a thread and/or stylet which may puncture prey or attackers 

or attach to substrates. Cnidocytes are a diverse cell lineage and clade specific 

subtypes exist. These include the nematocytes, which are the most studied and 

diverse cnidocyte, comprising of over 30 types which are found throughout the 

phylum Cnidaria (Ostman, 2000). Hydrozoans possess the most complex and diverse 
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expansion of nematocytes (Kass-Simon and Scappaticci, 2002). Other cnidocyte types 

include spirocytes and ptychocytes, which are restricted to the Anthozoa (Ozbek et 

al., 2009). The polar capsules of the enigmatic parasitic Myxozoa are thought to be 

homologous to cnidocytes (Holland et al., 2011; Shpirer et al., 2014; Chang et al., 

2015). 

 

 

Figure 1.1: The phylum Cnidaria. (A) Phylogeny of the phylum Cnidaria (grey clade) showing some of 

the main model organisms. Anthozoans are shown in blue. Medusozoa are shown in magenta. 

Myxozoans are shown in green. Adapted from Gahan et al., 2016 (B) The complex life cycles of 

anthozoans, represented by Acropora digitifera and medusozoans, represented by Clytia hemispherica 

(Technau and Steele, 2011). 

 

1.1.1 Cnidarian class-level evolution 

There are two major clades in the phylum Cnidaria: Anthozoa, which consists of sea 

anemones and corals; and Medusazoa, which include jellies and hydroids (fig. 1.1a). 

Anthozoans are divided into two groups, the Hexacorallia, which include sea 

anemones, scleractinian corals (Madreporaria) and black corals (Antipatharia); and 

the Octocorallia, comprising of soft corals (Alcyonacea), sea pens (Pennatulacea) and 

gorgonians (Gorgonacea) (Chang et al., 2015; Technau et al., 2015; Zapate et al., 

A                                                                   B 
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2015). Anthozoans possess a number of unique morphological characteristics such as 

an ectodermal pharynx, and the siphonoglyph, a ciliated groove located on one side 

within the pharynx. (Won et al., 2001; Daly et al., 2007). This feature, together with 

the slit-like mouth, renders anthozoans bilaterally symmetrical. It is, however, unclear 

whether anthozoan directive axis (as opposed to the oral-aboral axis) corresponds to 

the bilaterian anteroposterior, dorsoventral, or a de novo axis. Anthozoans also 

possess mesenteries, muscular sheets of gastrodermal tissue that extend into the 

body cavity. Anthozoans do not possess a sexual medusoid life stage, and occur only 

as solitary or colonial polyps. The evolutionary relationship within the Anthozoa has 

been contested with mitochondrial genome analysis supporting a paraphyletic group 

(Park et al., 2012; Kayal et al., 2013). However, more recent studies employing 

phylogenomic analyses suggest the Anthozoa are a monophyletic clade (Zapata et al., 

2015; Kayal et al., 2017). Within the Cnidaria, both the anthozoan and medusozoan 

clades are quite close in terms of species richness, but Medusozoa (in particular 

hydrozoans) are by far more diverse in terms or life history characteristics (Daly et al., 

2007; Zapata et al., 2015). 

 

Medusozoans are divided into four classes, the Hydrozoa (hydromedusae, 

siphonophores), Scyphozoa (true jellies), Cubozoa (box jellies), and the Staurozoa 

(stalked jellies) (Technau and Steele, 2011; Zapata et al., 2007). Their synapomorphies 

include a linear mitochondrial genome (Bridge et al., 1992) and a hinged operculum 

on their nematocysts (Reft and Daly., 2012). In contrast to anthozoans, the 

Medusozoa often have both polyp and free-living sexual medusoid life stages (fig. 

1.1b); however, this is not a universal trait (Collins et al., 2006). Similar to the 

anthozoans, the phylogenetic relationships within the Medusozoa have been revised 

and debated with almost all sister-group scenarios having been proposed at one time 

or another. These include the placement of Staurozoa as the sister group to other 

Medusozoans, based on evidence from the fossil record and ribosomal sequences 

(Van Iten et al., 2006; Collins et al., 2006; Cartwright and Collins, 2007). Contrasting 

data from mitochondrial genome sequencing place Staurozoa as a sister to the 

Cubozoa and describe a paraphyletic Scyphozoa (Kayal et al., 2013). Recent 

phylogenomic evidence supports a monophyletic group of Staurozoa, Cubozoa and 
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Scyphozoa, with Staurozoa as the sister group to the other two classes (fig. 1.1a) 

(Zapata et al., 2015; Kayal et al., 2017). The other major group of medusozoans, 

Hydrozoa, form a large class that make up over 90% of the species in the medusozoan 

clade (Daly et al., 2007). Hydrozoans display the highest diversity within the 

Medusozoa in terms of life history and morphological characteristics (Kayal et al., 

2015; Cartwright and Nawrocki, 2010). Two clades exist within hydrozoans, 

Hydroidolina and Trachylina (Collins et al., 2008; Kayal et al., 2013; Cartwright et al., 

2008). Trachylina are less species-rich, comprising about 150 species, and with a few 

exceptions, lack a polyp stage in their life cycle (Collins et al., 2008). The more species-

rich Hydroidolina, which includes over 3200 species, encompasses almost all 

hydrozoans with a benthic polyp life-stage, many of which have a pelagic meduzoid 

life-stage (Kayal et al., 2015; Cartwright et al., 2008).   

 

Another group of cnidarians, the Myxozoa, are a group of highly derived parasites. 

The Myxozoa, along with the enigmatic Polypodium, may form a third major cnidarian 

clade called the Endocnidozoa (Collins, 2009), which falls as a sister clade to the 

Medusazoa, according to recent molecular phylogenetic analyses (Chang et al., 2015; 

Kayal et al., 2017a). Myxozoa and Polypodium have both undergone large scale gene 

loss and have highly unusual parasitic life cycles (Chang et al., 2015).  

 

1.2 Cnidarian genomics and transcriptomics in the era of Next Generation 

Sequencing 

The initial sequencing of the human genome by the Human Genome Project 

Consortium took over 10 years and cost hundreds of millions of dollars to complete 

(Goodwin et al., 2016). The capillary based Sanger biochemistry was the primary 

sequencing method employed. Here, randomly fragmented DNA is cloned into 

plasmids and transformed into E. coli for amplification. Fluorescently labeled, chain-

terminating dideoxynucleotides (ddNTPs) are incorporated during each primer 

extension reaction (Shendure and Ji, 2008). The advent of high throughput 

sequencing technologies in the mid 2000’s, often called Next Generation Sequencing 

(NGS), has effectively brought the cost of sequencing down almost 50,000-fold, and 
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has replaced the older Sanger methods for genome sequencing 

(https://www.genome.gov/sequencingcosts/). Many types of NGS technology exist, 

including Illumina, Roche 454, Pacific Biosciences, to name a few. Unlike micortiter 

plate wells used in Sanger sequencing, DNA fragments are amplified on a solid 

surface, usually a bead or glass microfluidic channel, covered in complementary 

adapters to those generated in the library fragments (Mardis, 2013). The ‘massively 

parallel’ scale and throughput of this process in effect allows NGS instruments to 

conduct sequencing and detection simultaneously, on the order to hundreds of 

thousands to billions of reactions per sequencing run, generating enormous datasets 

for a fraction of the cost of Sanger sequencing. The ushering in of this new era of 

lower cost, higher throughout sequencing allowed researchers around the globe to 

begin studying the genomes of many model organisms from all Kingdoms of Life.  

 

The first complete cnidarian genome (sequenced using the Sanger method) was that 

of the starlet sea anemone Nematostella vectensis in 2007 (Putnam et al., 2007). The 

sequencing of the genomes of two corals from the genus Acropora and the hydroid 

Hydra magnipapillata soon followed (Chapman et al., 2010; Shinzato et al., 2011). 

There are currently genomes available for several other cnidarian species, including 

the anemone Aiptasia, and a number of myxozoan species (Yang et al., 2014; 

Baumgarten et al., 2015; Chang et al., 2015). A number of genome sequencing 

projects for several cnidarian species are underway, including scyphozoan Aurelia 

aurita (http://www.compagen.org/aurelia/), and the hydrozoans Clytia 

hemisphaerica (Houliston et al., 2010), Hydractinia echinata and Hydractinia 

symbiolongicarpus (https://research.nhgri.nih.gov/Hydractinia/).    

 

The low cost and relative ease of next generation sequencing together with the 

introduction of new bioinformatic tools like Trinity (Grabherr et al. 2011), which do 

not require a genome sequence, has also allowed for the generation of many 

cnidarian transcriptomes (discussed in chapter 3). There is currently a wealth of high 

quality transcriptomic data available for dozens of cnidarian species. These studies 

have allowed scientists to ask and answer questions related to all aspects of cnidarian 

biology. For example, several developmental transcriptomes now exist, shedding light 

https://www.genome.gov/sequencingcosts/
http://www.compagen.org/aurelia/
https://research.nhgri.nih.gov/hydractinia/
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on both the complex life cycles of cnidarians like the Moon Jellyfish Aurelia aurita 

(Brekhman et al., 2015), and providing a valuable resource for the community of well-

established model systems like Nematostella vectensis (Tulin et al., 2013). Another 

important aspect of cnidarian biology is coral-dinoflagellate symbiosis and the effect 

of climate change on coral reef bleaching. Transcriptomic data using coral and other 

model organisms are helping environmental scientists understand this process (Moya 

et al., 2012; Voolstra et al., 2009). Transcriptomic data are now also available for 

previously underrepresented classes such as the Scyphozoa (Brekhman et al., 2015; 

Ponce et al., 2016), Cubozoa (Brinkman et al., 2015) and Myxozoa (Chang et al., 2015), 

providing valuable insight into the diversity of Cnidaria. However, in a phylum as 

diverse as Cnidaria the addition of more transcriptomic and genomic datasets will 

vastly improve our understanding into the reasons for their success. The Hydrozoa in 

particular (which includes our model of interest Hydractinia echinata) are extremely 

diverse in terms of life cycles, morphology, territory and development.  As new high-

quality datasets become available it will allow researchers to carry out more 

comparative studies between cnidarian clades and address questions such as 

diversity in life history and highlight the similarities and differences between species.  

 

The study of cnidarian ‘omics has revealed that, despite their relatively simple 

morphology, cnidarians possess a complex and highly conserved gene repertoire 

(Chapman et al., 2010; Putnam et al., 2007; Schwaiger et al., 2014; Kortschak et al., 

2003). Indeed, most signaling pathways and transcription factors associated with 

bilaterian development can be found in the genomes of cnidarians. These include 

many bilaterian mesodermal genes, including foxA, bracyury, gata, twist and mox 

(Technau et al., 2015). Insights from cnidarian ‘omics have revealed that they also 

possess the genetic machinery for small RNA mediated gene regulation (Moran et al., 

2013). 

 

1.3 Hydractinia as a model organism 

The cnidarian Hydractinia is a marine colonial hydrozoan that, as an adult, can be 

found growing on the back of hermit crab shells (Frank et al., 2001; Plickert et al., 



7 
 

2012). Hydractinia is dioecious and possesses both an asexual and sexual 

reproductive lifestyle (fig 1.2a). Males and females form separate colonies on shells, 

releasing their gametes into the water column from sexual polyps. Fertilization occurs 

in the water column and the new zygote develops into a planula larva in around 48-

72 hours. These larvae attach to the shell of a passing hermit crab where bacteria on 

the shell induces metamorphosis into a primary polyp (Spindler and Muller, 1972). 

This process can be artificially induced under laboratory conditions using cesium 

chloride (Frank et al., 2001; Müller and Buchal, 1973). The gastrovascular network of 

tubes, called the stolon, grow from this primary polyp and give rise to new polyps. 

The growing adult colonies consist of several polyp types: the feeding polyp, known 

as the gastrozooid; the male and female sexual polyps or gonozooids; and defensive 

polyps, the tentactulozooids and the dactylozooids (Sanders et al., 2014). The colony 

continues to grow across the shell and reaches sexual maturity within 3-6 months. 

Figure 1.2: Hydractinia life-cycle. The adult colony polyp polymorphism and life cycle of Hydractinia 

echinata (Gahan et al., 2016) 

 

Like other hydrozoans, Hydractinia possesses a population of migratory, lifelong stem 

cells known as i-cells. These cells reside in the interstitial spaces between epidermal 

epithelial cells, hence the name. The i-cell population in Hydractinia is believed to be 

pluripotent and can give rise to all cell lineages (Müller et al., 2004; Gahan et al., 

2016). They are responsible for the growth, regeneration and maintenance of 

homeostasis in the organism. These cells express genes commonly associated with 
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stem cells or germline cells in bilaterians, such as Piwi, Pl10, Vasa, POU homeobox 

gens, and SoxB genes (Gahan et al., 2017; Bradshaw et al., 2015; Millane et al., 2011; 

Rebscher et al., 2008; Flici et al., 2017). Two separate modes of regeneration exist for 

oral and aboral structures (Bradshaw et al., 2015). Upon decapitation, wound healing 

occurs within a few hours. Following this i-cells migrate to the prospective head and 

form a proliferative blastema that provides cells for the new head. This process is 

short, usually taking only 2-3 days. Aboral regeneration, which allows a single polyp 

to reform an entire colony, can take several weeks, by contrast. These two primary 

modes of regeneration reflect the enormous tissue plasticity of Hydractinia 

(Bradshaw et al., 2015; Gahan et al., 2016). 

 

Hydractinia has been used as a cnidarian model organism for over 100 years 

(Weismann, 1883). Two species have served as the main models, the European H. 

echinata, and its North American sister H. symbiolongicarpus (Plickert et al., 2012). 

Historically, research utilizing H. echinata has primarily focused on stem cell biology 

and regeneration (Duffy et al., 2010; Gahan et al., 2016; Plickert et al., 2012; 

Bradshaw et al., 2015), while H. symbiolongicarpus has been used as a powerful 

model for studying immunity and allorecognition (Mokady and Buss, 1996; Rosa et 

al., 2010; Karadge et al., 2015; Zárate-Potes and Cadavid, 2014). A variety of 

techniques have been developed making Hydractinia an excellent model system. 

Transplantation techniques of individual polyps and whole colonies for morphological 

studies can be easily and reliably carried out. Hydractinia is amenable to molecular 

techniques including whole mount in situ hybridization for mRNA expression studies 

and antibody staining for protein studies. Microinjection of embryos can be utilized 

for development of transgenic/overexpression animals and common genetic 

knockdown techniques such as RNAi and morpholinos are also amenable (Plickert et 

al., 2012; Millane et al., 2011; Kanska and Frank, 2013). Recent work has established 

CRISPR technology in Hydractinia (Gahan et al., 2017). As a small translucent animal, 

tracking of live transgenic cells can be carried out in vivo, and expression of transcripts 

and proteins can be studied in the whole intact animal (Bradshaw et al., 2015; Duffy 

et al., 2010; Millane et al., 2011).  
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The sequencing of the genomes of both Hydractinia species is currently being 

undertaken by an international group of researchers, The Hydractinia Genome 

Consortium, led by the National Human Genome Research Institute (NHGRI) at the 

NIH in Bethesda, Maryland (Dupre et al., 2017; Juliano and Hobmayer, 2016). A 

current draft assembly, which was used in this research project, is currently available 

for Hydractinia echinata (https://research.nhgri.nih.gov/Hydractinia/).  Upon 

completion, these high-quality genomes will provide an excellent resource to the 

growing community of Hydractinia researchers, and for the greater research 

community.  

 

1.4 A brief introduction to molecular phylogenetics 

Molecular phylogenetics is the computational science of reconstructing evolutionary 

history. It infers evolutionary relationships using nucleotide or protein sequences, 

rather than utilizing the fossil record or morphological traits employed in classical 

phylogenetics (Baldauf, 2003). The results of these analyses are shown as 

phylogenetic trees comprised of branches and nodes (fig. 1.3). Terminal nodes 

represent the taxonomic units of interest, i.e. species or sequences; internal nodes 

represent points where two or more branches diverge, and the position in time of the 

last common ancestor (LCA) of these taxa. Groups of branches represent clades 

within a tree. Monophyletic clades arise from the same common ancestor. Species A, 

B, C and D are members of a monophyletic clade in figure 1.3 below. A clade excluding 

some of its descendants is a paraphyletic clade, Species B, C and D below are an 

example. Finally, taxa grouped together that do not share an immediate common 

ancestor are polyphyletic. Species C & D and E & F in figure 1.3 are polyphyletic. A 

tree can be rooted, showing the oldest node. This is usually done using an outgroup, 

with is often an external point of reference that is not a member of the group of 

interest. Examples of outgroups would be single cell eukaryotes to metazoans, or as 

it pertains to this study, the Cnidaria as an outgroup of Bilateria (Delsuc et al., 2005). 

In the absence of an outgroup a tree can be rooted at its midpoint (midpoint rooted) 

or left unrooted.  

https://research.nhgri.nih.gov/hydractinia/
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Figure 1.3: Schematic diagram of a rooted phylogenetic tree. Each taxon, in this case Species, lies at 

the end of a branch. Branches diverge at nodes, shown here in red circles.  

 

Phylogenetic trees can be inferred from a multiple sequence alignment. Pairwise 

alignments are made up of sequences (protein or nucleotide) arranged as a list of 

letters (string) in a pairwise fashion to look for similarities (Baldauf, 2003). Gaps in 

positions of alignments represent putative insertions or deletions. Multiple sequence 

alignments (MSA’s) build on this premise and usually consist of a matrix where each 

row represents a single sequence and each column represents aligned residues or 

nucleotides. Multiple sequence alignment is a computationally intensive process and 

an ‘optimal’ MSA algorithm has yet to be developed. Though many alignment tools 

are available (Thompson et al., 1994; Notredame et al., 2000; Edgar, 2004; Katoh and 

Standley, 2013), an exhaustive MSA with more than 6-7 sequences is virtually 

impossible (Carrillo and Lipman, 1988). Molecular phylogenetics is based on the 

premise that amino acids/nucleotides in each column are homologous.  This 

assumption only holds however, if the MSA is correct. A phylogenetic reconstruction 

therefore, is only as good as the multiple sequence alignment and great care must be 

taken to minimize bias in the alignment (Baldauf, 2003). 

 

1.4.1 Methods of phylogenetic reconstruction 

Phylogenetic methodologies fall broadly into two main types: distance matrix 

methods (e.g. UPGMA and neighbour joining); and discrete data methods (e.g. 
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maximum likelihood, parsimony, and Bayesian). Distance methods are much more 

straightforward algorithms when compared to their likelihood based cousins; here 

the distance (this is a method dependent metric but is roughly the percentage 

difference) is calculated for each sequence pair in the MSA and a distance matrix is 

compiled. A phylogenetic tree is then inferred from these distances (Baldauf, 2003; 

Holder and Lewis, 2003). Distance methods are much faster and less computationally 

intensive than other methods.  Discrete data methods, or tree searching methods, 

are more complex; these look at each column of the alignment separately and 

attempt to find the best tree that fits all the information. This is known as searching 

the ‘tree space’, and the best tree that fits criteria of the model of evolution is chosen. 

Maximum parsimony methods attempt to find the tree that can explain the 

sequences observed on the terminal nodes using the lowest number of mutations. 

By contrast, likelihood-based methods look for the tree that maximizes the likelihood 

of the data, given a model of evolution (Stamatakis, 2014; Guindon et al., 2009). 

Bayesian phylogenetics methods are similar to likelihood based methods, but seek to 

identify the tree with the highest posterior probability, given the data and the 

evolutionary model (Holder and Lewis, 2003; Huelsenbeck and Ronquist, 2001). 

These methods are more expensive computationally but can account for uneven rates 

of evolution across the protein, thus in theory providing more biologically relevant 

information than distance methods (Baldauf, 2003).  

 

Evolutionary models (or substitution models) are mathematical descriptions of how 

the sequences are evolving. For example, the JC69 model assumes that all DNA 

mutations are equally likely (A -> T; A -> G; A -> C; C -> G; C -> T; G -> T; reverse 

mutations) (Jukes et al., 1969). Protein phylogenetics uses empirically derived 

substitution matrices rather than trying to model the rate of evolution. Examples of 

these are the JTT (Jones et al., 1992), and Dayhoff (Dayhoff et al., 1978) models. 

Different substitution models can produce very different results, and the more 

complex the model does not necessarily mean a more biologically relevant result 

(Sullivan and Joyce, 2005). Useful programs such as Prottest (Darriba et al., 2011; 

Abascal et al., 2005) and a Perl script coupled with RAxML (ProteinModelSelection.pl) 

(Stamatakis, 2014) can help choose the ‘best’ model for the relevant dataset.  
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1.5 Overview and aims of this thesis 

Hydractinia echinata is a powerful model organism for the study of evolutionary, 

developmental, and regenerative biology. Advances in NGS technologies have 

provided researchers the ability to obtain vast quantities of genetic information, of 

great value to both emerging and established model organism research. However, 

current datasets are either outdated, or not yet completed. The requirement of a new 

reference transcriptome for Hydractinia echinata is thus important.  

 

The aim of this project is to generate a high quality, non-redundant and annotated 

transcriptome of Hydractinia echinata. Using this newly generated transcriptome, 

and bioinformatic and phylogenetic methods, I will then examine two superfamilies 

of proteins in more detail, homeobox genes and lectins. Homeobox genes are of great 

interest and importance to developmental biology (Holland, 2013), and an 

understanding of the complement and phylogenetic relationships of genes in 

Hydractinia, especially with respect to other cnidarians, may help explain their 

diversity and plasticity.  

 

Lectins are an umbrella term for a diverse, and not necessarily related, set of 

carbohydrate binding proteins found in all Kingdoms of Life (Gupta, 2012). Lectins 

fulfill a variety of biological functions in virtually all aspects of life. The data on lectins 

and lectin-like genes in cnidarians and other early diverging metazoans are currently 

poor and no previous genome/transcriptome wide studies of lectins on these phyla 

have been carried out, making this a novel study into an important superfamily of 

proteins. As well as this, preliminary studies on the expression and putative function 

of a handful of lectins in Hydractinia have already been carried out (López et al., 

20011; Mali et al., 2011; Schwarz et al., 2007; Mali et al., 2006). This makes 

Hydractinia an excellent model to examine lectin diversity and this thesis aims to 

augment the current but limited knowledge of lectins in cnidarians. Using the 

transcriptome of Hydractinia as a reference, I wish to examine the complement of 

lectins in cnidarians and compare these to the lectins in other non-bilaterian 

metazoans. This study will be the first catalog of lectin like genes in pre-bilaterian 
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animals and will not only provide a new resource for the cnidarian and lectin 

community but may also provide insight into the diversification of these proteins in 

metazoans. 
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Chapter 2: Materials and Methods 

 

Bioinformatics pipelines and UNIX commands are detailed in appendix A. In house 

scripts appear in appendix B and, unless otherwise stated, are written in Perl (.pl 

extension). ‘Appendices’ refer to the sections at the end of this document while 

‘supplementary files’ can be found on the CD/online data accompanying this thesis. 

A full list of files on the CD can be found in appendix C and on the CD. Supplamentary 

files will also be deposited along with the electronic copy of this thesis at 

https://aran.library.nuigalway.ie/. 

 

2.1 Hydractinia echinata transcriptome assembly and annotation 

 

2.1.1 Transcriptome pre-processing and assembly 

RNA-seq reads used in the transcriptome assembly comprised of reads generated 

from feeding polyps from animals sampled in Galway, Ireland and reads generated 

from several stages of development; including pre-planulae, larvae, metamorphosing 

animals and adult polyps (Dr Philipp Schiffer and Dr. Günter Plickertt, sampled from 

Roscoff, France). The assembly pipeline was as follows: RNA libraries from gamma-

irradiated and non-irradiated adult feeding polyps (sampled from Galway Bay, 

Ireland) were sequenced on an Illumina HiSeq2000 flow cell. Roughly 30 million 

paired end raw reads at 100bp in length were sequenced with a library insert size of 

~140bp. RNA was sequenced at the NIH Intramural Sequencing Centre 

(https://www.nisc.nih.gov/). RNA read quality was assessed with fastqc 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Over-represented 

reads from the fastqc report were matched against the NCBI non-redundant 

database and those that annotated as ribosomal RNA reads were copied and added 

to a fasta file along with Illumina adapters and PCR primers (packaged with 

Trimmomatic, see below). Next, low abundance k-mers were corrected or removed 

from the fastq files with ALLPATHS-LG ErrorCorrerectReads.pl (Gnerre et al., 2011) 

with default settings. Trimmomatic (v0.30) was then used for further pre-processing 

prior to assembly (Bolger et al., 2014). Trimmomatic was run as follows: RNA primers 

https://aran.library.nuigalway.ie/
https://www.nisc.nih.gov/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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and adapters were removed, along with reads resembling overexpressed rRNA reads 

mentioned above, using the ILLUMINACLIP function with default settings (2:30:10); 

the first 10 bases of each read were removed with HEADCROP; any 3' bases that fell 

below a quality score of 20 were removed with the TRAILING function. Finally reads 

over 60 base pairs were retained. Mixed paired-end RNA-seq reads from the mixed 

Hydractinia echinata developmental stages were subsequently donated by Dr 

Schiffer and Dr. Plickertt (sampled from Roscoff, France). All reads were combined 

and assembled with the de novo transcriptome assembler, Trinity (Haas et al., 2013, 

Grabherr et al., 2011) (v20140416), with the following arguments: --seqTyoe fq; --JM 

312G; --CPU 28; --normalize_reads. Trinity in-silico normalization of the reads was 

performed with default settings during the assembly run.  

 

2.1.2 Post-assembly quality assessment, translation and redundancy removal 

The transcriptome assembly ‘Trinity.fasta’ (supp. file ‘S1-SequenceDatasets’) was 

assessed with the Trinity utility script ‘Trinity_stats.pl’. A list of 64 previously cloned 

Hydractinia echinata genes (supp. file ‘S1-SequenceDatasets’) were aligned to the 

transcriptome using BLAT (Kent, 2002) with default settings. The results of the 

alignment were analyzed with the Perl script ‘BLAT to assess assembly (baa.pl)’ (Ryan, 

2013) which summarizes a BLAT output file. Baa.pl was run with default settings. 

Baa.pl is available at https://github.com/josephryan/isoblat (now called Isoblat.pl). 

Quality of assembly was further determined with two programs designed to search 

for highly conserved genes in genomic and transcriptomic data: the Core Eukaryotic 

Genes Mapping Approach, CEGMA, (v2.4) (Parra et al., 2007) and Benchmarking 

Universal Single Copy Orthologs, BUSCO (v3) (Simão et al., 2015). CEGMA was run 

with default settings. BUSCO was run in ‘transcriptome’ mode with the metazoan 

gene dataset, available at (http://busco.ezlab.org/).  

 

Sequences were translated with the Trinity script ‘TransDecoder’ with default 

settings (https://github.com/TransDecoder/TransDecoder/wiki). Proteins over 

100aa were retained. Sequences in the translated assembly ‘Trinity_pep.fasta’ (supp 

file ‘S1-SequenceDatasets’) were clustered with CD-HIT to remove identical 

sequences (Li and Godzik, 2006). CD-HIT was run three times with a clustering cut-off 

https://github.com/josephryan/isoblat
https://github.com/TransDecoder/TransDecoder/wiki
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of 100%, 95% and 90% sequence identity for comparison. BUSCO was then re-run on 

the translated transcriptome and the three non-redundant datasets to determine the 

level of redundancy removed. The non-redundant transcriptome that resulted from 

the output of CD-HIT with a cluster of 100% was used for all downstream annotation, 

here called ‘Trinity_NR_pep.fasta’ (supp. file ‘S1-SequenceDatasets’).  

 

2.1.3 Comparison to other cnidarian databases 

The non-redundant H. echinata transcriptome was compared to several other 

cnidarian transcriptomes. Cnidarian databases examined were the transcriptomes of 

Anthopleura elegantissima (Kitchen et al., 2015), Aurelia aurita (Brekhman et al., 

2015), Clytia hemisphaerica (Lapébie et al., 2014) (available at 

http://www.compagen.org/datasets.html), Edwardsiella lineata (Stefanik et al., 

2014), Hydra vulgaris (Wenger and Galliot, 2013) and Podocoryna carnea (Sanders 

and Cartwright, 2015). In an effort to reduce bias each dataset was treated in the 

same manner as the Hydractinia transcriptome. Each dataset was translated with 

TransDecoder and following this 100% identical sequences were clustered and 

removed with CD-HIT as described above. BUSCO was then run on each dataset using 

the metazoan gene dataset. Results were collected and compared to the NR 

Hydractinia transcriptome, ‘Trinity_NR.fasta’. 

 

2.1.4 Hydractinia echinata transcriptome annotation 

Trinity_NR.fasta was annotated using several databases with the command line 

BLAST+ suite (Camacho et al., 2009) (v2.2.27). BLASTp was performed against the 

Uniprot TrEMBL database (www.uniprot.org) with an e-value cut-off of 1e-05. The 

top hit was selected. Following this BLASTp was performed against the cnidarian non-

redundant protein database (https://www.ncbi.nlm.nih.gov/protein/ taxid=6073) 

with the same settings as those used in the TrEMBL BLAST search. Finally, the 

transcripts were searched using the HMM based program InterProScan (v5). Matches 

were then compared for genes in common and unique to each dataset with Venny2.0 

(http://bioinfogp.cnb.csic.es/tools/venny/). Annotation files can be found in 

supplementary file ‘S2-Annotations’. Total annotations for the full transcriptome 

http://www.compagen.org/datasets.html
http://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/protein/
http://bioinfogp.cnb.csic.es/tools/venny/
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were calculated by mapping annotated proteins from ‘Trinity_NR.fasta’ back to each 

protein within its redundant CD-HIT cluster. 

 

2.1.4.1 Functional annotation with PANTHER  

‘Trinity_NR.fasta’ was queried against the Uniprot Swiss-Prot database using the 

BLASTp method described above. Following this, proteins were functionally 

annotated using the Protein ANalysis THrough Evolutionary Relationships (PANTHER) 

classification system (Mi et al., 2017; Thomas et al., 2006). Uniprot accession 

numbers from matched H. echinata sequences were submitted to the PANTHER 

‘Gene List Analysis’ server for functional classification using default settings 

(http://www.pantherdb.org/). PANTHER takes the Swiss-Prot gene ID’s and classifies 

them; assigning gene functions, ontology and pathways. Results can be displayed as 

interactive pie charts, bar charts or gene lists. PANTHER ‘GO Slim’ results for Gene 

Ontology (GO) ‘Molecular Function’, ‘Cellular Component’ and ‘Biological Process’ 

were downloaded. Full PANTHER gene annotations can be found in 

PANTHER_annotation.xls (supp. file ‘S2-Annotations’). As well as GO annotation, 

PANTHER attempts to assign related proteins to several protein classes. Bar chart 

results for PANTHER ‘Protein Class Analysis’ were also downloaded and examined. 

The sub-category ‘Transcription factors’ were selected for further analysis.  

 

2.1.5 Reciprocal BLAST analyses to identify putative orthologs 

In order to determine putative sequence orthologs within other metazoans, 

Reciprocal best BLAST Hit (RBBH) analyses were performed against a number of 

cnidarian and non-cnidarian metazoan transcriptomes and gene models (Moreno-

Hagelsieb and Latimer, 2007). Gene models were downloaded from the Ensembl 

genome browser (https://www.ensembl.org/index.html), and species-specific web 

portals such as the Mnemiopsis genome web portal 

(https://research.nhgri.nih.gov/mnemiopsis/). Cnidarian databases used in this 

analysis were the same as those used listed in section 3.2.3 with the addition of gene 

models from the cnidarians Nematostella vectensis (Putnam et al., 2007), Acropora 

digitifera (Shinzato et al., 2011) and Aiptasia pallida (Baumgarten et al., 2015). The 

non-bilaterian metazoans used were Amphimedon queenslandica; Mnemiopsis 

http://www.pantherdb.org/
https://www.ensembl.org/index.html
https://research.nhgri.nih.gov/mnemiopsis/
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leidyi; and Tricoplax adhaerans. The bilaterian species databases examined were 

Caenorhabditis elegans; Ciona intestinalis; Danio rerio; Drosophila melanogaster; 

Homo sapiens; and Strongylocentrotus purpuratus. Hydractinia sequences (NR 

proteins) were used as queries for a BLAST search in each database with soft-masking 

turned on as suggested (Moreno-Hagelsieb and Latimer, 2007) and an e-value cut-

off of 1e-05; in turn each of the metazoan datasets were used as queries against the 

Hydractinia NR proteins in the same manner. The script ‘ReciprocalBLAST.pl’ 

(appendix B) was used to find all reciprocal matches such that ‘Hydractinia query A’ 

matches ‘species gene B’; and ‘species query B’ matches ‘Hydractinia gene A’. Total 

RBBH counts were subsequently tallied.  

 

2.1.6 Combining annotation approaches to find putative cnidarian-restricted orthologs  

Hydractinia RBBH’s from all cnidarians were concatenated to a single file, as were the 

proteins from the non-cnidarian metazoan RBBH’s. These were compared using 

Venny 2.0 and the hits that were exclusive to cnidarian databases (cnidarian-only 

RBBH’s) were extracted. These were then compared to the hits from TrEMBL, 

InterProScan and the Cnidaria NCBI nr database (section 2.1.4). The subset of 

proteins that were found only in the cnidarian RBBH analysis to the exclusion of all 

others were separated into ‘Hydrozoan Only’ hits using Venny. ‘Hydrozoan Only’ hits 

were selected by finding Hydractinia proteins from the reciprocal BLAST that had 

orthologs only in Clytia, Hydra or Podocoryna, to the exclusion of the other cnidarian 

species analyzed. 

 

2.2 Identifying and classifying the homeodomain protein complement of 

Hydractinia echinata 

 

2.2.1 Retrieving homeodomain sequences from the Hydractinia transcriptome 

Homeodomain sequences from multiple metazoan species were downloaded from 

‘HomeoDB’ website (http://homeodb.zoo.ox.ac.uk/) and the ‘Homeodomain 

Resource Database‘ (https://research.nhgri.nih.gov/homeodomain/). Sequences 

were concatenated into a single list and all redundant sequences were removed 

http://homeodb.zoo.ox.ac.uk/
https://research.nhgri.nih.gov/homeodomain/
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giving a list of 931 non-redundant homeodomain sequences (supp. file ‘S1-

SequenceDatasets/Homeobox_query_list.fasta’). The Hydractinia transcriptome was 

mined for putative Hydractinia homeobox sequences with BLAST+ (v2.2.27 and 

2.2.31) (Camacho et al., 2009) using the above metazoan sequences as queries with 

an e-value cut-off of 1e-03, based on previous searches for homeodomain-encoding 

sequences in cnidarians (Ryan et al., 2006). Sequences were translated into six 

reading frames using the EMBOSS tool ‘transeq’ (Rice et al., 2000). Homeodomains 

and secondary protein domains were predicted using the HMMER (v 3.1b1) program 

HMMSCAN (Mistry et al., 2013). Sequences with the same Trinity component name 

and identical homeodomain sequence were removed as duplicates/predicted splice 

variants. 

 

2.2.2 Searching the H. echinata genome for homeodomains 

Homeodomain sequences from the Hydractinia transcriptome were mapped to the 

draft Hydractinia genome (https://research.nhgri.nih.gov/Hydractinia/)  using 

BLAST+. These areas of the genome were subsequently masked using BED tools 

‘maskfasta’ tool (Quinlan and Hall, 2010). The genome was then mined for homeobox 

sequences using the same metazoan list as above using the TBLASTN program. 5kb 

flanking regions of these contigs surrounding the BLAST hits were extracted using the 

in-house script ‘5kbFlankingRegions.pl’. Gene sequences were predicted using the 

Geneious software (v8.1) plugin of AUGUSTUS (Stanke et al., 2004; Kearse et al., 

2012)  and the online version of the gene prediction program FGENESH+ (Solovyev, 

2004) 

(http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgrou

p=gfind). Results were collated, and scanned for homeodomain regions with 

HMMSEARCH. Any predicted genes without homeoboxes were discarded. The final 

set of homeobox genes were manually inspected for duplications and a final non-

redundant list were used for all downstream analyses. These genes were imported 

into Geneious and secondary protein domain structures were predicted with 

InterProScan (Jones et al., 2014). 

 

https://research.nhgri.nih.gov/hydractinia/
http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
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2.2.3 Homeodomain superfamily tree alignment 

The Hydractinia homeodomain sequences were initially aligned to the dataset from 

Ryan et al., (2010) with the Mnemiopsis leidyi sequences removed.  Thus, this dataset 

contained sequences from human, Drosophila melanogaster, Hydractinia echinata 

and a number of ‘placeholder’ species representing homeodomain families absent 

from human or Drosophila. Sequences were aligned in Geneious using MAFFT (Katoh 

et al., 2002) with a gap penalty of 3. For the superfamily tree analysis, the three amino 

acid extensions between the first and second helices associated with TALE homeobox 

genes were removed. Gaps caused by uninformative/atypical residues were removed 

by eye. The final 60aa homeodomain alignment was used for phylogenetic analyses. 

Alignment file can be found in supp. folder ‘S3-

SequenceAlignments/HomeoboxSequenceAlignments’. 

 

2.2.4 Phylogenetic analysis of the homeodomain superfamily 

Homeodomain superfamily trees were generated using RAxML v8 (Stamatakis, 2014) 

and the MPI implementation of MrBayes (v3.2.6) (Huelsenbeck and Ronquist, 2001; 

Ronquist and Huelsenbeck, 2003; Altekar et al., 2004). The program prottest3 

(Darriba et al., 2011; Guindon and Gascuel, 2003) was used to evaluate the best fitting 

evolutionary model for the dataset (LG + G). This protein model was applied to all 

downstream phylogenetic analyses. Two independent runs of RAxML were carried 

out using 10 randomized Maxmimum Parsimony starting trees (default setting). The 

tree with the best log likelihood score (called ‘bestTree’ in each run) was then 

selected. 1000 bootstrap support values were calculated and applied to the ML tree. 

For the Bayesian analysis, two runs of five chains were carried out for a total of 

10,000,000 generations, sampling every 100 generations. Trees sampled from both 

runs were combined and summarized using the ‘sumt’ command, discarding the first 

25% as burn-in and generating the final consensus tree. Both tree files were loaded 

into FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/) for downstream 

editing. Finally, these trees were loaded into Inkscape for highlighting and final 

preparation. Unedited trees in nexus and phylip format are found in supplementary 

folder ‘S4-PhylogeneticTrees/HomeoboxTrees’. 
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2.2.5 BLAST based annotation of Hydractinia echinata HD genes 

For each of the recovered HD sequences two BLAST based annotations were 

performed. In the first analysis, the homeodomain of each sequence was isolated and 

converted into FASTA format. Each HD sequence was then submitted to the NCBI 

online BLAST server (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Analysis was carried 

out using the tBLASTn program against the non-redundant (NR) nucleotide database 

with default settings. The top 5 hits for each homeobox query was collected. The 

analysis was repeated a second time, this time using the full predicted translated 

protein rather than the homeodomain alone. Once again, the top 5 hits for each 

sequence were collected and analyzed. BLAST hits can be found in supp. file ‘S2-

Annotation’ 

 

2.2.6 Family level annotation of the Hydractinia homeobox complement 

The topologies of each Superfamily tree were compared and the class-level 

phylogenetic position of all Hydractinia echinata genes were noted. Secondary 

domains were predicted using the InterProScan plugin of the Geneious software 

package. Phylogenetic information was combined with secondary structure domain 

annotation and atypical/identifying amino acids, and was used to classify each 

homeobox gene into its respective family. For example, homeobox genes that 

clustered with the clade containing LIM genes that also contained a LIM domain were 

classified as LIM homeobox genes. Similarly, genes that grouped with known TALE 

class genes also contained the characteristic three amino acid extension between the 

first and second helix of the HD and were classified as TALE genes. 

 

For the ANTP, PRD, and LIM classes, Hydractinia homeodomains were aligned to the 

annotated homeodomain sequences of the same class from human, Brachiostoma 

floridae, Drosophila melanogaster, Caenharobditis elegans; and the early branching 

metazoans Amphimedon queenslandica (Srivastava et al., 2010; Ryan et al., 2010), 

Nematostella vectensis (Ryan et al., 2006), Mnemiopsis leidyi (Ryan et al., 2010) and 

Tricoplax adhearans (Srivastava et al., 2008). These sequences were downloaded 

from the HomeoDB, Homeodomain Resource, and from cited publications. Due to 

the large number of sequences in the alignment, and the lack of clear annotation for 
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ANTP class Mnemiopsis sequences (Ryan et al., 2010), Mnemiopsis leidyi sequences 

were omitted from the ANTP alignment. For POU, TALE, and SINE gens secondary 

domains were added to their respective alignments. For Human, fly, Amphioxus and 

C. elegans, accessions for each HD were gathered from the HomeoDB, and the 

sequences were downloaded from the NCBI. For Nematostella, Tricoplax and 

Amphimedon, accessions for each homeodomain were gathered and the full 

sequences were downloaded from each species’ respective genome page on the JGI 

and Ensembl genome browsers (http://genome.jgi.doe.gov/ and 

http://www.ensembl.org/index.html respectively). Finally, full sequences for 

Mnemiopsis leidyi were downloaded from then Mnemiopsis genome portal 

(http://www.ensembl.org/index.html) (Moreland et al., 2014).  Genes were loaded 

into Geneious and secondary domains predicted using InterProScan. Mnemiopsis 

sequences lacking a SIX domain were omitted from the SINE alignment due to lack of 

phylogenetic signal. For CERS genes, the above databases of each basal metazoan 

(sponge, comb jelly, placozoan and cnidarian) were queried using CERS class 

homeodomains and TLC domains. Only sequences containing both were used in our 

analysis.  

 

 Sequences were aligned in Geneious with MAFFT as described above. All alignments 

are available in supp file ‘S3-SequenceAlignments/HomeoboxSequenceAlignments’. 

Maximum Likelihood phylogenetics were carried out as above using 10 starter trees. 

1000 bootstrap replicates were applied to the best scoring ML tree. Bayesian 

inference was carried out as in section 3.2.4, running for 5,000,000 generations 

sampling ever 100 generations. If, the analysis did not converge (where the diagnostic 

‘standard deviation of split frequencies’ did not all fall below 0.01) the trees were run 

for a total of 10,000,000 generations once again sampling every 100 generations. This 

was carried out for ANTP and PRD alignments. Each tree was loaded into the tree 

viewer FigTree (v1.4.3, available at http://tree.bio.ed.ac.uk/software/figtree/) for 

downstream editing. Finally, these trees were loaded into Inkscape 

(https://inkscape.org/en/) for highlighting and final preparation. Tree topologies of 

both phylogenetic methods (ML and Bayesian) were compared and used to classify 

http://genome.jgi.doe.gov/
http://www.ensembl.org/index.html
http://www.ensembl.org/index.html
http://tree.bio.ed.ac.uk/software/figtree/
https://inkscape.org/en/
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each Hydractinia gene into its respective family. All tree files can be found in ‘S4-

PhylogeneticTrees/HomeoboxTrees’. 

 

2.2.6.1 Phylogenetics of HOX-L subclass genes 

Based on results from the superfamily tree analysis, and the ANTP family tree, genes 

found to belong to the ANTP class were separated into the sub-classes HOX-L and NK-

L. Sequences belonging to the HOX-L subclass were aligned to published and 

previously annotated HOX-L sequences from several cnidarian species which were 

downloaded from the NCBI database, along with human and fly genes. The cnidarian 

taxa used were: Acropora digitifera; Aiptasia pallida; Clytia hemisphaerica; Hy=Hydra 

species; Elutheria dichotoma; Nematostella vectensis and Podocoryna carnea. 

Phylogenetics were carried out as above. This was done to classify the non-anterior 

cnidarian specific Hox-like genes into their respective families. 

 

2.2.7 Search for genomic clustering of Hydractinia HD genes 

Each of the 67 homeobox genes was queried against the draft Illumina genome of 

Hydractinia echinata (https://research.nhgri.nih.gov/Hydractinia/) using the BLASTn 

program in Geneious with an e-value cut-off of 1e-10. For each sequence the contig 

number, genomic strand, and co-ordinates were noted. Contigs with more than one 

HD gene were selected and the distance between each gene was recorded. In late 

2016, towards the end of this study, a draft genome assembly based on Pacific 

Biosciences technology (http://www.pacb.com/) was generated and generously 

made available by Dr. Christine Schnitzler. This assembly contained longer contigious 

sequences than the Illumina genome. The same pipeline was carried out on this 

genome, and scaffolds with multiple homeobox genes were recorded and co-

ordinates taken. The results from each genome were then compared.  

 

 

 

https://research.nhgri.nih.gov/hydractinia/
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2.3 Characterizing lectin proteins in Hydractinia echinata and other early-

diverging metazoans 

 

2.3.1 Querying the Hydractinia echinata transcriptome for lectin-like genes  

Query sequences for the major groups of animal lectins (calnexins, L-type, P-type, M-

type, R-type, galectins, C-type and I-type) from H. sapiens, D. melanogaster, C. 

elegans, and several other metazoan and eukaryotic sequences were downloaded. 

Sequences were obtained from the Uniprot Swissprot database (www.uniprot.org), 

the NCBI protein database (https://www.ncbi.nlm.nih.gov/protein), and from the 

genomics resource for animal lectins website, available at 

(https://www.imperial.ac.uk/animallectins/default.html). Sequences used as 

queries can be found in ’S1-SequenceDatasets/Query_lectin_sequences.fasta’. A 

similar search strategy used in homeobox mining (chapter 3) was employed. For each 

lectin group, BLAST+ (v2.2.27) was employed to search the de novo Hydractinia 

echinata transcriptome (chapter 2), using eukaryotic lectin proteins as queries.  An 

e-value cut-off of 1e-03 was used, as above. Redundant BLAST hits were removed. 

Sequences were translated using emboss transeq tool and the longest open reading 

frame was selected. The six-frame translation of the Hydractinia transcriptome was 

also queried for putative lectins using HMM profiles of lectin family CRD’s. Lectin 

CRD’s were downloaded from the PFAM website (http://pfam.xfam.org/). The 

following HMM profiles were used: calnexins (Calreticulin=PF00262); L-type lectins 

(Lectin_legB=PF00139); M-type lectins (Glyco_hydro_47=PF01532); C-type lectins 

(Lectin_C=PF00059); galectins (Gal-bind_lectin=PF00337); I-type lectins (ig 

=PF00047); R-type lectins (Ricin_B_lectin=PF00652). There are numerous mannose-

6-phosphate receptor homology domains (MRH domains) associated with P-type 

lectins and all were used as search queries. These are: PRKCSH (PF07915); PRKCSH-

like (PF12999); PRKCSH_1 (PF13015); CIMR (PF00878) and Man-6-P_recep (PF02157). 

The HMMER (v 3.1b1) program HMMSEARCH (Mistry et al., 2013) was employed to 

mine the translated transcriptome using each model. Positive sequences were 

extracted and combined with all sequences found using the BLAST based approach. 

Redundant sequences were then removed. Sequences were deemed redundant if 

http://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/protein
https://www.imperial.ac.uk/animallectins/default.html
http://pfam.xfam.org/
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they were the same hit from both independent searching methods, or if a protein 

shared the same Trinity component name and 95% sequence similarity (for example 

c100_g1_i1 and c100_g1_i2, with a sequence similarity of 96% were deemed 

redundant and only the longest was retained). Lectin CRD’s and secondary domains 

were predicted with the InterProScan plugin for the Geneious software package. L 

proteins can be found in ‘S1-SequenceDatasets/Hechinata_lectins.fasta’ 

 

2.3.2 Searching for lectins in other early branching metazoans 

The published genomes of Mnemiopsis leidyi (Ryan et al., 2013), Amphimedon 

queenslandica (Srivastava et al., 2010), Tricoplax adhaerans (Srivastava et al., 2008) 

and Nematostella vectensis (Putnam et al., 2007) were examined for evidence of 

lectin like genes. BLAST based searches (e-value cut-off 1e-03) were carried out using 

the online genome browser for each organism. Following this, the annotated gene 

models were searched using the PFAM accession listed above, using their respective 

genome browser tool/interface. These sequences were subsequently downloaded 

and used for further downstream analyses.  

 

2.3.3 Searching other Hydractinia spp. databases for galectin lectin-like genes 

Galectins from several eukaryote species were used as queries against the draft 

Hydractinia echinata genome https://research.nhgri.nih.gov/Hydractinia/) using 

BLAST+. The 2016 draft H. echinata genome assembly based on Pacific Biosciences 

technology (http://www.pacb.com/) was made available by Dr. Christine Schnitzler 

and this was also queried for galectin-like genes. The draft genome of Hydractinia 

symbiolongicarpus (Dr. Christine Schnitzler, unpublished) was also queried in the 

same manner. The transcriptome of H. symbiolongicarpus (Sanders et al., 2014) was 

also searched using both BLAST based methods, and HMM profile based methods 

similar to those described above. BLAST+ based querying was carried using an e-value 

cut-off of 1e-03, and the default e-value of 10. Sequences were translated into all six 

reading frames using the emboss program ‘sixpack’ and HMMSEARCH was used on 

the six-frame translation of the H. symbiolongicarpus transcriptome using the 

galectin HMM (PF00337). 

 

https://research.nhgri.nih.gov/hydractinia/
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2.3.4 Looking for galectin-like genes in cnidarian datasets 

A number of available cnidarian sequence databases were searched for the presence 

of galectin-like genes. Eukaryotic galectin sequences described above were queried 

against the cnidarian non-redundant NCBI nucleotide and protein databases 

(Cnidaria taxon ID: 6073). Following this, the individual genomes of Nematostella 

vectensis (Putnam et al., 2007), Hydra magnipapillata (Chapman et al., 2010) and 

Acropora digitifera (Shinzato et al., 2011) were mined, using both BLAST and profile-

based methods described above. Finally, the sequence records from all cnidarian 

species available from the compagen database, and the transcriptomes of the Aurelia 

aurita (Brekhman et al., 2015) and Podocoryna carnea (Sanders and Cartwright, 

2015), were downloaded and searched using BLAST and profile based methods. 

 

2.3.5 Phylogenetic analysis of the intracellular lectin complement of Hydractinia and 

other early branching metazoans 

For each group of intracellular lectins (calnexins, M-type, L-type and P-type), the 

carbohydrate recognition domain (CRD) from the sequences mined from Hydractinia 

echinata and other early branching metazoans were aligned to the CRD bilaterian 

lectins and, if available, lectins from the yeast Saccharomyces cerevisiae. Sequences 

were aligned in Geneious using MAFFT (Katoh et al., 2002) with default settings. Gaps 

caused by uninformative/atypical residues were removed by eye. Sequence 

alignments can be found in ‘S3-SequenceAlignments/LectinSequenceAlignments’. 

Phylogenetic analyses were carried out in a similar procedure to the one used for 

homeobox alignment (section 2.2.3 and 2.2.6). Maximum likelihood based trees were 

generated with RAxML using the LG + G substitution model. This model was used for 

all subsequent analyses. Ten initial randomized starting trees were used, and the best 

tree was selected. 1000 bootstrap replicates were generated and applied to the best 

tree. Bayesian analysis was carried out using MrBayes (v3.2.6) with the following 

criteria: two runs of five chains were carried out for a total of 5,000,000 generations, 

sampling every 100 generations. Trees sampled from both runs were combined and 

summarized using the ‘sumt’ command. The first 25% of trees were discarded as 

burn-in (default setting) and a final consensus tree with posterior probabilities was 

generated. Tree nexus files were loaded into FigTree v1.4.3 
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(http://tree.bio.ed.ac.uk/software/figtree/) for viewing. Finally, trees were loaded 

into Inkscape for highlighting and image generation. Trees in nexus and phylip format 

are found in supp. file ‘S4-PhylogeneticTrees/LectinTrees/’ 

 

2.3.5.1 Maximum Likelihood analysis of Hydractinia and Nematostella C-type lectin domains 

C-type lectin domains (CTLDs) from Hydractinia echinata were aligned to the CTLDs 

of Nematostella vectensis found in Wood-Charlson and Weis (2009) in Geneious using 

MAFFT as described above. Sequences were trimmed to the longest disulfide bond in 

accordance with Wood-Charlson and Weis (2009). A maximum likelihood 

phylogenetic analysis was then carried out as described in section 4.2.5 above. 

 

2.3.6 Inspecting H. echinata lectin-like proteins for putative carbohydrate binding 

activity 

Following alignment and classification, the CRD of each H. echinata lectin was 

reviewed for conserved amino acids involved in glycan ligand binding. Sequences 

were compared to sequence alignments available at the genomics resource for 

animal lectins website, (https://www.imperial.ac.uk/animallectins/default.html) to 

determine sugar binding amino acids. The following publications were also utilized 

to determine known glycan binding residues: Calnexins (Schrag et al., 2001); M-type 

(Mast et al., 2005); L-type (Sharma and Surolia, 1997); P-type (Roberts et al., 1998); 

R-type (Hassan et al., 2000), C-type (Wood-Charlson and Weis, 2009, Weis et al., 

1992). Important residues known for sugar binding and 3-D structure were 

highlighted if present.  

 

2.3.6.1 Reviewing galectin-like genes from sponges and comb jellies for homology and 

putative sugar binding activity 

Putative galectin CRD’s from the Mnemiopsis leidyi and Amphimedon queenslandica 

were aligned to galectin CRD’s from human, fly and worm and a Bayesian 

phylogenetic tree was generated as described above. The sequence CRD’s were then 

aligned to the CRD from human Galectin1 and putative β-galactoside binding amino 

acids were highlighted (Lobsanov et al., 1993).

https://www.imperial.ac.uk/animallectins/default.html
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Chapter 3: Assembling and annotating the Hydractinia echinata 

transcriptome 

 

3.0 Preface 

The contents of this chapter forms part of a larger collaborative project involving 

several research institutes and individuals. I will be presenting my contribution to this 

project, which includes the assembly, annotation and data-mining of the Hydractinia 

echinata transcriptome but also wish to acknowledge the work carried out by others 

for this chapter, as it pertains to the reader.  

 

RNA for this assembly was extracted by Dr. Brian Bradshaw and Dr. James Gahan, 

both formerly from the Frank Lab in NUI Galway, Ireland. Libraries were prepared 

and sequenced at the NIH Intramural Sequencing Centre (https://www.nisc.nih.gov/) 

in Bethesda, Maryland, USA, in collaboration with Dr Andy Baxevanis at the National 

Human Genome Research Institute (NHGRI), also at the NIH; and Dr. Christine 

Schnitzler from the Whitney Laboratory for Marine Bioscience in St. Augustine, 

University of Florida. Finally, RNA reads from various developmental life stages were 

provided by Dr. Philipp Schiffer at University College London, United Kingdom; and 

Prof. Gunter Plickert at the University of Cologne, Germany, which were used to 

augment the assembly. 

https://www.nisc.nih.gov/
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3.1 Introduction 

 

3.1.1 Next Generation transcriptomic sequencing 

For many years the study of global gene expression was mostly limited to a select 

few model organisms. Species with rich genomic resources (human, Drosophila, 

Arabidopsis) allowed scientists to design and utilize microarray data to examine 

global gene expression (Vijay et al., 2013). Thus, gene expression analysis on non-

model systems was limited to the use of qPCR on a small selection of genes, or cross-

species hybridization using microarrays. The use of massively parallel transcriptome 

sequencing has been widely embraced by the natural sciences. It can give scientists 

a window into the biology of non-traditional model systems, for instance those that 

lack a sequenced genome, or species with highly repetitive or large genomes that 

would otherwise be too costly, difficult or prohibitive to assemble (Cahais et al., 

2012). Therefore, access to transcriptomes can provide scientists the opportunity to 

examine important genetic markers in any taxonomic group, such as SNP rates in 

populations or gene homologs. Deep sequencing of millions of reads has allowed 

researchers to study directly the coding sequences of many genes and their 

expression levels. This now widespread use of RNA-seq has helped to resolve deep 

evolutionary relationships in metazoans and plants by producing hundreds of 

sequence alignments which can be used in phylogenetic reconstructions (Wickett et 

al., 2014; Smith et al., 2011; Dunn et al., 2014).  

 

The two main methods of transcriptome assembly are reference guided or ab initio 

assembly and de novo assembly (fig. 3.1). Ab initio assemblies involve mapping RNA 

reads to a reference genome (Martin and Wang, 2011). Splice aware aligners such as 

TopHat2 (Kim et al., 2013) or BLAT (Kent, 2002) are used to map reads across introns. 

Genome guided assemblies require much less computing resources than de novo 

assembly; however, the accuracy of the transcriptome assembly depends greatly on 

the quality of the reference genome being used and the ability of the alignment 

software to accurately map reads across introns.  
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Figure 3.1: Genome-guided vs de novo transcriptome assembly. Schematic shows an overview of the 

main similarities and differences in reference guided (ab initio) and de novo transcriptome assembly.  

 

In the absence of a high-quality reference genome, de novo assemblers are used 

(Martin and Wang, 2011). De novo assembly uses the redundancy of short reads to 

find overlaps between them. Assemblers such as Trinity (Grabherr et al., 2011), 

SOAPdenovo2 (Luo et al., 2012) and Oases (Schulz et al., 2012) use De Bruijn graph 

based approaches to achieve this. A De Bruijn graph is a mathematical graph which 

breaks down reads into unique substrings of length k (k-mers) that are represented 

as nodes. A directed edge is drawn from node i to node j if a length k+1 substring is 

observed in the sequence reads that contains i as prefix and j as suffix. Paths through 

this graph are traversed and merged to assemble the full-length transcript. As well 

as the ability to generate a transcriptome without a reference, de novo assembly 

methods have other advantages. First, they do not need the correct alignment to 

known or novel splice sites to assemble alternate transcripts and long introns do not 

pose a difficulty for de novo assemblers (Burset et al., 2000). Secondly, even with the 

availability of a reference genome, de novo assemblers can identify transcripts from 

areas missing from the genome assembly or from unknown exogenous sources 

(Martin and Wang, 2011). However, de novo assembly programs are very 

computationally intensive, sometimes requiring enormous amounts of memory to 

carry out their tasks. They also require much more coverage than reference guided 
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assemblies and thus run the risk of not assembling lowly expressed or rare transcripts 

(Martin et al., 2010; Robertson et al., 2010). 

 

3.1.2 The use of transcriptomics in cnidarian biology 

In the past number of years transcriptomics has significantly progressed the field of 

cnidarian biology. Studies have focused on a wide range of scientific questions in 

many areas including coral/symbiont relationships (Voolstra et al., 2009), 

developmental and molecular biology (Tulin et al., 2013), and evolutionary biology 

(Chang et al., 2015), to more applied research questions such as venom research 

(Ponce et al., 2016) and the effects of climate change on coral reefs (Moya et al., 

2012). Full developmental transcriptomes are now available for a number of species 

including the well-established model Nematostella vectensis (Botman et al., 2015; 

Tulin et al., 2013; Wolenski et al., 2013) and the emerging scyphozoan model Aurelia 

aurita (Brekhman et al., 2015).  These have allowed researchers to study the global 

differential gene expression levels at different developmental life stages. Many of 

the transcriptomes published have also revealed previously undiscovered genes. For 

example, a combination of de novo and genome guided transcriptomics in Hydra 

predicted over 10,000 novel sequences that were present but previously 

unrecognized as protein coding genes in genomic contigs (Wenger and Galliot, 2013).  

 

There are currently only few full genome datasets for cnidarians, most of which are 

from the Anthozoa (Baumgarten et al., 2015; Shinzato et al., 2011; Putnam et al., 

2007). Others include Hydra (Chapman et al., 2010), which is a solitary freshwater 

hydrozoan and therefore may not be a good representative of the class, and a few 

myxozoan species, which are a highly derived group of parasitic cnidarians (Yang et 

al., 2014; Chang et al., 2015). Though sequencing is still heavily biased towards 

anthozoans, transcriptomics has introduced several publicly available datasets for 

the other main cnidarian clades: scyphozoans (Ponce et al., 2016; Brekhman et al., 

2015), cubozoans (Lewis Ames et al., 2016; Brinkman et al., 2015), hydrozoans 

(Sanders et al., 2014; Sanders and Cartwright, 2015; Wenger and Galliot, 2013), 

myxozoans (Chang et al., 2015; Yang et al., 2014; Foox et al., 2015) and more recently, 

staurozoans (Kayal et al., 2017). These have provided biologists with a greater 
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understanding of cnidarian diversity and complexity. They are also helping to resolve 

some of the unanswered questions of cnidarian evolution, such as the relationship 

of Cubozoa, Staurozoa and Scyphozoa (box jellies, stalked jellies and true jellies) 

(Kayal et al., 2017b), and the placement of Myxozoa as a sister group to Medusozoa 

(Chang et al., 2015).  The addition of new transcriptomic data will undoubtedly shed 

light on many unanswered questions in cnidarian evolution and biology and will 

remain a useful tool even after the completion of many cnidarian genome projects 

currently in the pipeline. 

 

3.1.2.1 Transcriptomics in Hydractinia 

There are currently a few publicly available transcriptomic datasets available for the 

genus Hydractinia. Most of these focus on Hydractinia symbiolongicarpus, the North 

American sister of H. echinata. Sanders and colleagues have produced a reference 

transcriptome for the adult polyp life stage of Hydractinia symbiolongicarpus to 

examine differential gene expression between different polyp types (Sanders et al., 

2014). They found that over 7000 transcripts were differentially expressed between 

polyp types, and identified potential key players in polyp plasticity, including 

homeobox genes, BMP genes and myosin genes. H. symbiolongicarpus 

transcriptomics has also been used to examine the immune complement of 

cnidarians (Zárate-Potes and Cadavid, 2014). In 2010 a database of expressed 

sequence tags (ESTs) was published for Hydractinia echinata (Soza-Ried et al., 2010). 

At the time this served as a useful reference for discovering conserved and novel 

genes, however this dataset only comprised roughly 5500 non-redundant sequence 

clusters with an average length of ~440bp and thus may be considered outdated or 

under-representative in the era of modern high throughput sequencing. Additional 

transcriptomes have been deposited in GenBank, but these have not been properly 

annotated.   

 

3.1.3 Aims 

Aim 1: The current Hydractinia echinata EST database is out-dated, given the 

availability of Next-Generation sequencing technologies. Other transcriptomes are 
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poorly annotated and do not cover all life-stages. Using a combined dataset of 

different developmental stages and environmental conditions I aim to assemble a 

comprehensive transcriptome for Hydractinia echinata. From this I intend to 

generate a high-quality, non-redundant reference database of protein coding genes. 

 

Aim 2: My next objective will be to annotate the newly assembled Hydractinia 

transcriptome with a number of programs and protein databases in an effort to 

elucidate the H. echinata gene content and thereby provide a valuable resource to 

other researchers. 

 

Aim 3: Following assembly and computational annotation, I will compare the 

Hydractinia transcriptome to gene datasets of other cnidarians and bilaterians. Doing 

so will allow me to separate putative homologs to other species from putatively novel 

cnidarian sequences
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3.2 Results 

 

3.2.1 Assembly of the Hydractinia echinata transcriptome 

 RNA reads from irradiated and non-irradiated feeding polyps sampled in Galway, 

Ireland and reads generated from several stages of development; including pre-

planulae, larvae, metamorphosing animals and adult polyps (Dr Philipp Schiffer and 

Dr. Günter Plickertt, sampled from Roscoff, France) were used to assemble the 

reference transcriptome of Hydractinia echinata. A summary of the assembly 

pipeline can be found in figure 3.2. Trinity assembled 96468 transcripts or ‘isoforms’ 

corresponding to a total of 56438 Trinity ‘genes’. The total number of bases 

assembled for the transcriptome was roughly 106.6MB. Transcript N50 (50% of 

assembly contained in transcripts equal to or longer than this value) was 1961 base 

pairs. Mean and median transcript lengths were 1105 and 609 nucleotides 

respectively. Summary statistics for Trinity.fasta are shown in figure 3.3. The 

sequence length distribution was then calculated for the nucleotide assembly. The 

majority of sequences were short: ~43000 sequences were between 200-500 

nucleotides (fig. 3.3).  

Figure 3.2: De novo assembly of the Hydractinia echinata transcriptome 

 

3.2.2 Post assembly assessment with RACE, CEGMA and BUSCO genes 

Following assembly, the transcriptome was examined for ‘completeness’ using a 

number of gene datasets. A list of 64 previously cloned H. echinata genes were 
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aligned to the transcriptome. All 64 (100%) aligned with greater than 95% global 

identity (table 3.1). 49/64 (76.6%) genes mapped to a single transcript in the 

transcriptome. Next, the conserved eukaryotic gene datasets CEGMA and BUSCO 

were employed. CEGMA analysis found a total of 448/458 (97.8%) conserved genes. 

A total of 237 out of 248 ‘highly conserved’ core eukaryotic genes were identified 

(table 3.1). Following this an analysis of BUSCO genes was carried out. The results 

found 954/978 (97.5%) metazoan conserved genes were present. These were divided 

as follows: complete single copy (462); duplicated (469); fragmented (23); missing 

(24). 

 

Figure 3.3: Summary of H. echinata transcriptome assembly: (A) Assembled transcript sequence length 

distribution. (B) Summary statistics for Hydractinia Trinity.fasta assembly. 

 

Table 3.1 Gene ‘completeness’ analysis with RACE, CEGMA and BUSCO genes 

Post assembly quality results 

H. echinata cloned gene analysis No. Alignments (>95%) Aligned to single transcript 

64 clones to H. echinata transcriptome 100% 76.6% 

CEGMA gene analysis CEGMA genes Core euk subset 

CEGMA to H. echinata transcriptome 448/458 237/248 

BUSCO gene analysis Complete Duplicate Fragmented 

Metazoan dataset (843) 462 469 23 

A B 
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3.2.3 Generation of reference protein coding transcriptome by removal of redundant 

transcripts  

Following assembly, the transcriptome was translated, and redundant sequences 

were removed. A total of 50824 proteins (52.7%) survived this initial translation step. 

Following this, sequences were clustered at 100%, 95% and 90% sequence identity 

(table 3.2). To assess the quality of redundancy removal a second BUSCO analysis was 

carried out on each redundant assembly. Results showed that compared to the 

redundant transcriptome the number of complete single copy orthologs went up and 

the number of duplicated copy orthologs went down, signifying a significant drop in 

sequence redundancy while retaining diversity (fig. 3.4). The 100% non-redundant 

transcriptome, ‘Trinity_NR.fasta’ was used for all downstream annotation pipelines.  

 

Table 3.2: Sequence number at each step of redundancy removal 

Sequence Database No. of Sequences 

Trinity.fasta (transcriptome) 96468 

Trinity_prot.fasta (translated transcriptome) 50824 

Trinity_NR.fasta (CD-HIT 100% redundancy removal) 36369 

Trinity_NR-95.fasta (CD-HIT 95% redundancy removal) 28305 

Trinity_NR-90.fasta (CD-HIT 90% redundancy removal) 26078 

 

3.2.4 Comparison of transcriptome completeness relative to other cnidarians 

A total of six cnidarian gene datasets were downloaded and redundant sequences 

removed (table 3.3). BUSCO analysis was carried out on the translated non-

redundant gene datasets (fig. 3.5). The most complete dataset was that of 

Podocoryna carnea with 968 recognizable BUSCO genes. However, this 

transcriptome also appeared to have the highest level of duplicate sequences (666). 

The next most complete dataset of full-length BUSCO genes was Hydra vulgaris 

followed by Hydractinia echinata (947 vs 943, respectively). The most incomplete 

dataset was Edwardsiella lineata with 642 complete BUSCO genes 
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Figure 3.4: Comparison of BUSCO genes in Hydractinia redundant and non-redundant transcriptomes: 

BUSCO analysis was carried out on the translated transcriptome at 0, 100, 95 and 90% ‘redundancy 

removed’ levels. 

 

Table 3.3: Cnidarian gene redundancy:  Sequence databases before, after translation and after 

redundancy removal. Percent redundancy removed calculated as ((Before translation – After 

redundancy) / Before translation) x 100 

Species (refeence) Before 

translation 

Translation After 

redundancy 

removal 

% of 

sequences 

Removed 

Anthopleura elegantissima (Kitchen et al., 

2015) 

145832 98314 51239 64.86% 

Aurelia aurita (Brekhman et al., 2015) 252170 99449 58855 76.66% 

Clytia hemisphaerica (Lapébie et al., 

2014) 

36542 29589 28614 19%% 

Edwardsiella lineata (Stefanik et al., 

2014) 

90440 44159 38428 57.51% 

Hydra vulgaris (Wenger and Galliot, 2013) 57611 53403 52242 9.32% 

Podocoryna carnea (Sanders and 

Cartwright, 2015) 

223555 155327 93477 55.69% 
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Figure 3.5: BUSCO analysis in the phylum Cnidaria: BUSCO analysis was carried out on the non-

redundant transcriptomes and gene model datasets of several cnidarian species and compared to 

Hydractinia echinata 

 

3.2.5 Annotation of the H. echinata transcriptome 

Hydractinia non-redundant proteins (‘Trinity_NR.fasta’) were aligned to the Uniprot 

TrEMBL database using BLAST with an e-value cut-off of 1e-05. TrEMBL contains all 

curated Swiss-Prot proteins as well as computationally annotated proteins awaiting 

full manual curation (fig. 3.6). 27030 Hydractinia proteins had a hit in the TrEMBL 

database. Subsequently, a similar BLAST analysis was run against the NCBI cnidarian 

non-redundant protein database. A total of 29543 protein matches were identified 

in the Cnidaria NR dataset. The results of these preliminary annotations were then 
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combined. A total of 29940 (82%) proteins had a match in at least one database and 

26633 (73%) had a match in both (fig. 3.6). Of the 95 proteins that matched only the 

TrEMBL database, 74.7% had a top match to uncharacterised proteins from a variety 

of marine/freshwater metazoans, and non-metazoan eukaryote. Following this, 

conserved domains and motifs were predicted using InterProScan with default 

settings and this resulted in 31130 proteins containing at least one conserved domain 

(fig. 3.6). Combining BLAST based and profile based methods a total of 34290 

proteins had a hit in at least one database. Of these, 24282 proteins had significant 

matches in all three analyses. 714 were found in only the cnidarian NR database. 

Finally, 2070 had no match and were left unannotated. Annotation files can be found 

in the electronic supplementary files ‘S2-Annotations’.  

 

 

 

Figure 3.6: Hydractinia NR transcriptome annotation: Proteins were matched against the TrEMBL, 

Cnidarian NR and InterProScan databases. The majority of ‘TrEMBL’ only genes were unannotated 

bacterial and marine eukaryotic species. 2070 proteins (5.7%) had no matches to any database. 

 

To ascertain the total number of transcripts annotated, ‘Trinity_NR.fasta’ hits were 

retrospectively mapped back to each member of their cluster in the redundant 

transcriptome (‘Trinity_prot.fasta; table 3.2). This resulted in a total of 46499/50824 

(91.5%) annotated proteins (fig. 3.7a). Based on this approach, the final breakdown 
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of annotation of Hydractinia echinata protein-coding transcripts is: annotated 

(46499); un-annotated (4325); failed to translate/no ORF (45644) (fig. 3.7b). 

 

Figure 3.7:  Summary of annotation: (A) Protein annotations from the 36369 NR proteins were mapped 

back to the redundant protein sequences in their respective clusters and then to the parent 

transcriptome. (B) Of the total genes in the transcriptome 45644 failed the initial translation step, 

46499 (including redundant and non-redundant sequences) were successfully translated and 

annotated and 4325 were successfully translated but had no annotation 

 

 

3.2.6 Functional classification of H. echinata non-redundant protein-coding genes 

Hydractinia NR proteins were BLAST’d against the Uniprot Swiss-Prot curated protein 

database. Swiss-Prot accession numbers were submitted to PANTHER gene list 

analysis tool for functional annotation (fig 3.8-fig. 3.11). Hits for Molecular Function 

(MF); Biological Process (BP); Cellular Component (CC) were assigned (fig 3.8). GO 

terms are a multi-levelled annotation system with ‘child categories’ for each 

annotation (Ashburner et al., 2000). For each of the most abundant MF, BP and CC 

GO terms, level 1 categories were examined. ‘Catalytic activity’ was the most 

abundant ontology in MF (fig 3.9a). Further analysis of functional data show that 

hydrolases were the most abundant catalytic activity, followed by transferase activity 

(fig. 3.9b). The most abundant functional hits in Biological Processes (BP) category 

were ‘cellular process’ followed by ‘metabolic process’ (fig 3.10a). Cell 

A B 
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communication proteins were the highest represented cellular process hits in BP 

(1064) (fig 3.10b). The highest number of functions in the Cellular Component 

dataset were ‘cell part’ functions, of which most proteins were ascribed to 

‘intracellular’ components (fig. 3.11).  

 

Figure 3.8: Functional annotation of the H. echinata transcriptome. (A) PANTHER annotation pipeline. 

(B) Total protein hits for ‘Molecular Function, ‘Biological Process’ and ‘Cellular Component’ gene 

ontology categories 

 

Following GO analysis, PANTHER was utilized for ‘Protein Class’ analysis. In total 5948 

Uniprot accessions were assigned to a protein class (48.3%) (fig. 3.12). Of these, the 

most abundant PANTHER protein group were ‘nucleic acid binding proteins’ (949, 

16%). This included DNA and RNA binding proteins, helicases and nucleases. The 

second most abundant protein class was ‘hydrolases’ (886) which include proteases 

and lipases. Transcription factors accounted for 404 (7%) of the proteins assigned to 

families. The most abundant of these were zinc-finger transcription factors (20.3%) 

followed by transcription co-factors (18.3%). Helix-turn-helix transcription factors, 

which include homeobox and forkhead proteins, accounted for 55 proteins (13%) of 

the assigned transcription factors. This included 22 homeodomain transcription 

factors and 33 forkhead transcription factors. Nine proteins were assigned to HMG 

box transcription factors 

A 

B 
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Figure 3.9: ‘Molecular Function’ GO analysis. (A) Pie chart represents the 6433 functional hits to ‘MF’ 

ontologies. The most abundant function was ‘Catalytic activity’ (GO:0003824) (B) 2736 hits were 

ascribed to ‘Catalytic activity’. Bar chart represents total hits to Catalytic activity ‘child categories’. The 

most abundant functional hits were for ‘hydrolase activity’ (GO:00161787). Diagrams were generated 

by the PANTHER ‘Gene List Analysis’ tool (http://pantherdb.org)  
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Figure 3.10: ‘Biological Process’ GO analysis. (A) Pie chart represents the % of 13874 functional hits to 

‘BP’ ontologies.  (B) 2736 functional hits were to ‘Cellular process’ (GO:0009987). Bar chart represents 

total hits to Cellular process ‘child categories’. The most abundant processes were ‘cell 

communication’ (GO:0007154) proteins. 
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Figure 3.11: ‘Cellular Component’ GO analysis. (A) Pie chart represents the % of 7973 functional hits to 

‘CC’ ontologies. (B) The most functional hits were to ‘Cell part’ (GO:0044464). Bar chart represents 

total hits to Cellular process ‘child categories’. The most abundant components were ‘intracellular’ 

(GO:0005622) proteins. 
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Figure 3.12: PANTHER Protein Classes. (A) 5948 Uniprot accessions mapped to 

a total of 26 PANTHER protein classes. Nucleic acid binding proteins (red star) 

were the most over-represented protein class, followed by ‘hydrolases’ (black 

star).  (B) Pie chart represents 404 annotated transcription factors. The most 

abundant transcription factor class were zinc-finger proteins (82 proteins). A 

total of 55 helix-turn-helix proteins were described. These included 22 

‘homeodomain’ proteins and 33 ‘winged helix/Forkhead’ proteins 
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3.2.7 Hydractinia ortholog relationships to other metazoans 

To identify putative orthologous genes in other metazoans a reciprocal best BLAST 

Hit (RBBH) analysis was performed. Analyses were performed on a number of 

cnidarian and non-cnidarian animal model organisms (fig. 3.13). Within the Cnidaria 

the largest number of putative orthologs could be found in the Podocoryna carnea 

transcriptome. Hydractinia shared the least number of orthologs with Acropora, 

within cnidarians. The species with the highest number of RBBHs in the Bilateria and 

non-cnidarian basal Metazoa was the purple sea urchin Strongylocentrotus 

purpuratus and Tricoplax adhaerans respectively. The fruit fly Drosophila 

melanogaster had the lowest number of RBB hits with 2194. 

 

Figure 3.13: Reciprocal Best BLAST Hit analysis. Total number of Hydractinia RBBH’s to several 

cnidarians, pre-bilaterian metazoans, and bilaterians. Podocoryna and Hydractinia shared the most 

orthologs within the cnidaria. Strongylocentrotus shared the most homologs to Hydractinia within the 

Bilateria while Drosophila shared the least homologs. 
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Next, reciprocal BLAST hits for all cnidarian and non-cnidarian models were 

combined. A total of 10462 H. echinata proteins had orthologs in cnidarian datasets 

only (fig. 3.14). 729 had orthologs in other metazoans but not to other cnidarians. 

The cnidarian-only hits were compared to the preliminary annotations from TrEMBL, 

the Cnidarian NR database and InterProScan (fig. 3.14). 21 proteins overlapped 

between the TrEMBL database and the reciprocal BLAST’s from cnidarian datasets, 

however none of these were matched to cnidarian taxa in the TrEMBL analysis and 

these were not considered further. 3205 proteins had hits to Cnidaria, and contained 

some kind of predicted domain/motif from the InterProScan analysis (fig. 3.14; 

green/yellow/red intersections). 317 sequences had orthologs in cnidarians but no 

other metazoans, and did not appear in any other analysis (TrEMBL, InterProScan, 

cnidaria NCBI database). Closer examination found that a majority of these orthologs 

were restricted to other hydrozoans (fig 3.14).  

Figure 3.14: Combination of annotation methods used in Hydractinia echinata. Annotations from 

TrEMBL, Cnidarian NCBI nr database, InterProScan and Cnidarian-only RBBH’s were combined. Of the 

317 proteins that had one-to-one orthologs to cnidarians only, and had no BLAST hits, or domains in 

InterProScan, 266 had orthologs to other hydrozoans 
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3.3 Discussion 

 

3.3.1 A new reference transcriptome for Hydractinia echinata 

Quality metrics of my de novo assembly demonstrate a high-quality transcriptome 

for Hydractinia echinata. Average gene length was over 1100 base pairs. Thus, 

average transcript length has increased 2.5x when to compared to the H. echinata 

EST transcriptome (440bp) (Soza-Ried et al., 2010). The alignment of 64 

independently cloned Hydractinia genes with very high percent identity (> 95%) also 

validated the accuracy of the assembled sequences.  To further assess the gene 

assembly CEGMA and BUSCO analyses were run. Both programs provide information 

on assembly quality of both genomic and transcriptomic datasets based on well-

conserved eukaryotic and metazoan gene orthologs (Simão et al., 2015, Parra et al., 

2007). Over 97% CEGMA and BUSCO genes were recovered in the Hydractinia 

transcriptome (table 3.1). This not only indicates that the dataset is highly complete, 

but also demonstrates a great level of conservation of core eukaryotic and metazoan 

genes. For comparison, the human and Drosophila gene model datasets possess 99% 

of BUSCO genes while Caenorhabditis elegans and Lottia gigantea (owl limpet) 

contain only 90% and the genome of the placozoan Tricoplax has 81% (Simão et al., 

2015). 

 

BUSCO results revealed a significant level of redundancy within the transcriptome. 

Fifty percent of the BUSCO genes have multiple copies (table 3.1). This transcript 

redundancy is most like caused by the use of wild-type animals collected from two 

distinct populations (Ireland and France). As Trinity is designed to assemble 

alternative transcripts, and given that de novo assemblers are sensitive to sequencing 

errors and high levels of sequence polymorphism (Gayral et al., 2013; Martin and 

Wang, 2011), the introduction of multiple loci from several different individuals may 

have resulted in the assembly of the same gene into multiple redundant ‘alternative 

transcripts’. Translation of sequences and subsequent clustering of identical 

predicted proteins resulted in a 62.3% drop in sequence number. In order to 

determine whether only redundant sequences were removed BUSCO was run on the 
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non-redundant protein dataset (fig. 3.4). A total of 943 proteins were recovered. The 

number of single copy orthologs increased from 462 to 746 while the number of 

duplicated orthologs dropped from 469 to 111 orthologs. Eleven BUSCO genes (1.1%) 

were lost in the redundancy removal process. This loss occurred at the level of 

translation (fig 3.4), prior to the clustering step, most likely due to mis-translation of 

some transcripts or automatic removal by default thresholds set by TransDecoder. 

Reduction of the redundancy level to 95% and 90% resulted in an even more dramatic 

decrease of duplicate sequences, dropping from 111 to 47 and 27, respectively, while 

still maintaining a total BUSCO count of 943. Therefore, the successful removal of 

redundant sequences cuts down significantly on overall transcriptome size while with 

minimal loss in gene diversity. However, it is important to note that redundancy 

removal may also remove bona fide gene duplications as well as the redundancies 

generated from assembly and thus it would be important to work with both the 

genome and redundant transcriptome if investigating gene-duplication events.  

 

3.3.1.1 Comparison of the Hydractinia transcriptome to other cnidarian datasets 

To further examine the quality of the H. echinata NR reference transcriptome, 

comparisons were made against a number of published cnidarian gene datasets. 

These were subjected to the same redundancy removal protocol (at 100%) as H. 

echinata prior to analysis to reduce as much bias as possible from different datasets 

(table 3.3). Significant redundancy was found in the transcriptomes of Anthopleura 

(64.9%), Aurelia (76.7%), Edwardsiella (57.5%) and Podocoryna (58.2%). Clytia and 

Hydra datasets showed less protein redundancy (21.7% and 9.3%, respectively). 

However, both of these datasets have undergone redundancy filtering prior to 

publication and deposition (Lapébie et al., 2014, Wenger and Galliot, 2013). BUSCO 

analysis revealed that the most complete dataset was that of Podocoryna (968 

present) followed by Hydra (947), compared to Hydractinia (943). Despite 

redundancy removal Podocoryna had 666 duplicated BUSCO hits indicating that a 

high amount of redundant sequences (<100% identical) remained. The extra 26 

BUSCO genes in Podocoryna may be due to the loss of some Hydractinia proteins (11) 

during the translation step. Alternatively, the discrepancy may be bona-fide loss due 

to the possession of a free-living medusa life stage in Podocoryna, a developmental 
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stage that has been secondarily lost in Hydractinia (Hazen, 1902; Sanders and 

Cartwright, 2015), though this is most likely explained by a combination of these 

scenarios. The lowest number of conserved metazoan orthologs was found in 

Edwardsiella lineata (fig. 3.5). Edwardsiella is an anemone that spends part of its life 

cycle as an endoparasite of ctenophores which may explain the reduction of gene 

complexity (Stefanik et al., 2014). Evidence for reduction of protein diversity, 

including core eukaryotic genes, has been shown in another major clade of parasitic 

cnidarians, the Myxozoa (Chang et al., 2015). Taken together, the Hydractinia 

transcriptome demonstrates a similar level of quality, redundancy and core protein 

complement as other published NGS cnidarian transcriptomes. 

 

3.3.2 Annotated genes of the Hydractinia echinata transcriptome  

Of the 36369 non-redundant H. echinata proteins, annotations could be applied to 

94% of them (fig. 3.6). Annotation of the Hydractinia NR protein database 

(‘Trinity_NR.fasta’) has provided a much more computationally efficient method of 

whole transcriptome annotation as these annotations could then be retrospectively 

mapped to back to the original transcriptome (‘Trinity.fasta’). Doing so resulted in 

total of 48% of sequences had some level of annotation (fig. 3.7). Over 90% of the 

unannotated sequences had no discernible open reading frame and failed to 

translate with Trinity ‘TransDecoder’ pipeline (table 3.2). These are most likely a 

combination of non-messenger type RNAs (ribosomal RNA, long non-coding RNA) or 

short sequences with no discernible open reading frame (fig. 3.3a).  

 

Comparable annotation results have been observed in several cnidarian 

transcriptomes. Approximately 54% of the 66500 transcripts in the differential 

transcriptome of Hydractinia symbiolongicarpus were annotated (Sanders et al., 

2014). In another study, researchers found that after assembly of four anthozoan 

transcriptomes, 30-40% of transcripts could be annotated to Uniprot databases 

(Kitchen et al., 2015). Short un-annotatable sequences seem to occur in de novo 

assemblies. In the Aurelia aurita transcriptome (Brekhman et al., 2015) 62% of the 

assembled transcripts were under 500 nucleotides. Of the ~47000 transcripts 

designated for annotation, 59% were unannotated and almost half of these 
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unannotated genes were 200-500bp in length. Similarly, only 40% of the Edwardsiella 

lineata transcriptome has BLAST hits when aligned against the NCBI nr database 

(Stefanik et al., 2014). Ninety-one percent of the sequences that failed to produce 

BLAST hits were short (100-500bp). By first translating transcripts to search for 

putative proteins, then removing redundant sequences, my annotation approach 

vastly cut down on valuable computational requirements due to the smaller 

assembly size while still producing comparable annotation results. 

 

3.3.3 Functional annotation of Hydractinia echinata reference protein dataset 

Following this a functional annotation was applied to the H. echinata non-redundant 

proteins. A total of 22253 proteins were matched to the Uniprot Swiss-Prot curated 

database. Uniprot accessions were then submitted to PANTHER in order to categorize 

biological functions. GO terms were widely distributed across all three domains: 

‘Molecular Function’ (MF), ‘Biological Process’ (BP) and ‘Cellular Component’ (CC) 

(fig. 3.8). Sub-ontology percentages (child-categories) were also highly comparable 

to those found in other cnidarian transcriptomes (fig. 3.9-fig. 3.11) (Kitchen et al., 

2015; Shinzato et al., 2014; Stefanik et al., 2014; Moya et al., 2012). For example, the 

highest sub-ontologies for MF, ‘catalytic’ and ‘binding’ activity (fig 3.9), were also the 

most represented in four separate anthozoan transcriptomes: Fungia scutaria, 

Montastraea cavernosa, Seriatopora hystrix and Anthopleura elegantissima (Kitchen 

et al., 2015). Top hits for BP (‘cellular processes’) and CC (‘cell part’) in H. echinata 

were also the same in all four anthozoans. As assembly has arisen from different 

developmental stages in Hydractinia, my results reinforce the conclusions made in 

Kitchen et al., (2015), highlighting a broad distribution of core proteins in cnidarian 

transcriptomes, possibly regardless of species or developmental life stage.  

 

The distribution of protein classes based on PANTHER annotations was also examined 

(fig. 3.12). Nucleic-acid binding proteins and hydrolases were the most common 

protein classes in the H. echinata transcriptome. Hydrolases also represented the 

highest level of catalytic activity in the ‘Molecular Function’ GO domain. 

Transcription factors are a class of proteins that are of particular interest to 

developmental biologists. These made up roughly 7% of the protein classes described 
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in the PANTHER annotation. The majority of transcription factors were zinc-finger 

proteins. Helix-turn-helix proteins, which include the homeodomain proteins and 

forkhead proteins accounted for 55 annotations, 22 of which were homeodomain 

proteins. As these annotations are based on Uniprot matches submitted to PANTHER, 

this is an under-representation of the total number of proteins in the Hydractinia 

transcriptome. Hydractinia has an estimated 67 homeodomain proteins (chapter 4). 

The underestimation of proteins is most likely due to the redundancy removal 

automatically carried out by PANTHER prior to GO term assignment. There were over 

22000 Hydractinia proteins matching the Swiss-Prot database but these were 

collapsed into roughly 12000 accession numbers when submitted to PANTHER 

(section 3.3.4). In theory, a retrospective mapping of PANTHER annotations to the 

Hydractinia transcriptome like the one described in section 3.4.2 could be performed 

in order to quantify proteins of interest. Thus, functional annotations of this kind 

serve as a ‘snapshot’ of the broad distribution of protein classes and biological 

function (in comparison to other protein classes, and indeed other cnidarians as 

above), but is insufficient for obtaining exact quantities.  

 

3.3.4 Detecting orthologous gene relations within and outside Cnidaria 

Reciprocal Best BLAST Hit (RBBH) analysis of Hydractinia non-redundant proteins 

detected 10431 orthologs in a variety of non-cnidarian metazoans and 20164 

orthologs in other cnidarians (fig. 3.13). To date many studies have confirmed that 

the cnidarian genetic toolkit shares many homologs with bilaterians (Chapman et al., 

2010; Putnam et al., 2007; Dunlap et al., 2013; Moya et al., 2012; Shinzato et al., 

2011; Kortschak et al., 2003). Functional annotation from this study has also revealed 

a highly conserved repertoire of protein classes (fig. 3.12). Outside of Cnidaria, 

Hydractinia shared the most detectable orthologs with the sea urchin 

Strongylocentrotus followed by the placozoan Tricoplax. Hydractinia and sea urchins 

are marine invertebrates that share similar habitats. Similarly, the other marine taxa 

ctenophores, (represented here by Mnemiopsis), sponges (represented here by 

Amphimedon) and sea squirts (represented here by Ciona) share higher numbers of 

orthologs with Hydractinia than other metazoans examined. Recent evidence has 
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suggested that placozoans and cnidarians are sister phyla, which may also explain the 

high numbers of orthologs vs other metazoans (Laumer et al., 2017).  

 

Of the 20893 detectible orthologs, 10463 had orthologous relationships to cnidarians 

only. It is worth noting that some of these proteins may have diverged significantly 

from other metazoan orthologs beyond the point of recognition using the BLAST 

analysis outlined here and thus may still possess orthologs in other metazoans, 

including those not tested here. It is also often difficult to detect distant homologs 

for short and fast evolving. After combining cnidarian orthologs from the RBBH 

analysis with all other annotations (fig. 3.14) some proteins were found to be 

restricted to the cnidarian databases. It is unclear whether these represent cnidarian-

specific genes or merely sequences for which alignment was difficult under the 

parameters chosen. It is estimated that eukaryotic genomes contain between 10-

20% taxon-restricted genes (TRGs) (Khalturin et al., 2009) In cnidarians, like other 

metazoans, these numbers vary: TRGs have been estimated at around 15% in Hydra 

and around 13% in Nematostella (Steele, 2012; Khalturin et al., 2009; Milde et al., 

2009). The 317 proteins that had significant hits with the cnidarian species chosen 

and had no detectable hits in any other BLAST database, or any predicted domain (fig 

3.14) could be candidate cnidarian-restricted genes. Of these, 84% have homologs in 

only another hydrozoan (Hydra, Clytia or Podocoryna). Whether these represent true 

hydrozoan novelties or is an artefact of low taxon sampling is unknown, but may be 

an interesting avenue to pursue in the future.  

 

2070 proteins had no annotations to any databases used in this study but had 

predicted open reading frames of at least > 100 amino acids (fig. 3.7). Some of these 

unannotated proteins could represent genes unique to H. echinata. Evidence has 

shown that the evolution of new morphological features, such as cnidarian stinging 

cells, is tightly linked to TRG evolution (Milde et al., 2009). Thus, cnidarian specific, 

and putative Hydractinia-specific innovations may contribute to processes such as 

nematocyst diversification and specialization depending on environmental factors 

such as differing food sources or intraspecific/interspecific competition. 
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3.3.5 Conclusions and future work 

In this chapter I have presented an updated reference transcriptome for the 

cnidarian Hydractinia echinata. Assembly quality is comparable to other published 

cnidarian reference transcriptomes in terms of both gene content and sequence 

fidelity. Using a combination of bioinformatics tools, the non-redundant protein 

complement was ascertained, subsequently annotated and retrospectively mapped 

back to the original transcriptome. Functional annotation has revealed a gene 

landscape highly similar to other cnidarians and invertebrates, highlighting a broad 

conservation of core genes. This study has also identified a number of putative 

taxonomically restricted genes which may be of further interest to scientists studying 

cnidarian evolution. Lastly, the pipelines implemented in this chapter may be used as 

a guideline for future biologists and bioinformaticians working on Hydractinia ‘omics. 

 

Although the methods used in this chapter provide a detailed overview of the 

completed transcriptome, future endeavours will aim to augment this annotation. 

This could include BLAST analysis against the NCBI nr database which may provide 

more annotations for genes missed in this analysis. Further RBBH analysis on the 

ever-expanding list of publicly available cnidarian transcriptomes may identify genes 

that have played a part in the diversification of hydrozoans. Current efforts are 

underway to sequence the genome of Hydractinia echinata and Hydractinia 

symbiolongicarpus. Comparison to these datasets may supplement the protein 

coding gene complement of this transcriptome and allow for the study of alternative 

splicing of genes. Finally, functional and expression studies on candidate TRGs could 

elucidate their biological role in Hydractinia.  

 

Integration of this reference transcriptome with the future genome portal could 

prove useful in clarifying the protein coding potential of genes in the genome and 

may provide a valuable resource for gene prediction in the future. In the absence of 

a fully annotated genome, this transcriptome serves as a resource for biologists 

working on Hydractinia. In the following chapters the newly assembled 

transcriptome will be utilised for the characterization of two major superfamilies of 

proteins: the homeodomain protein superfamily, and the lectin superfamily. The 
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transcriptome will be mined for all putative members of these superfamilies in the 

hopes of answering interesting questions about protein family evolution in 

Hydractinia and cnidarians. 
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Chapter 4: The homeobox gene complement of Hydractinia 

echinata 

 

4.1 Introduction 

 

4.1.1 The homeobox protein superfamily 

Homeobox genes are a large superfamily of protein coding genes defined by a conserved 

sequence of about 180 DNA base pairs. This encodes a typical 60 amino acid helix-loop-

helix-turn-helix domain called the homeodomain (HD) (Holland, 2013). Most homeobox 

proteins are DNA-binding transcription factors; however, this is not always the case. Some 

homeoboxes, such as the Drosophila protein, Bicoid, can bind RNA (Rivera-Pomar et al., 

1996) while others like the CERS class HD proteins, are comprised of a group of 

transmembrane proteins (Mizutani et al., 2005). Homeodomain-coding genes are highly 

numerous in metazoans; 15-30% of all transcription factors in animals are homeobox 

genes (de Mendoza et al., 2013). 

 

Homeobox genes have been found in all metazoans, as well as plants and fungi, but have 

not been found in bacteria or archaea (Bürglin, 1994). In protostome lineages, such as 

nematodes and arthropods, there are around 100 HD proteins (Zhong and Holland, 

2011).  Similar numbers are present in deuterostomes like the sea urchin (Howard-Ashby 

et al., 2006) and amphioxus (Takatori et al., 2008). Vertebrates have undergone two full 

rounds of genome duplication and, following multiple gene loss events, have around 250 

homeobox genes (Holland, 2013).  Another duplication event occurred in teleost fish, 

followed by episodes of gene loss. Because of this teleosts have over 300 homeobox 

genes (Kuraku and Meyer, 2009; Holland, 2013) (fig. 4.1). 

 

First described in the early 1980’s, it was discovered that certain homeotic genes in flies 

shared the conserved HD protein domain (McGinnis et al., 1984; Scott and Weiner, 

1984). Mutations in these genes cause one body part to transform into another 

alternative fully formed body part (called a homeotic mutation); for example, an extra 

pair of wings caused by mutation of the gene bithorax, or an extra pair of legs instead of 

antenna, caused by mutation of the antennapedia gene (Pick, 2016).  Homeobox genes 
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play wide and varied roles in animal development as well as a plethora of other biological 

functions. It has been noted that “there are probably no tissues in animals or plants that 

don’t require the use of homeobox genes to develop and function properly” (Bürglin and 

Affolter, 2016). These include roles in early embryogenesis (Driever and Nüsslein-

Volhard, 1988) as well as crucial roles in patterning (Pearson et al., 2005; Zakany and 

Duboule, 2007; Capellini et al., 2011); development of the nervous system and sensory 

organs (Schulte and Frank, 2014; Riddiford and Schlosser, 2016); and maintenance of 

embryonic stem cells (Takahashi and Yamanaka, 2006; Young et al., 2011).  

 

Figure 4.1: Evolution of homeobox genes. Phylogenetic tree based on Holland et al., 2013 depicting the 

number of homeobox genes present in the genomes of selected animal lineages. Red circles indicate 

genome duplication events. Nematostella vectensis numbers based on (Ryan et al., 2006). Caenorhabditis 

elegans numbers based on (Hench et al., 2015).  

 

4.1.2 Classification of homeobox genes 

The nomenclature system divides the superfamily of homeobox genes into ‘classes’ 

which are further broken down into ‘families’ (Holland et al., 2007).  Groups like 

‘subclasses’ and ‘subfamilies’ are sometimes used in the classification scheme. The 

lowest level of classification is the family: homeoboxes are grouped into the same family 

if they have derived from a single gene in the long extinct ancestor of the protostome 

Drosophila and humans, a deuterostome (Holland, 2013). There are over 100 families of 

homeoboxes described in metazoans. Families of homeoboxes are divided into classes 
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based on a combination of shared secondary motifs other than the HD and/or placement 

within the same clade in an evolutionary tree. For example, members of the ZF class are 

homeodomain containing genes that also encode for zinc-finger motifs. There are 11 

classes of homeobox genes in animals. These are ANTP (subdivided into subclasses HOX-

L and NK-L), PRD, TALE, POU, CERS, PROS, ZF, LIM, HNF, CUT and SINE (Holland et al., 

2007). Some authors divide the group into 16 classes, splitting PRD into ‘PRD’ and ‘PRD-

like’; and annotating TALE as a superclass of its own, containing five classes within it (IRO, 

MKX, TGIF, PBC, and MEIS) (Bürglin and Affolter, 2016). For the purposes of this study we 

have chosen the classification and nomenclature scheme outlined in Holland et al., 2007, 

and will treat TALE as a class containing five families. Figure 4.2 shows a schematic 

diagram of the 11 classes of homeobox genes and some examples of their secondary 

domain architecture.  

 

Figure 4.2: Metazoan homeobox classes. Homeoboxes are divided into 11 classes (left). Examples of main 

secondary domains are coloured (right). Not all domains for each class are shown. Homeodomains are 

represented by black boxes. Extensions to TALE (between helix 1 & 2) and PROS (between helix 2 & 3) 

homeodomains are shown in white boxes. Domains are drawn roughly to scale to represent atypical HD’s 

longer (HNF, TALE, PROS) or shorter (CERS) then the typical 60 amino acid HD.  

 

As Peter Holland has pointed out, this classification scheme, though concise, presents 

some challenges to the classification of some homeobox genes (Holland, 2013). For 
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example, genes that have derived de novo as ‘orphan genes’ or those restricted to one 

lineage, such as the vertebrate gene Nanog, are difficult to classify within this scheme 

(Cañón et al., 2006).  Secondly in some cases this scheme does not lend itself well to 

non-bilaterian or early branching metazoans like cnidarians and sponges. In most cases 

the bilaterian classification works reasonably well but there are some taxon restricted 

genes that do not obey these rules (Ryan et al., 2006; Ryan et al., 2010). A more detailed 

review of cnidarian homeobox genes is discussed in section 4.1.5. The addition of more 

cnidarian sequences may shed more light on the homeodomain family content in the 

ancestor of all animals and augment the classification system currently used. 

 

4.1.3 The evolution of Hox genes and the Hox cluster 

Sometimes referred to as the ‘Rosetta Stone’ of developmental biology, and perhaps 

some of the most interesting genes to evolutionary biologists are the Hox families of 

homeobox genes (Procino, 2016). Hox genes are members of the ANTP class of 

homeoboxes, along with Hox-like (sometimes called ‘extended Hox’) genes Eve, 

Meox/Mox, Mnx and Gbx; the ParaHox cluster of genes Gsx, Cdx and Pdx/Xlox; and the 

NK-like gene subclass (Holland et al., 2007; Ferrier and Deutsch, 2010; Holland, 2013). 

The ANTP class is the largest and most diverse class, consisting of over 50 families (37 in 

human) and containing over 100 genes in humans (Holland et al., 2007). 

 

In many bilaterians Hox genes are arranged in a cluster(s) along the chromosomes 

(Duboule, 2007; Deutsch, 2010; Bürglin, 2011; Ikuta, 2011). They often display a 

phenomenon called spatial co-linearity: that is the spatial/temporal/quantitative 

expression of each Hox gene of the developing animal corresponding to its location and 

order along the chromosome or cluster (fig. 4.3) (Graham et al., 1989; Deschamps and 

van Nes, 2005; Fröbius et al., 2008; Tschopp et al., 2009; Ferrier, 2016a). Some 

bilaterians, such as Drosophila melanogaster, have a split Hox cluster (Negre and Ruiz, 

2007); while others, like the nematode Caenorhabditis elegans, do not have Hox genes 

arranged in a cluster altogether (Aboobaker et al., 2003). These examples are considered 

to be secondary losses from the ancestral state (Bürglin and Affolter, 2016). A primitive 

Hox cluster has been observed in anthozoan cnidarians but has not been found in 

hydrozoans (Dubuc et al., 2012; Chourrout et al., 2006). However, this is based only on 

the freshwater Hydra and scrutiny of other hydrozoan genomes, for example Hydractinia 
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echinata used in this study, is required to determine whether the Hox cluster is Hydra-

specific. Hox genes were thought to have evolved and expanded along with other Hox-

like genes when it was shown that the genes Cdx, Gsx and Xlox (=Pdx) were also arranged 

in a cluster in Amphioxus and other vertebrate species (Brooke et al., 1998). This cluster 

of homeobox genes are highly similar to Hox genes and were named ‘ParaHox’ genes to 

reflect this. It has been hypothesized that the Hox cluster and ParaHox cluster evolved 

and diverged from a single ‘ProtoHox’ cluster of 2-4 genes through rounds of gene 

duplication (Brooke et al., 1998). 

 

 

 Figure 4.3: Hox gene clusters in bilaterians. Expression and colinearity of Hox genes in protostome and 

deuterostome lineages, showing multiple rounds of duplication in teleost fish and tetrapods (Swalla, 

2006). 

 

Although there is some debate over the number of genes that may have been in the 

original ProtoHox cluster, and the exact mechanism of how this ancient cluster gave rise 

to the Hox and ParaHox groups, this is widely accepted as the most plausible scenario 

(Brooke et al., 1998; Quiquand et al., 2009; Thomas-Chollier et al., 2010). Two possible 

mechanisms are reviewed in (Ferrier, 2016b) and are shown in fig. 4.4. Briefly, one 

scenario involves the process of duplication of the ProtoHox cluster, possibly from a 

whole genome or chromosome duplication event, followed by differential gene loss in 

the loci surrounding the new Hox and ParaHox clusters (fig 4.4a). Another scenario 

involves a possible intrachromosomal segmented duplication of the ProtoHox cluster; or 
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splitting of the ProtoHox cluster (which already contained distinct precursors of the Hox 

and ParaHox genes) by an inversion event. This would initially have placed the Hox and 

ParaHox clusters on the same chromosome and may have then been followed by an 

interchromosomal arm exchange or a chromosomal fission; which would lead to the 

scenario of separate Hox and ParaHox loci, seen in extant animals today (fig 4.4b). 

 

 

Figure 4.4: Plausible scenarios for evolution of Hox and ParaHox clusters from the ProtoHox ancestor. 

(A) Hox/ParaHox arose from duplication event, followed by surrounding differential gene loss at new loci. 

(B) Hox/ParaHox arose from segmental duplication or cluster splitting and inversion/rearrangement on 

the same chromosome followed by separation of clusters by chromosomal fission or interchromosomal 

arm exchange. Adapted from (Ferrier, 2016b). 

 

Members of the Hox and ParaHox groups have been found in the early branching 

metazoan groups Porifera, Cnidaria and Placozoa to varying degrees (Monteiro et al., 

2006; Ryan et al., 2006; Fortunato et al., 2014). Cnidarians have been shown to possess 

genes from both Hox and ParaHox groups (discussed in 4.1.5). A Gsx-like ParaHox gene 

Trox-2 has been found in the placozoan Tricoplax adhaearans (Monteiro et al., 2006). 

Synteny analysis of the Tricoplax genome also revealed Hox and ParaHox ‘ghost loci’, 

supporting the idea that absence of a Hox/ParaHox repertoire in placozoans is due to 

secondary loss (Mendivil Ramos et al., 2012). For a long time, it was believed that the 

sponge phylum lacked both Hox and ParaHox genes (Larroux et al., 2007). This finding 

was mostly based on the genome analysis of the demosponge Amphimedon 

queenslandica (Mendivil Ramos et al., 2012; Srivastava et al., 2010). Recent findings in 

A 

B 
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calcareous sponges of a ParaHox Cdx-like gene, as well as the prediction of Hox/ParaHox 

‘ghost loci’ supported the hypothesis that the lack of Hox and ParaHox genes in A. 

queenslandica was caused by lineage-specific loss (Fortunato et al., 2014) similar to 

placozoans. Genome and transcriptome analysis in ctenophores has so far shown the 

absence of Hox and ParaHox genes (Ryan et al., 2010; Ryan et al., 2013; Moroz et al., 

2014). There is some mention of a possible Cdx like gene in the comb jelly Mnemiopsis 

leidyi, but other authors have grouped this within the HOX-L subclass after re-analysis of 

this dataset (Moroz et al., 2014; Thomas-Chollier, 2016). Therefore, the exact 

classification of this gene remains controversial. Taken together, these results suggest 

that Hox/ParaHox genes were already present in the last metazoan common ancestor 

(based on the ‘sponge basal’ to all metazoans hypothesis) or arose very early in animal 

evolution (based on ‘ctenophore-basal’ to metazoans hypothesis) (Thomas-Chollier, 

2016). 

 

4.1.4 Homeobox genes in cnidarians 

Homeobox genes were first discovered in cnidarians in 1991 when three fragments of 

ANTP class homeodomains (Cnox-1, Cnox-2-Hs and Cnox-2-Ed) were found in the 

hydrozoans Hydractinia symbiolongicarpus and Eleutheria dichotoma (Schierwater et al., 

1991). The first genome wide studies of homeodomain genes in cnidarians were in the 

sea anemone Nematostella vectensis and the freshwater hydrozoan Hydra vulgaris (Ryan 

et al., 2006; Chourrout et al., 2006). Expansion and diversification of the homeodomain 

superfamily was already well underway in the ancestor of extant cnidarians; ANTP, PRD, 

TALE, SINE, POU, LIM, CERS, HNF and CUT class genes have all been found in cnidarian 

genomes (Ryan et al., 2006; Chourrout et al., 2006; Gold, 2014). The collective cnidarian 

homeodomain complement comprises almost 70 families, including families 

homologous to bilaterians and cnidarian-specific/taxon restricted groups (Gold, 2014; 

Reddy et al., 2015).  

 

Homeobox genes play a plethora of roles in development and patterning in cnidarians. 

Many of these roles are somewhat conserved in ‘higher’ animals, suggesting that the 

functionality of these genes evolved in the last common ancestor of cnidarians and 

bilaterians. Some homeobox genes have also been co-opted for similar functions, 

possibly by convergent evolution. For example, PaxB (a functional hybrid of Pax2/5/8 
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and Pax6 genes in bilaterians) in the box jellyfish Tripedalia cystospora, was expressed in 

the lens and retina of swimming medusae (Gröger et al., 2000). PaxB could also generate 

ectopic eyes in Drosophila, under the correct enhancer. Both Pax2/5/8 and Pax6 are 

incredibly important for eye development in bilaterians (Kozmik, 2005). Protein-protein 

interactions between Hox genes and TALE class genes (Pbx and Meis), necessary for axial 

patterning in most bilaterians, have been shown to be conserved in the sea anemone 

Nematostella (Hudry et al., 2014). The POU3/5 gene Polynem plays an important role in 

stem cell maintenance in Hydractinia echinata and its ectopic expression in epithelial 

cells causes reprogramming to a stem cell like state (Millane et al., 2011). In mammals, 

the POU5 gene Oct4 is one of the Yamanaka reprogramming genes used to convert 

differentiated cells to an undifferentiated pluripotent state (Yamanaka and Blau, 2010; 

Takahashi and Yamanaka, 2006).  

 

To date, several Hox and Hox-related genes have been found in cnidarians (Ryan et al., 

2006; Ryan et al., 2007; Dubuc et al., 2012; Cartwright et al., 1999; Chourrout et al., 

2006). These genes have been shown to be members of the anterior Hox groups (Hox1 

and Hox2), as well as ParaHox genes and Hox-related genes such as Eve and Mox (Ryan 

et al., 2007; Reddy et al., 2015; Gauchat et al., 2000). There are also non-anterior 

cnidarian expansions of Hox genes that are difficult to classify. These include the genes 

anthox1 and anthox1a in Nematostella (Ferrier and Holland, 2001; Ryan et al., 2006) and 

members of the CnoxA, CnoxB and CnoxC families in hydrozoans (Reddy et al., 2015; 

Chiori et al., 2009). The exact placement of these gene families is controversial. Some 

authors place these genes with the central Hox genes (Thomas-Chollier et al., 2010), or 

central/posterior (Ryan et al., 2006). Other phylogenetic studies have classed these 

genes as posterior in origin (Ryan et al., 2007; Quiquand et al., 2009), while others still 

have branded the genes cnidarian-specific (Reddy et al., 2015; Chiori et al., 2009; 

Chourrout et al., 2006). Despite this disagreement, a picture is emerging of the diverse 

repertoire of Hox genes in cnidarians. The addition of more cnidarian-specific Hox genes 

may help shed further light on this controversy. In anthozoans, Hox genes are arranged 

in clusters, in a similar manner to other metazoans (Baumgarten et al., 2015; Dubuc et 

al., 2012; Chourrout et al., 2006) (fig. 4.5). Therefore, it has been surmised that Hox and 

Hox-related genes were arranged in clusters in the common ancestor of bilaterians and 

cnidarians. Depending on the classification of cnidarian-specific Hox genes, the exact 
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content of this ancient cluster is unknown. One possible scenario is shown in figure 4.5 

(Dubuc et al., 2012). To date, no Hox cluster has been found in hydrozoans, suggesting 

this has been secondarily lost in this clade of cnidarians (Chapman et al., 2010; 

Chourrout et al., 2006; Reddy et al., 2015). The addition of clustering data from 

Hydractinia echinata will provide further information on the validity of this hypothesis. 

 

 

Figure 4.5: Clustering of Hox genes in cnidarians: (A) Possible Hox complement in the common ancestor 

of cnidarians and bilaterians. In this scenario, the cnidarian/bilaterian LCA had two anterior Hox genes 

(labelled Hox1 and Hox2), a non-anterior Hox gene (labelled Hox4-13) and the Hox related genes Eve and 

HlxB9. This LCA also had another Hox like gene, here labelled Ax9. (B) The Hox cluster in anthozoans. 

Shown here are Nematostella vectensis and Acropora digitifera. Expansion of PG-2 like genes Ax7-Ax8 in 

Nematostella. In both cases the Ax1/Ax1a genes are homologous to the hydrozoan Cnox expansions of 

Hox genes. (C) The Amphioxus Hox cluster. In this hypothesis, central and posterior Hox genes arose from 

the non-anterior common ancestor that gave rise to Ax1/Ax1a and Cnox genes in cnidarians. HlxB9 is no 

longer linked to the Hox cluster. HlxB9* is also annotated as Mnx. Figure based on Dubuc, 2011 and Dubuc, 

2017 (unpublished). 

 

4.1.5 A closer look at homeobox genes in Hydractinia species 

The genus Hydractinia plays an interesting historical role in understanding homeobox 

evolution in cnidarians. As previously stated, the first homeodomain fragments found in 

cnidarians were described in Hydractinia symbiolongicarpus (Schierwater et al., 1991). 

Since then there have been numerous studies in homeobox genes in Hydractinia. 

Molecular cloning, sequencing, and expression studies in several genes have been 
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carried out. These include studies into ANTP class genes Gsx, annotated as Cnox-2 

(Cartwright et al., 1999; Cartwright and Buss, 1999; Cartwright et al., 2006; Schierwater 

et al., 1991) and Ems/Emx (Mokady et al., 1998); and the PRD class gene Goosecoid (NCBI 

accession number HM146130.1; Kuenzel and Plickert, 2010). Functional studies into the 

POU homeobox gene Polynem in Hydractinia echinata revealed remarkable functional 

homology to the mammalian pluripotency master gene Oct4 (Millane et al., 2011). 

Transcriptome wide studies in H. symbiolongicarpus revealed a number of homeobox 

genes differentially expressed between polyp types, including LIM, POU, SINE and PRD 

class HD genes (Sanders et al., 2014). Using phylogenetic methods, the authors were 

able to annotate a number of Hydractinia homeobox genes. Finally, another study 

examining the interspecific differences between H. symbiolongicarpus and a closely 

related species Podocoryne carnea, revealed homeobox genes Hox1, Six1/2 and Pc-

Cnox2 (not orthologous to Hs-Cnox2 described above); upregulated in the medusa life 

stage of P. carnea, were absent in H. symbiolongicarpus (Sanders and Cartwright, 2015). 

These studies helped reveal the role homeoboxes play in polyp specialization and life 

cycle complexity. These studies have been limited to only a handful of homeobox genes 

however and the full complement of homeoboxes in Hydractinia is still unknown and 

this question is of great importance for comparative and developmental biology, 

particularly within the context of other hydrozoans. 

 

4.1.6 Aims of this study 

Aim1: Although studies in the past have examined a few homeobox genes in Hydractinia 

spp., the full homeobox complement is unknown. Using a combination of genomics and 

transcriptomics I aim to collect and classify the full account of homeodomain encoding 

genes in Hydractinia echinata. 

 

Aim 2: Genome-wide studies of homeobox genes in cnidarians have revealed a 

remarkable diversity between species. Using the sequence classifications from Aim 1, I 

will examine homeobox gene expansion or loss in Hydractinia echinata and compare this 

to other hydrozoans and to other species in the phylum Cnidaria. 
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Aim 3: To date, a Hox cluster has not been found in hydrozoans, despite being present in 

anthozoan cnidarians. I aim to search the draft genome of Hydractinia echinata for the 

presence of a Hox cluster, and for other clusters of homeobox genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Results 

 

4.2.1 The homeodomain complement of Hydractinia echinata 

Searching the Hydractinia echinata transcriptome and draft genome using a wide range 

of metazoan homeodomain sequences recovered a total of 67 non-redundant 
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homeobox containing genes (‘S1-SequenceDatasets’). Class level annotations of these 

genes were attained by combining three lines of evidence: 1) Phylogenetic analysis of 

the homeodomain sequences; 2) BLAST based annotation to the NCBI NR database; 3) 

predicting of secondary domain architecture. The results from each method agreed on 

the classification of the majority of sequences and are discussed in greater detail below. 

In summary phylogenetic and BLAST analysis assigned H. echinata homeoboxes to the 

same class for 65/67 proteins (97%). The two proteins in disagreement (HE_HD0032 and 

HE_HD0010) were classified as ANTP/unclassified (phylogenies/BLAST) and TALE/SINE 

(phylogenies/BLAST) respectively. Where secondary domains were predicted, in all cases 

they complimented the phylogenetic class assignment. Two sequences that were 

classified as a POU and LIM homeobox genes in the phylogenies did not possess a 

predicted POU or LIM domain in their respective sequences.  

 

4.2.1.1 Phylogenetic analyses of the 60aa homeodomains of Hydractinia 

For the phylogenies, homeodomains (HD) from the predicted proteins were aligned to 

the dataset used in Ryan et al., (2010); substituting the sequences from the comb jelly 

Mnemiopsis leidyi for those we obtained from Hydractinia echinata. This alignment was 

used to generate phylogenetic trees of the homeodomain superfamily. Trees were 

generated using the Maximum Likelihood (ML) and Bayesian approaches and the results 

were compared. Although phylogenetics methods on short sequences that have 

diverged long into the past have limitations, both methods applied here were 

successfully able to reconstruct almost all known bilaterian homeodomain genes into 

their correct clusters and classes. Based on the Maximum Likelihood tree, class level 

annotations were assigned to 64/67 homeobox genes (95.5%) (fig. 4.6). These were 

assigned to the following classes: ANTP (25); PRD (18); LIM (5); TALE (5); SINE (4); POU 

(4); CERS (2); ZF (1); undefined (3).  
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Figure 4.6: Maximum Likelihood Homeobox Tree: Cladogram representing the classification of 

Hydractinia echinata homeobox genes based on Maximum Likelihood. Blue sequence labels indicate the 

67 Hydractinia sequences. Unclassified sequences HE_HD0052 and HE_HD0053 (Blue star). Unclassified 

sequence HE_HD0001 (red star). Sequence HE_HD0056 clusters with human ZF class HD’s (green star). Bar 

chart corresponds to the number of Hydractinia HD sequences within each shaded clade. Tree midpoint 

rooted for display purposes. Species abbreviations: Am=Acropora millepora; Bf=Branchiostoma floridae; 

Dm=Drosophila melanogaster; Hs=Homo sapiens; Hv=Hydra vulgaris Nv=Nematostella vectensis; 

Ps=Phascolion strombus; Sm =Strigamia maritima 
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Figure 4.7: Bayesian Homeobox Tree: Cladogram representing the classification of Hydractinia homeobox 

genes based on Bayesian inference. For display purposes the tree had been midpoint rooted. Blue labels 

indicate the 67 Hydractinia echinata homeobox sequences. Unclassified sequences HE_HD0052 and 

HE_HD0053 (Blue star). Unclassified sequence HE_HD0001 (red star). Unclassified sequence HE_HD0056 

(green star). Bar chart corresponds to the number of Hydractinia HD sequences within each shaded clade 

of the same colour. Species abbreviations same as fig. 4.6 above. 
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Two Hydractinia genes (HE_HD0052 and HE_HD0053) clustered together within their 

own clade and were thus not assigned to one of the 11 known HD classes (fig. 4.6, blue 

star). A third unidentified gene (HE_HD0001) grouped with several known divergent 

homeobox genes from different classes (fig. 4.6. red star). These divergent sequences 

were the human highly divergent POU homeobox gene HDX, the primate-specific PRD 

gene LEUTX and Amphioxus CUT gene Compass.  

 

Bayesian analysis assigned 63/67 (94%) of Hydractinia HD’s to one of the 11 

homeodomain classes (fig. 4.7). These were assigned as follows: ANTP (25); PRD (18); 

LIM (5); TALE (5); SINE (4); POU (4); CERS (2); undefined (4). All 63 assigned genes were 

also assigned to the same classes in the ML analysis described above. Three of the 

unclassified genes (HE_HD0001, HE_HD0052 and HE_HD0053) were also similarly 

undefined in the Maximum Likelihood analysis and appeared within the same 

clades/groups as described in our above (fig. 4.7, blue star and red star). 

 

The only discrepancy between the analyses was the placement of the Hydractinia gene 

HE_HD0056. Maximum Likelihood based phylogenetics placed the gene within the ZF 

(zinc-finger) class, basal to the Zfhx family (fig. 4.6, red green star). This gene does not 

cluster with any other gene class in the Bayesian analysis, rather it appears alone outside 

of the other main clades (fig. 4.7, green star). To date no ZF class homeobox genes have 

been found outside the Bilateria. The gene also lacks any secondary zinc-finger domains 

(section 3.3.2) and therefore this gene remained unclassified in our study. 

 

4.2.2 Predicting secondary domains and characteristic amino acids 

Hydractinia HD genes were then examined for secondary domain architecture, 

characteristic amino acids and structures, and homeodomain extensions. 16/67 genes 

possessed at least one secondary domain. Table 4.1 summarizes the predicted secondary 

domains found. Five genes possessed homeodomain extensions between the first and 

second HD helix; characteristic of TALE class homeobox genes and all five of the 

homeodomains of these genes clustered with other TALE genes in our phylogenetic 

studies (fig. 4.6, fig. 4.7). One gene (HE_HD0006) contained a second homeodomain 

sequence. Three transcripts possessed two LIM domains (HE_HD0015, HE_HD0018 and 

HE_HD0034), while a fourth gene (HE_HD0061) had only one LIM domain. All four of 
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these genes were characterized as LIM homeobox genes in both phylogenetic analyses 

(fig. 4.6, fig. 4.7). Four genes contained a SIX/SO domain (SD) characteristic of genes in 

the class SIX, all of which grouped with SIX class genes in our phylogenetic trees. Three 

genes encoded POU domains (PD), all of which clustered with other POU genes (fig. 4.6, 

fig. 4.7). Two genes contained a TLC domain and transmembrane domains, as well as an 

atypical short homeodomain (HE_HD0016 and HE_HD0019). These three features are 

characteristic of CERS/LASS homeobox genes and both Hydractinia sequences clustered 

with fly and human CERS genes in both phylogenetic trees, within the much larger PRD 

class (fig. 4.6, fig 4.7). Finally, two genes possessed predicted PRD domains associated 

with the PAX gene family.  

 

Manual examination of the homeodomain sequences revealed 9/18 PRD class 

Hydractinia genes possessed a characteristic glutamine (Q) at the 50th residue of the 

homeodomain (sometimes referred Q50), while six coded a lysine (K) at the 50th residue 

(K50) (table 4.1).  

 

Based on these results, and combined with the phylogenetic analyses described above, 

Hydractinia echinata homeodomain genes were allocated to the following classes: ANTP 

(25); PRD (18); LIM (5); TALE (5); SINE (4); POU (4); CERS (2); HNF (0); CUT (0); ZF (0); 

PROS (0); undefined (4). 
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Table 4.1 Homeobox genes containing secondary domains in Hydractinia echinata  
Sequence ID Secondary Domain/Characteristic AA Class 

HE_HD0016 

HE_HD0019 

TLC domain, transmembrane domain 

TLC domain, transmembrane domain 

CERS 

HE_HD0015 

HE_HD0018 

HE_HD0034 

HE_HD0061 

LIM, LIM 

LIM, LIM 

LIM, LIM 

LIM 

LIM 

HE_HD0002 

HE_HD0013 (Pln) 

HE_HD0020 

POU, DFP 

POU 

POU 

POU 

HE_HD0003 

HE_HD0006 

HE_HD0007 

HE_HD0008 

HE_HD0022 

HE_HD0026 

HE_HD0029 

HE_HD0030 

HE_HD0033 

HE_HD0035 (Gsc) 

HE_HD0039 

HE_HD0040 

HE_HD0042 

HE_HD0048 

HE_HD0054 

HE_HD0057 

HE_HD0058 

HE_HD0064 

Paired box (PAX) 

2x homeodomains 

Paired box (PAX) 

Q50 amino acid 

Q50 amino acid 

Q50 amino acid 

K50 amino acid 

Q50 amino acid 

Q50 amino acid 

K50 amino acid 

Q50 amino acid 

K50 amino acid 

K50 amino acid 

K50 amino acid 

Q50 amino acid 

Q50 amino acid 

Q50 amino acid 

K50 amino acid 

PRD 

HE_HD0012 

HE_HD0027 

HE_HD0041 

HE_HD0046 

SIX/SO domain 

SIX/SO domain 

SIX/SO domain 

SIX/SO domain 

SINE 

HE_HD0004 

HE_HD0005 

HE_HD0009 

HE_HD0010 

HE_HD0011 

Three amino acid extension (LTH) 

Three amino acid extension (LVH) 

Three amino acid extension (KKN) 

Three amino acid extension (IVD) 

PBC domain, Three amino acid extension (LSN) 

TALE 
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4.2.3 BLAST based analysis of Hydractinia homeobox genes 

For each of the 67 predicted Hydractinia homeobox genes, both the predicted 

homeodomain (HD) region alone, as well as the full protein translation of the predicted 

transcript, were queried separately against the NCBI non-redundant (NR) database using 

the tBLASTn program. The top 5 results from each BLAST were collected and the results 

compared to the classes ascribed to the genes in section 4.3.2 (an unabridged table can 

be viewed in supp. file ‘S2-Annnotations/Homeobox_to_NR_BLAST.xlsx’). Table 4.2 

shows the two top hits for each homeodomain and each full transcript. BLAST searches 

were carried out online on the NCBI BLAST server at 

https://blast.ncbi.nlm.nih.gov/Blast.cgi. 

 

The first analysis used the homeodomain of each Hydractinia sequence as a BLAST query, 

omitting the rest of the predicted protein. 45/63 genes had a top hit that matched 

another cnidarian homeodomain sequence (fig. 4.8a). BLAST results from the 

homeodomain-only analysis showed 24/25 ANTP genes matching ANTP genes from 

other metazoans (top hit, second hit or top two hits). The 25th gene (HE_HD0032) 

matched a homeobox gene from Hydra vulgaris, annotated as ‘SMOX-4 like’ after an 

unclassed gene from the blood fluke Shistosoma masonai (Webster and Mansour, 1992). 

All genes, from our phylogenetic analyses, belonging to the PRD, POU, SINE, LIM, and 

CERS classes also had BLAST hits to genes in these respective classes (top hit, second hit, 

or both hits).  4/5 of the H. echinata TALE genes matched TALE class genes in the NCBI 

database. The fifth tale gene (HE_HD0010) matched a cnidarian-specific (Craspedacusta 

sowerbyi) SINIE class gene Six-X and an uncharacterized gene from the slime mould 

Polysphondylium pallidum. HE_HD0010 had the characteristic three amino acid 

extension between its first and second HD helix, and did not possess a SIX/SO domain.  

 

BLAST analysis using the full Hydractinia HD protein produced comparable results. 50/67 

Hydractinia genes had top hits to other cnidarian homeobox genes (fig 4.8b). Sequences 

ascribed to a class based on phylogeny matched NCBI sequences from the same class as 

follows: ANTP (24/25); PRD (18/18); POU (3/4); SINE (4/4); TALE (4/5); LIM (5/5); CERS 

(2/2) (table 4.2). The H. echinata ANTP gene HE_HD0032 matched with Hydra vulgaris 

SHOX-4 like protein, and a ribosomal L12-like protein from the same Hydra species. The 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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highest matches for the TALE gene, HE_HD0010, were once again the cnidarian-specific 

C. sowerbyi Six-X and an uncharacterized protein from Brachiostoma belcheri.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Top BLAST hits for Hydractinia HD only and full sequences to NCBI NR nucleotide database. 

(A) Top hits for homeodomain only. (B) Top hits for full length Hydractinia sequence. 

 

Results from querying the full transcript of the POU-like gene HE_HD0014 did not match 

any POU genes in its top five hits to the NCBI nr database (‘S2-

Annnotations/Homeobox_to_NR_BLAST.xlsx’). The top two hits were sequences that 

belong to the ANTP class of homeodomains (table 4.2). When using the homeodomain 
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alone the top hit was N. vectensis anthox-1 (ANTP), however the next three hits 

represent three variants of the jellyfish C. sowerbyi POU6 gene. This gene also lacks a 

POU domain. Taken together with the phylogenetic analysis, this gene may represent a 

divergent POU gene that has lost its POU domain, or a divergent ANTP-like gene that has 

been erroneously placed within the POU class in our phylogenetic analyses. 

 

The four unclassified genes, HE_HD0001, HE_HD0052, HE_HD0053 and HE_HD0056 

(based on our phylogenetic results), matched genes belonging to the ANTP and PRD 

classes, as well as unannotated proteins from other metazoans. The homeodomain of 

HE_HD0001, which appears in a clade with a diverse set of atypical homeodomains, (fig. 

4.6, fig. 4.7; results section 4.2.1.1) had closest hits to a Hox-like gene from the emerald 

ash borer beetle Agrilus planipennis. The next three hits (‘S2-

Annnotations/Homeobox_to_NR_BLAST.xlsx’) belonged to homeodomain sequences 

from plants. The HD sequences HE_HD0052 and HE_HD0053, which both clustered 

together in our phylogenies but failed to group with any class, matched uncharacterised 

genes from several eukaryotic species, including fungi, arthropods and mammals. 

However, the top hit from querying the full sequence of HE_HD0052 did match an ANTP 

related gene from the cnidarian Orbicella faveolata. The top hit for the uncharacterised 

protein HE_HD0056 was a Shox-2 like protein from Hydra vulgaris. All five hits from the 

homeodomain query matched a PRD class protein (‘S2-

Annnotations/Homeobox_to_NR_BLAST.xlsx’).  However, this gene did not appear to be 

related to PRD class genes based on our phylogenetic analyses (ML: zinc finger; Bayes: 

undef).  

 

Taken together 61/63 (96.8%) of the BLAST analyses agreed with the class assignment of 

the Hydractinia sequences based on the HD alone as a query. Using the full sequence as 

a query, 60/63 (95.2%) Hydractinia sequences agreed with class assignment from our 

phylogenetic study.  
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Table 4.2: BLAST annotation of each homeodomain only (HD) and full homeobox-containing transcript of H. echinata 
Gene Name Tree 

Class 

Homeodomain Top BLAST hits Phylum BLAST 

class 

Full Sequence Top BLAST Hits Phylum BLAST 

Class 

HE_HD0001 No 

Def 

Agrilus planipennis homeobox protein Hox-B4-like, transcript variant X2 ARTH ANTP Macaca mulatta NANOGP10 pseudogene CHOR ANTP 

Agrilus planipennis homeobox protein Hox-B4-like, transcript variant X1  ARTH ANTP Agrilus planipennis homeobox protein Hox-B4-like (LOC108734862), transcript variant X1 ARTH ANTP 

HE_HD0002 POU Hydra vulgaris uncharacterized LOC100198319  CNID - Craspedacusta sowerbyi POU domain class 6 transcription factor (Pou6)  CNID POU 

Craspedacusta sowerbyi POU domain class 6 transcription factor (Pou6)  CNID POU Hydra vulgaris uncharacterized LOC100198319 (LOC100198319) CNID - 

HE_HD0003 PRD Podocoryne carnea mRNA for paired box protein (pax-B gene) CNID PRD Podocoryne carnea mRNA for paired box protein (pax-B gene) CNID PRD 

Cladonema californicum Pax-B  CNID PRD Cladonema radiatum CrPax-B mRNA for transcription factor Pax-B CNID PRD 

HE_HD0004 TALE Nematostella vectensis predicted protein (NEMVEDRAFT_v1g119733)  CNID - Hydra vulgaris homeobox protein Meis1-like (LOC100215603) CNID TALE 

Protobothrops mucrosquamatus homeobox protein meis3-like  CHOR TALE Tursiops truncatus Meis homeobox 1 (MEIS1), transcript variant X3 CNID TALE 

HE_HD0005 

 

TALE Balearica regulorum gibbericeps homeobox protein PKNOX2-like  CHOR TALE Pterocles gutturalis homeobox protein PKNOX2-like (LOC104461495) CHOR TALE 

Pterocles gutturalis homeobox protein PKNOX2-like  CHOR TALE Ornithorhynchus anatinus homeobox protein PKNOX2-like (LOC100093384) CHOR TALE 

HE_HD0006 PRD Hydra vulgaris homeobox protein OTX1 B-like  CNID PRD Clytia hemisphaerica Otx-related-1  CNID PRD 

Clytia hemisphaerica Otx-related-1 mRNA CNID PRD Hydra vulgaris homeobox protein OTX1 B-like  CNID PRD 

HE_HD0007 PRD Clytia hemisphaerica PaxC CNID PRD Clytia hemisphaerica PaxC mRNA CNID PRD 

Anthopleura japonica mRNA for Pax-C CNID PRD Acropora millepora PaxC transcription factor (PaxC)  CNID PRD 

HE_HD0008 PRD Clytia hemisphaerica HOP mRNA CNID PRD Clytia hemisphaerica HOP CNID PRD 

Nematostella vectensis NVHD031-paired class homeobox protein gene CNID PRD Protobothrops mucrosquamatus paired like homeodomain 2 (PITX2) CHOR PRD 

HE_HD0009 TALE Ceratitis capitata mirror mRNA ARTH TALE Hydra vulgaris iroquois-class homeodomain protein IRX-2-like  CNID TALE 

Diaphorina citri iroquois-class homeodomain protein IRX-6-like  ARTH TALE Branchiostoma floridae iroquois B (IrxB)  CHOR TALE 
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Gene Name Tree 

Class 

Homeodomain Top BLAST hits Phylum BLAST 

class 

Full Sequence Top BLAST Hits Phylum BLAST 

Class 

HE_HD0010 TALE Craspedacusta sowerbyi sine oculis-like transcription factor (Six-X)  CNID SINE Craspedacusta sowerbyi sine oculis-like transcription factor (Six-X)  CNID SINE 

Polysphondylium pallidum PN500 hypothetical protein partial mRNA AMOE SINE Branchiostoma belcheri uncharacterized LOC109479694  CHOR SINE 

HE_HD0011 TALE Sepia officinalis pre-B-cell leukemia transcription factor 1 (PBX1) MOLL TALE Hydra vulgaris pre-B-cell leukemia transcription factor 1-like  CNID TALE 

Tupaia chinensis pre-B-cell leukemia transcription factor 2-like CHOR TALE Trichoplax adhaerens hypothetical protein PLAC - 

HE_HD0012 SINE Cladonema radiatum sine oculis-like transcription factor Six3/6 mRNA CNID SINE Podocoryne carnea sine oculis-like transcription factor Six3/6  CNID SINE 

Craspedacusta sowerbyi sine oculis-like transcription factor Six3/6B (Six3/6B) CNID SINE Cladonema radiatum sine oculis-like transcription factor Six3/6  CNID SINE 

HE_HD0013 POU Hydractinia echinata POU domian transcription factor Polynem (Pln) CNID POU Hydractinia echinata POU domian transcription factor Polynem (Pln)  CNID POU 

Helobdella robusta hypothetical protein ANNE - Aurelia sp. DG-2014 POU-like homeodomain-containing protein (POU3)  CNID POU 

HE_HD0014 POU Nematostella vectensis anthox1-ANTP class homeobox protein CNID ANTP Cyprinodon variegatus transcription factor LBX2-like CHOR ANTP 

Crassostrea gigas POU domain, class 6, transcription factor 1 MOLL POU Tupaia chinensis GS homeobox 2 (GSX2) CHOR ANTP 

HE_HD0015 LIM Bactrocera cucurbitae LIM homeobox transcription factor 1-beta  ARTH LIM Lottia gigantea hypothetical protein  MOLL - 

Aethina tumida LIM homeobox transcription factor 1-beta ARTH LIM Octopus bimaculoides LIM homeobox transcription factor 1-alpha-like  MOLL LIM 

HE_HD0016 CERS Branchiostoma floridae hypothetical protein CHOR - Branchiostoma floridae hypothetical protein CHOR - 

Branchiostoma belcheri ceramide synthase 6-like CHOR CERS Sinocyclocheilus anshuiensis ceramide synthase 2-like, transcript variant X2 CHOR CERS 

HE_HD0017 ANTP Podocoryne carnea transcription factor Cnox4-Pc CNID ANTP Podocoryne carnea transcription factor Cnox4-Pc mRNA CNID ANTP 

Acropora digitifera AdAx1 mRNA for homeobox protein Anthox1-ANTP CNID ANTP Orbicella faveolata homeobox protein Hox-B7-B-like   ANTP 

HE_HD0018 LIM Branchiostoma floridae LIM class homeodomain, apterous subclass (apterous-a.2) CHOR LIM Nematostella vectensis predicted protein (NEMVEDRAFT_v1g98128) CNID - 

Nematostella vectensis LHX29 CNID LIM Nematostella vectensis LHX29  CNID LIM 



 
 

78 
 

Gene Name Tree 

Class 

Homeodomain Top BLAST hits Phylum BLAST 

class 

Full Sequence Top BLAST Hits Phylum BLAST 

Class 

HE_HD0019 CERS Branchiostoma floridae hypothetical protein CHOR - Hydra vulgaris ceramide synthase 6-like  CNID CERS 

Hydra vulgaris ceramide synthase 6-like CNID CERS Hydra vulgaris uncharacterized LOC101237792  CNID - 

HE_HD0020 POU Nematostella vectensis POU4-POU class homeobox protein CNID POU Craspedacusta sowerbyi POU domain class 4 transcription factor 1 (Pou4f1)  CNID POU 

Craspedacusta sowerbyi POU domain class 4 transcription factor 2 (Pou4f2) mRNA CNID POU Craspedacusta sowerbyi POU domain class 4 transcription factor 3 (Pou4f3)  CNID POU 

HE_HD0021 ANTP Clytia hemisphaerica Antp family homeodomain transcription factor protein HD01 CNID ANTP Clytia hemisphaerica Antp family homeodomain transcription factor protein HD01  CNID ANTP 

Nematostella vectensis predicted protein (NEMVEDRAFT_v1g117718)  CNID - Nematostella vectensis predicted protein (NEMVEDRAFT_v1g117718)  CNID - 

HE_HD0022 PRD Hydra vulgaris mRNA for prdl-b CNID PRD Clytia hemisphaerica Rx  CNID PRD 

Hydra vulgaris aristaless-related homeobox protein-like  CNID PRD Hydra vulgaris mRNA for prdl-b protein CNID PRD 

HE_HD0023 ANTP Hydra vulgaris homeobox protein mab-5-like  CNID ANTP Hydra vulgaris homeobox protein mab-5-like  CNID ANTP 

Clytia hemisphaerica Hox9-14C homeodomain transcription factor  CNID ANTP Clytia hemisphaerica Hox9-14C homeodomain transcription factor  CNID ANTP 

HE_HD0024 ANTP Helobdella robusta hypothetical protein  ANNE - Helobdella robusta hypothetical protein partial mRNA ANNE - 

Fulmarus glacialis homeobox protein Nkx-6.3-like  CHOR ANTP Thamnophis sirtalis homeobox protein Nkx-6.3-like  CHOR ANTP 

HE_HD0025 ANTP Clytia hemisphaerica Dll1 distalless homeodomain protein mRNA CNID ANTP Clytia hemisphaerica Dll1 distalless homeodomain protein  CNID ANTP 

Hydra vulgaris transcription factor Dll  CNID ANTP Hydra vulgaris transcription factor Dll  CNID ANTP 

HE_HD0026 PRD Hydra vulgaris homeobox protein aristaless-like, transcript variant X CNID PRD Clytia hemisphaerica paired-like homeodomain protein  CNID PRD 

PREDICTED: Hydra vulgaris homeobox protein aristaless-like, transcript variant X2 CNID PRD Hydra vulgaris homeobox protein aristaless-like, transcript variant X1 CNID PRD 

HE_HD0027 SINE Nematostella vectensis NVHD093-SINE class homeobox protein CNID SINE Craspedacusta sowerbyi sine oculis-like Six1/2B (Six1/2B)  CNID SINE 

Nematostella vectensis predicted protein (NEMVEDRAFT_v1g99489)  CNID - Danio rerio SIX homeobox 9 (six9) CHOR SINE 

HE_HD0028 ANTP Nematostella vectensis predicted protein (NEMVEDRAFT_v1g39913)  CNID - Hydractinia symbiolongicarpus Cn-ems  CNID ANTP 

Nematostella vectensis EMXB gene CNID ANTP Nematostella vectensis predicted protein (NEMVEDRAFT_v1g39913)  CNID - 
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Gene Name Tree 

Class 

Homeodomain Top BLAST hits Phylum BLAST 

class 

Full Sequence Top BLAST Hits Phylum BLAST 

Class 

HE_HD0029 PRD Clytia hemisphaerica Pitx  CNID PRD Clytia hemisphaerica Pitx mRNA CNID PRD 

Hydra vulgaris pituitary homeobox 1-like  CNID PRD Hydra vulgaris pituitary homeobox 1-like CNID PRD 

HE_HD0030 PRD Clytia hemisphaerica Prdl-d  CNID PRD Clytia hemisphaerica Prdl-d  CNID PRD 

Hydra vulgaris paired mesoderm homeobox protein 2- CNID PRD Hydra vulgaris paired mesoderm homeobox protein 2-like, transcript variant X2 CNID PRD 

HE_HD0031 ANTP Hydra vulgaris partial mRNA for homeoprotein (cnHex gene) CNID ANTP Hydra vulgaris partial mRNA for homeoprotein (cnHex gene) CNID ANTP 

Hydra vulgaris homeobox protein MSH-C-like CNID ANTP Hydra vulgaris homeobox protein MSH-C-like CNID ANTP 

HE_HD0032 ANTP Hydra vulgaris homeobox protein SMOX-4-like  CNID - Hydra vulgaris homeobox protein SMOX-4-like  CNID - 

Hydra vulgaris 60S ribosomal protein L12-like  CNID - Hydra vulgaris 60S ribosomal protein L12-like  CNID - 

HE_HD0033 PRD Clytia hemisphaerica Unc mRNA CNID PRD Clytia hemisphaerica Unc  CNID PRD 

Helobdella robusta hypothetical protein  ANNE - C.elegans unc-4 NEMA PRD 

HE_HD0034 LIM Corvus cornix cornix LIM homeobox 5 (LHX5), mRNA CHOR LIM Scyliorhinus canicula ScLim1  CHOR LIM 

Caprimulgus carolinensis LIM/homeobox protein Lhx5  CHOR LIM Emys orbicularis Lim1  CHOR LIM 

HE_HD0035 PRD Hydractinia echinata goosecoid CNID PRD Hydractinia echinata goosecoid  CNID PRD 

Hydra vulgaris paired box protein Pax-3-like  CNID PRD Hydra vulgaris paired box protein Pax-3-like  CNID PRD 

HE_HD0036 ANTP Camelus ferus homeobox protein HMX3 (LOC102521423) CHOR ANTP Callorhinchus milii H6 family homeobox 1 (hmx1) CHOR ANTP 

Physeter catodon H6 family homeobox 2 (HMX2) CHOR ANTP Danio rerio homeobox protein HMX3-like  CHOR ANTP 

HE_HD0037 ANTP Pomatoceros lamarckii Dlxb (Dlxb)  ANNE ANTP  Falco peregrinus distal-less homeobox 4 (DLX4) CHOR ANTP 

Colius striatus homeobox protein DLX-1  CHOR ANTP Falco cherrug distal-less homeobox 4 (DLX4) CHOR ANTP 

HE_HD0038 ANTP Clytia hemisphaerica NK2b homeodomain transcription factor protein CNID ANTP Clytia hemisphaerica NK2b homeodomain transcription factor protei CNID ANTP 

Hyalella azteca retinal homeobox protein Rx2-like  ARTH PRD Calypte anna homeobox protein Nkx-2.4-like  CHOR ANTP 
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Gene Name Tree 

Class 

Homeodomain Top BLAST hits Phylum BLAST 

class 

Full Sequence Top BLAST Hits Phylum BLAST 

Class 

HE_HD0039 PRD Drosophila persimilis GL17416 (Dper\GL17416) ARTH - Clytia hemisphaerica Rx  CNID PRD 

Glomeris marginata hbn (homeobrain gene) ARTH PRD Euperipatoides kanangrensis hbn (homeobrain gene) ONYC PRD 

HE_HD0040 PRD Ectopleura larynx paired-like homeobox protein manacle CNID PRD Clytia hemisphaerica Prdl-e  CNID PRD 

Clytia hemisphaerica Prdl-e  CNID PRD Ectopleura larynx paired-like homeobox protein manacle CNID PRD 

HE_HD0041 SINE Craspedacusta sowerbyi sine oculis-like transcription factor Six4/5B (Six4/5B)  CNID SINE Craspedacusta sowerbyi sine oculis-like transcription factor Six4/5B (Six4/5B)  CNID SINE 

Cladonema radiatum sine oculis-like transcription factor Six4/5 mRNA CNID SINE Cladonema radiatum sine oculis-like transcription factor Six4/5  CNID SINE 

HE_HD0042 PRD Aurelia sp. 1 NN-2010a Otx-like protein 1 (Otx1)  CNID PRD Podocoryne carnea (jellyfish) homeodomain protein Otx (Otx)  CNID PRD 

Clytia hemisphaerica partial mRNA for OTX homeobox (orthodenticle gene) CNID PRD Hydra vulgaris paired mesoderm homeobox protein 2-like, transcript variant X2 CNID PRD 

HE_HD0043 ANTP Clytia hemisphaerica Cdx caudal homeodomain protein CNID ANTP Clytia hemisphaerica Cdx caudal homeodomain protein  CNID ANTP 

Eleutheria dichotoma Cnox4 homeodomain protein  CNID ANTP Eleutheria dichotoma Cnox4 homeodomain protein  CNID ANTP 

HE_HD0044 ANTP Amyelois transitella homeobox protein slou-like  ARTH ANTP Limulus polyphemus NK1 transcription factor-related protein 1-like  ARTH ANTP 

Diaphorina citri homeobox protein ceh-1-like  ARTH ANTP Lineus sanguineus NK gene NEME ANTP 

HE_HD0045 ANTP Clytia hemisphaerica NK2d homeodomain transcription factor  CNID ANTP Clytia hemisphaerica NK2d homeodomain transcription factor protein  CNID ANTP 

Hyalella azteca retinal homeobox protein Rx2-like  ARTH PRD Nematostella vectensis NK2d-ANTP class homeobox protein  CNID ANTP 

HE_HD0046 SINE Meleagris gallopavo homeobox protein SIX2  CHOR SINE Maylandia zebra SIX homeobox 1 (six1)  CHOR SINE 

Rhagoletis zephyria homeobox protein six1  ARTH SINE Craspedacusta sowerbyi sine oculis-like transcription factor Six1/2A (Six1/2A)  CNID SINE 

HE_HD0047 ANTP Clytia hemisphaerica Hox9-14A homeodomain transcription factor  CNID ANTP Clytia hemisphaerica Hox9-14A homeodomain transcription factor  CNID ANTP 

Eleutheria dichotoma Cnox3 homeodomain  CNID ANTP Eleutheria dichotoma Cnox3 homeodomain  CNID ANTP 

HE_HD0048 PRD Hydra vulgaris homeobox protein OTX2-like  CNID PRD Hydra vulgaris homeobox protein OTX2-like  CNID PRD 

Hydra vulgaris homeobox protein Otx (CnOtx)  CNID PRD Hydra vulgaris homeobox protein Otx (CnOtx)  CNID PRD 
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Gene Name Tree 

Class 

Homeodomain Top BLAST hits Phylum BLAST 

class 

Full Sequence Top BLAST Hits Phylum BLAST 

Class 

HE_HD0049 ANTP Hydra vulgaris homeobox protein ceh-9-like  CNID ANTP Hydra vulgaris homeobox protein ceh-9-like  CNID ANTP 

Lottia gigantea hypothetical protein  MOLL - Stomoxys calcitrans homeobox protein B-H1-like  ARTH ANTP 

HE_HD0050 ANTP C.viridissima homeobox gene cnox3  CNID ANTP C.viridissima homeobox gene cnox3 CNID ANTP 

Hydra vulgaris homeobox protein ceh-31-like  CNID ANTP Hydra vulgaris homeobox protein ceh-31-like  CNID ANTP 

HE_HD0051 ANTP Clytia hemisphaerica Antp family homeodomain transcription factor protein HD02  CNID ANTP Clytia hemisphaerica Antp family homeodomain transcription factor protein HD02  CNID ANTP 

Megalobrama amblycephala homeodomain protein (HoxD3a)  CHOR ANTP Meleagris gallopavo homeobox protein Hox-D3a-like  CHOR ANTP 

HE_HD0052 No 

Def 

Necator americanus homeobox domain protein NEMA - Orbicella faveolata brain-specific homeobox protein homolog  CNID ANTP 

Ordospora colligata OC4 homeodomain-containing protein MICR - Ordospora colligata OC4 homeodomain-containing protein  MICR - 

HE_HD0053 No 

Def 

Anopheles gambiae str. PEST AGAP001483-PA (AgaP_AGAP001483)  ARTH - Anopheles gambiae str. PEST AGAP001483-PA (AgaP_AGAP001483)  ARTH - 

Bactrocera dorsalis homeobox protein Nkx-2.3  ARTH ANTP M.musculus Emx1 CHOR ANTP 

HE_HD0054 PRD Clytia hemisphaerica mRNA for homeobox transcription factor Orthopedia  CNID PRD Clytia hemisphaerica homeobox transcription factor Orthopedia CNID PRD 

Clytia hemisphaerica Otp mRNA, complete cds CNID PRD Clytia hemisphaerica Otp  CNID PRD 

HE_HD0055 ANTP Clytia hemisphaerica Mox homeodomain transcription factor protein  CNID ANTP Clytia hemisphaerica Mox homeodomain transcription factor  CNID ANTP 

Danio rerio mesenchyme homeobox 2b (meox2b) CHOR ANTP Taeniopygia guttata homeobox protein MOX-1-like  CHOR ANTP 

HE_HD0056 No 

Def 

Hydra vulgaris short stature homeobox protein 2-like  CNID PRD Hydra vulgaris short stature homeobox protein 2-like  CNID PRD 

Crepidula fornicata homeobox protein orthodenticle (Otx)  MOLL PRD Cuculus canorus retina and anterior neural fold homeobox 2 (RAX2) CHOR PRD 

HE_HD0057 PRD Hydra vulgaris short stature homeobox protein-like  CNID PRD Hydra vulgaris short stature homeobox protein-like  CNID PRD 

Nematostella vectensis predicted protein (NEMVEDRAFT_v1g105595)  CNID - Nematostella vectensis predicted protein (NEMVEDRAFT_v1g119152)  CNID - 

HE_HD0058 PRD Hydra vulgaris visual system homeobox 2-like CNID PRD Hydra vulgaris visual system homeobox 2-like  CNID PRD 

Erinaceus europaeus ALX homeobox 4 (ALX4) CHOR PRD Schistosoma haematobium Visual system homeobox 2  PLAT PRD 
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Gene Name Tree 

Class 

Homeodomain Top BLAST hits Phylum BLAST 

class 

Full Sequence Top BLAST Hits Phylum BLAST 

Class 

HE_HD0059 ANTP Podocoryne carnea homeodomain protein Msx  CNID ANTP Podocoryne carnea homeodomain protein Msx  CNID ANTP 

C.viridissima homeobox gene msh  CNID ANTP C.viridissima homeobox gene msh  CNID ANTP 

HE_HD0060 ANTP Clytia hemisphaerica NK2a homeodomain transcription factor  CNID ANTP Hydra vulgaris homeobox protein Hox-C3a-like  CNID ANTP 

Hydra vulgaris homeobox protein Hox-C3a-like (LOC100214228) CNID ANTP Hydra vulgaris NK-2 class homeobox transcription factor (CnNK-2)  CNID ANTP 

HE_HD0061 LIM Hydra vulgaris LIM/homeobox protein Awh-like  CNID LIM Cladonema pacificum CpaLhx6/8 gene for Lhx6/8 LIM homeobox  CNID LIM 

Cladonema pacificum CpaLhx6/8 gene for Lhx6/8 LIM homeobox  CNID LIM Hydra vulgaris LIM/homeobox protein Awh-like  CNID LIM 

HE_HD0062 ANTP Helobdella robusta hypothetical protein partial mRNA ANNE - Protobothrops mucrosquamatus H6 family homeobox 1 (HMX1) CHOR ANTP 

Cynoglossus semilaevis H6 family homeobox 1 (hmx1) CHOR ANTP Thamnophis sirtalis H6 family homeobox 1 (HMX1) CHOR ANTP 

HE_HD0063 ANTP Camelus ferus homeobox protein HMX3 (LOC102521423) CHOR ANTP Alligator sinensis H6 family homeobox 3 (HMX3) CHOR ANTP 

Fopius arisanus homeobox protein Hmx (LOC105273146) ARTH ANTP Ornithorhynchus anatinus homeobox protein HMX1 CHOR ANTP 

HE_HD0064 PRD Drosophila grimshawi GH14222 (Dgri\GH14222) ARTH - Drosophila willistoni uncharacterized protein (Dwil\GK14162) ARTH - 

Synthetic construct Drosophila melanogaster clone BS08220 encodes Ptx1-RA ARTH PRD Aedes albopictus pituitary homeobox homolog Ptx1  ARTH PRD 

HE_HD0065 ANTP Caenorhabditis briggsae Hypothetical protein CBG00043 (CBG00043)  NEMA - Trichinella spiralis homeotic protein deformed (Tsp_00885)  NEMA ANTP 

Nymphon gracile homeobox protein abdominalA (AbdA)  ARTH ANTP Xiphophorus maculatus caudal type homeobox 1 (cdx1) CHOR ANTP 

HE_HD0066 LIM Apteryx australis mantelli genome assembly AptMant0, scaffold C19148165 CHOR - Mus musculus 11 days embryo spinal cord cDNA, LIM/homeodomain, (islet-1),  CHOR LIM 

Python bivittatus insulin gene enhancer protein ISL-2-like (LOC103053588) CHOR LIM Brugia malayi Homeobox domain containing protein  NEMA - 

HE_HD0067 ANTP Cassiopea xamachana Scox-2 homeodomain protein (Scox-2)  CNID ANTP Hydractinia symbiolongicarpus Hox homeobox protein (Cnox-2)  CNID ANTP 

Podocoryne carnea GSX transcription factor (Gsx)  CNID ANTP Hydractinia symbiolongicarpus Cnox-2  CNID ANTP 

*Phylum abbreviations:  AMOE=Amoebozoa; ANNE=Annelida; ARTH=Arthropoda; CHOR=Chordata; CNID=Cnidaria; MICR=Microsporidia; MOLL=Mollusca; NEMA=Nematoda; 

NEME=Nemertea; ONYC=Onychophora; PLAC=Placozoa; PLAT=Platyhelminthes
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4.2.4 Family level phylogenetic analysis of the Hydractinia HD complement 

To further classify the Hydractinia echinata HD complement, and to compare with our 

BLAST based annotation, homeodomain sequences from several metazoan species were 

downloaded and added to each class. The species used were as follows: the 

deuterostomes Homo sapiens and Brachiostoma floridae; the protostomes Drosophila 

melanogaster and Caenharobditis elegans; and early branching metazoans Amphimedon 

queenslandica (sponge), Nematostella vectensis (cnidarian), Mnemiopsis leidyi 

(ctenophore) and Tricoplax adhearans (placozoans). These species were chosen as a 

broad sample of the Metazoa and because many of their homeodomains have been 

previously annotated. In the case of the ANTP class analyses, M. leidyi genes were 

omitted due to the large sequence number already in the alignment and the relative lack 

of clear family level annotation of these genes (Ryan et al., 2008). Mnemiopsis HD’s were 

included in all other analyses (PRD, POU, LIM, TALE, SINE). Secondary domains (PD and 

SD) were added to the POU and SINE alignment along with the homeobox. TALE genes 

were aligned using the 63aa homeodomain, thus including the three-amino acid loop 

extension between the first and second helix. Alignments can be found in ‘S3-

SequenceAlignments/HomeoboxSequenceAlignments’. These alignments were used to 

generate maximum likelihood and Bayesian phylogenetic trees (S4-

PhylogeneticTrees/HomeoboxTrees’).  

 

4.2.4.1 ANTP gene classification 

The largest class of homeodomain sequences found in Hydractinia echinata was the 

ANTP class, comprising 25 out of 67 genes (37%). Class level ANTP trees were generated 

to divide Hydractinia genes into the families of the HOX-L and NK-L sub-classes. Both 

Maximum likelihood and Bayesian methods report seven genes related to HOX-L families 

and 18 genes related to the NK-L families. A gene tree of the ANTP class maximum 

likelihood based tree is shown in figure 4.9. Due to the large size and diversity of this 

class both the NK-L and HOX-L subclasses will be described separately below. 

 

4.2.4.1.1 NK-L genes in Hydractinia 

Both phylogenetic analyses classified 18 of the 25 ANTP genes (72%) into the NK-L 

subclass (fig. 4.9, fig. 4.10). Of these 18 genes, 13 genes were found to cluster with 

known families in both Maximum Likelihood and Bayesian analyses (fig. 3.9, fig. 3.10). 
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These were annotated as follows: Emx (HE_HD0028); Slough (HE_HD0044); Hhex 

(HE_HD0031); Nk6 (HE_HD0024); three Hmx genes Hmxa, Hmxb and Hmxc (HE_HD0036, 

HE_HD0062, HE_HD0063); two Dlx genes Dlxa and Dlxb (HE_HD0025, HE_HD0037); 

Msxlx (HE_HD0059); and three NK-2 genes Nk2a, Nk2b and Nk2c (HE_HD0038, 

HE_HD0045, HE_HD0060). The families Slough, Ems, Dlx, Hmx, NK6 and Msxlx were well 

supported in the Bayesian analysis (posterior probability all > 0.9; fig. 4.10). With the 

exception of the Msxlx gene (HE_HD0059), all of these genes also matched with 

members of the same families in our BLAST analysis (table 4.2). HE_HD0059 matched 

Msx genes in our BLAST results rather than members of the Msxlx family. One gene 

(HE_HD0051) clustered with the vertebrate specific pluripotency gene Nanog in both 

analyses. This gene most closely resembled an unspecified ANTP class gene from the 

hydrozoan Clytia hemisphaerica (CheHD02, table 4.2) and may be a hydrozoan-specific 

gene. 

 

The remaining four Hydractinia genes did not cluster within any well-defined bilaterian 

NK-L families. HE_HD0021 grouped with an un-annotated Nematostella ANTP gene 

NvANTP010 as a sister clade to the families VAX and EMX (fig. 4.9, fig. 4.10). The family 

Vax has been collapsed in figure 4.10 and lies just below the EMX clade and the 

NvANTP010/HE_HD0021 clade. The top two BLAST hits for this gene also represent 

cnidarian specific genes from C. hemisphaerica and N. vectensis (table 4.2). The gene 

HE_HD0032 appears to be most closely related to genes in the Noto family (includes the 

Nematostella Noto-like EMXLX); along with three previously unclassified Nematostella 

homeodomains NvANTP077, NvANTP083 and NvANTP145 along with two unrelated C. 

elegans genes belonging to the Emx and Vax families. HE_HD0049 falls basal to a clade 

along with 11 (Maximum likelihood; (fig. 4.9) and 13 (Bayesian; fig. 4.10) unclassified 

Nematostella vectensis genes as well as one sponge gene (Nk5.7b) and human VENTX. 

The VENTX family (HsVENTX, BfVent1 and BfVent2) was not resolved monophyletically 

in either of our phylogenetic analyses. The final Hydractinia NK-like gene clusters with 

three Nematostella genes (NvANTP067, NvANTP097 and NvANTP115). This clade forms 

a sister clade with the BARX family. Thus, HE_HD0049 and HE_HD0050 may represent 

cnidarian specific divergences of NK-L genes. 
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Figure 4.9: Maximum Likelihood phylogenetic tree of ANTP class homeobox genes: Cladogram of ANTP 

class genes showing HOX-L and NK-L genes. Tree has been circularized and midpoint rooted for display 

purposes. Hydractinia echinata sequences are highlighted in blue. Species abbreviations in this tree and 

all following trees are as follows: Hs=Homo sapiens; Dm=Drosophila melanogaster; Bf=Brachiostoma 

floridae; Ce=Caenorhabditis elegans; Nv=Nematostella vectensis; Aq=Amphimedon queenslandica; 

Ta=Tricoplax adhearans 

 

NK-L Hox-L 
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Figure 4.10: Bayesian phylogenetic tree of NK-like genes: Phylogenetic tree of NK-L genes. Groups/clades 

without Hydractinia genes (blue labels) have been collapsed for display purposes. Hox-L genes have also 

been collapsed. Nodes with posterior probabilities (PP) > 0.7 have black circles. PP > 0.9 are labelled with 

red dots. Hs=Homo sapiens; Dm=Drosophila melanogaster; Bf=Brachiostoma floridae; Ce=Caenorhabditis 

elegans; Nv=Nematostella vectensis; Aq=Amphimedon queenslandica; Ta=Tricoplax adhearans 
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4.2.4.1.2 The HOX-L subclass of Hydractinia 

Seven of the 25 ANTP genes belong to the Hox related genes that make up the HOX-L 

subclass (fig. 4.9, fig. 4.11). Two genes (HE_HD0055 and HE_HD0067) were classed as 

the Hox related genes Mox and the ParaHox gene Gsx (called Cnox-2 in Hydractinia 

symbiolongicarpus (Cartwright et al., 1999). Top BLAST hits (table 4.2) also reflected 

these annotations. These were named Mox and Gsx respectively. Maximum Likelihood 

and Bayesian trees disagreed with the placement of the gene HE_HD0043 however this 

had low support in each tree (BS 5/ PP 0.44). Bayesian analysis clustered this gene with 

the ParaHox family CDX whereas ML phylogeny placed this gene along with the central 

Hox genes (Hox6-8) alongside the Drosophila fushi tarazu. There is also disagreement 

between both results regarding the classification of HE_HD0065. This gene groups with 

central Hox (Hox8) genes in the ML analysis (fig. 4.9) and with posterior Hox (Hox9-14) 

in the tree generated by MrBayes, although this is also weakly suppported (PP 0.11) (fig. 

4.11). The final three Hydractinia Hox-like genes grouped with the Nematostella genes 

Nvanthox1 and Nvax1a which represent cnidarian specific expansions of Hox genes. 

 

To further classify the three cnidarian-specific Hox genes, and in an attempt to add 

further resolution to the ambiguous genes HE_HD0043 and HE_HD0065, Hox, ParaHox 

and Hox related genes from several cnidarian sequences were aligned with Hydractinia 

sequences, along with human and fly HOX-L genes which served as placeholders (fig. 

4.12). The addition of extra cnidarian sequences confirmed the classification of HecMox 

and HecGsx. Three Hydractinia sequences group with the cnidarian specific clades 

CnoxA, CnoxB and CnoxC (HE_HD0047, HE_HD0017 and HE_HD0023 respectively) and 

were named so respectively. All three clades were recovered with high statistical support 

in our Bayesian analysis. In both analyses HE_HD0065 clusters with the Mox clade, 

differing from the initial analysis described above which placed it within the central Hox 

(ML) and posterior Hox (Bayes) groups.  HE_HD0043 clustered with Cdx genes in both 

analyses and the gene was annotated as HecCdx. The top hit for both the homeodomain 

alone and full protein, was the Clytia hemisphaerica Cdx gene. It is worth noting that the 

ML tree separated the bilaterian Cdx genes from the cnidarian Cdx genes (fig. 4.12a, 

yellow highlighted clade). In the Bayesian analysis both clades clustered as one Cdx 

family (fig. 4.12b), although this larger clade has low statistical support (PP 0.56).  Both 
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cnidarian and metazoan clades were recovered with high statistical support in both 

analyses (bilaterian BS 99%; PP 1/cnidarian BS 99%; PP 1.0) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Bayesian inference of ANTP genes showing Hox-L subfamily: Hydractinia echinata sequences 

are labelled in blue. NK-L genes have been collapsed. Black dots: PP > 0.7; red dots PP > 0.9. Families 

containing H. echinata sequences are highlighted. Species abbreviations: Hs=Homo sapiens; 

Dm=Drosophila melanogaster; Bf=Brachiostoma floridae; Ce=Caenorhabditis elegans; Nv=Nematostella 

vectensis; Aq=Amphimedon queenslandica; Ta=Tricoplax adhearans 
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Figure 4.12: HOX-L genes in Hydractinia echinate and other cnidarians: Hydractinia echinata (blue label) 

Hox-L genes under (A) Maximum Likelihood and (B) Bayesian phylogenetics. Both trees are midpoint 

rooted for display purposes. Bootstrap values > 70% are displayed; black dots: PP > 0.7, red dots PP > 0.9 

(B). Species abbreviations are: Ad=Acropora digitifera; Ap=Aiptasia pallida; Che=Clytia hemisphaerica; 

Dm=Drosophila melanogaster (green label); Hs=Homo sapiens (red label); Hy=Hydra species; Ed=Elutheria 

dichotoma; Nv=Nematostella vectensis; Pc=Podocoryna carnea. 
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4.2.4.2 PRD class homeobox genes 

The second largest class of homeoboxes in H. echinata was the PRD class, comprising 18 

genes. Using maximum likelihood and Bayesian methods these genes were classified into 

their respective families.  Both analyses agreed on the placement of the following 10 

genes into families conserved with bilaterians (fig. 4.13, fig. 4.14): Pax4/6 (HE_HD0007); 

Dmbx (HE_HD0040); three Otx family genes Otxa, Otxb and Otxc (HE_HD0006, 

HE_HD0042, HE_HD0048); Unc (HE_HD0033); Otp (HE_HD0054); Hbn (HE_HD0039); and 

Pitx (HE_HD0029). HE_HD0007 also possesses a PRD-box domain, indicative of the 

Pax4/6 family (table 3.1). The top BLAST hit (table 4.2) for this gene was Pax-C from Clytia 

hemisphaerica. Both analyses also confirmed the placement of the previously annotated 

HecGSC (HE_HD0035; NCBI accession ADM21469). The Gsc family was not recovered as 

monophyletic in the RAxML analysis (fig. 4.14), however representative genes resolved 

as a single clade in our Bayesian tree along with human TRPX1 and TRPXL (fig. 4.13).  All 

three Otx-like genes matched to other cnidarian Otx genes based on top BLAST hits (table 

4.2). Phylogenetic annotations Unc, Otp, Hbn and Pitx were also confirmed by BLAST 

analyses (table 4.2). 

 

The following five Hydractinia echinata PRD genes were placed within the same 

families/clades in both phylogenetic analyses; however, these have grouped with 

unknown (previously un-annotated) genes; families that have not previously been 

shown to be present in the LCA of bilaterians; or have been shown to be absent from 

cnidarians. As such, their classification remains ambiguous. In both analyses, the gene 

HE_HD0030 is difficult to classify, like the unknown Nemostella PRD-class homeobox 

(NvPRD002) and may represent a cnidarian specific expansion of the class. The top BLAST 

hits for this gene (table 4.2) are also cnidarian-specific/unclassified PRD class genes from 

Clytia hemisphaerica (Prdl-d) and Hydra (paired mesoderm homeobox protein 2). 

HE_HD0058 is most closely related to a PRD-like gene, Pax-Prd, from the placozoan 

Tricoplax adhearans. HE_HD0057 clusters with the human RHOXF2 and RHOXF2B. These 

genes are not present in Amphioxus, Drosophila or Nematostella and may not be present 

outside of Mammalia, so we believe this to be arbitrary clustering. In both trees, 

HE_HD0064 is grouped with the Drosophila Pax2/5/8 gene shaven, however the 

Pax2/5/8 gene family was not resolved as a monophyletic group. HE_HD0008 is grouped 

with three unrelated genes in both analyses. These genes are NvPRD031, an unclassified 



 
 

91 
 

gene from Nematostella; the amphioxus-specific gene Aprd-3; and the human gene 

MIXL1. To date, no orthologs of MIX family genes have been found in invertebrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Bayesian phylogeny of PRD class genes in Hydractinia: Cladogram of PRD class genes. 

Hydractinia sequences are labelled in blue. Clades that have been highlighted show families conserved 

between Hydractinia and bilaterians. Species: Hs=Homo sapiens; Dm=Drosophila melanogaster; 

Bf=Brachiostoma floridae; Ce=Caenorhabditis elegans; Nv=Nematostella vectensis; Aq=Amphimedon 

queenslandica; Ml=Mnemiopsis leidyi; Ta=Tricoplax adhearans 

 

 

 



 
 

92 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Maximum likelihood phylogeny of PRD class genes in Hydractinia: Cladogram of PRD class 

genes under Bayesian inference. Hydractinia sequences are labelled in blue. Clades that have been 

highlighted show families conserved between Hydractinia and bilaterians. Species same as fig. 4.13 above. 

 

Bayesian and Maximum likelihood analyses produced conflicting results for the final 

three Hydractinia PRD-like genes. In the ML analysis HE_HD0003 was clustered with the 

Pax3/7 gene Eyg-1 from C. elegans. In the Bayesian tree, this sequence was most similar 

to Amphioxus-specific genes Aprd4 and Aprd5. HE_HD0003 does possess a PRD domain 

common to Pax genes (table 4.1), so is most likely a Pax family gene. Top BLAST hits also 

represent Pax family genes (table 4.2). Bayesian analysis places two Hydractinia genes, 
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HE_HD0022 and HE_HD0026, side by side in a poorly supported clade (PP 0.01) along 

with a sponge Arx gene (Arxb), an unknown Mnemiopsis gene (MlPRD43) and the fly 

homeobox Pph13 (Arx family). These two H. echinata homeobox genes are separated in 

our tree based on maximum likelihood. ML analysis places the sequence HE_HD0026 at 

the root of a clade containing the Uncx and Otp families, along with a homeobox 

annotated as Arxc from the sponge Amphimedon queenslandica. HE_HD0022 appears in 

a clade containing the family Repo, as well as a sponge genes (AqQ50a), a gene from 

Tricoplax adhearans (Arx1), and an unclassified gene from the comb jelly Mnemiopsis 

leidyi (MlPRD44). These results taken together may place these sequences as divergent 

Arx family genes, however this cannot be confirmed in this current analysis. 

 

4.2.4.3 LIM homeobox genes 

Five LIM class homeoboxes were classified in Hydractinia based on phylogenetic 

analyses. Four out of these five genes contained LIM domains in their predicted 

transcript (table 4.2). One gene did not have a LIM domain on its transcript, however a 

LIM domain can be found ~500bp upstream from the same predicted homeobox in the 

Hydractinia echinata draft genome (co-ordinates 52996-53235; contig 

c215802736.Contig1; data not shown). It is unclear whether this LIM domain is 

associated with this homeobox gene. Family level phylogenetics was carried out and H. 

echinata LIM genes were deemed to belong to the following families: Lhx1/5 

(HE_HD0034), Lhx2/9 (HE_HD0018), Lhx6/8 (HE_HD0061), Isl (HE_HD0066) and Lmx 

(HE_HD0015) (fig. 4.15). In most cases, high bootstrap and posterior probability support 

values were recovered for the clades Lhx2/9 (BS 73/PP 0.72); Isl (BS 72/PP 0.99); Lmx (BS 

89/PP 0.99) (fig. 4.15). In our maximum likelihood analysis, the group Lhx6/8 was not 

recovered as a monophyletic clade, however this group was monophyletic in the 

Bayesian tree. Top BLAST hit results (first hit, second hit, or both) for the homeodomains 

and full sequences of HE_HD0018, HE_HD0034, HE_HD0061 and HE_HD0066 

corroborated these family placements (table 4.2). 
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Figure 4.15:  The LIM class proteins of Hydractinia echinata:   Phylogenetic analysis of LIM genes in H. echinata under (A) Maximum Likelihood and (B) Bayesian methods. Trees are 

midpoint rooted for display purposes.   Bootstrap values > 70% are displayed; black dots:  PP > 0.7, red dots PP > 0.9. See figure 4.13 for species abbreviations 
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4.2.4.4 TALE homeoboxes 

Five TALE homeoboxes were found in the Hydractinia echinata datasets. All five of the 

predicted homeodomains have the characteristic three amino acid extensions between 

the first and second helix of the homeodomain (table 4.2). Phylogenetic analyses placed 

three of the five genes into the well-known TALE families Meis, Pbc and Irx (fig. 4.16, fig. 

4.17). Clades Meis and Pbc were recovered with high posterior probability support in the 

Bayesian analysis (fig. 4.17). Pbc was also recovered with high bootstrap support in the 

maximum likelihood tree (96% BS). The gene HE_HD0005 appeared as an outgroup to 

the Pknox and Meis families in both trees.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Maximum likelihood based phylogeny of TALE class genes: Hydractinia genes are highlighted 

in blue. Bootstrap values > 50% (1000 replicates) are displayed. Unclassified H. echinata gene is labelled 

with a green star and corresponds to the same gene in figure 3.17. See figure 4.13 for species abbreviations 
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Figure 4.17: Bayesian based phylogeny of TALE class genes: Hydractinia genes are coloured blue. Posterior 

probabilities > 0.7 are indicated by black dots. Red dots indicate a PP > 0.9. Unclassified H. echinata gene 

is labelled with a green star and corresponds to the same gene in figure 3.16. See figure 4.13 for species 

abbreviations 

 

The top five BLAST hits for this gene were all related to Pknox-like TALE genes (supp. file 

‘S2-Annotation/Homeobox_to_NR_BLAST.xlsx’) and was thus named HecPknox-like. In 

both of our phylogenetic analyses, the group Irx was not recovered as a monophyletic 

clade. HE_HD0011 (annotated as HecPbc) also possessed a characteristic PBC domain 

(table 4.2). The fifth Hydractinia TALE gene (HE_HD0010, fig. 4.16, fig. 4.17; green star) 

grouped with the Amphioxus-specific Atale and did not cluster with any of the known 

TALE families/subclasses (BS 52%; PP 0.97). No member of the family Tgif was found in 

our Hydractinia databases, members of this group have been recovered in the sea 

anemone Nematostella vectensis. This gene also matched no TALE class genes in the 

BLAST based annotation, instead matching genes related to SINE class homeoboxes 

(table 4.2).  
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4.2.4.5 POU gene classification 

Based on analyses of the ML and Bayesian superfamily trees, we have classified four POU 

homeodomain genes (HE_HD0002, HE_HD0013, HE_HD0014 and HE_HD0020) in H. 

echinata. One of these genes HE_HD0014, did not encode a POU domain (PD) in its 

assembled transcript. The POU6 clade was used to root the trees, based on previous 

studies into the evolution of POU genes (Gold et al., 2014). The four Hydractinia POU 

genes were shown to be members of the POU6 (2), POU4 and POU3/5 families (fig. 4.18). 

This gene has previously been published as Pln (Millane et al., 2011). Clades representing 

POU4 and POU6 families were recovered with high statistical support from bootstraps 

and posterior probabilities. The POU3/5 clade was not recovered as a monophyletic 

clade in our maximum likelihood analysis but was in our Bayesian tree. HecPln appears 

to group with a POU3 gene from C. elegans (CeCeh6) as a sister to the POU2 family. As 

this gene has already been shown to belong to the POU3 family and HecPln has also 

previously described as a POU3 gene, we have retained this annotation. Bayesian 

analysis also corroborates this result as the POU3 family was monophyletic. In both 

trees, the vertebrate-specific clade POU5 (represented by the human POU5F1 and 

POU5F2) appeared within the POU3 family. For clarity, this clade has been named 

POU3/5 in our analysis. 

 

4.2.4.6 SINE genes in H. echinata 

Four SINE genes are reported in Hydractinia echinata. These genes all have the 

characteristic SIX/SO domain (table 4.1). Two sequences, HE_HD0012 and HE_HD0041, 

were found to be members of the families Six3/6 and Six4/5, respectively (fig. 4.19). 

BLAST analysis corroborated these findings (table 4.2). In both trees the Tricoplax gene, 

annotated as Six1/2, grouped with members of the Six4/5 family. The third H. echinata 

SINE protein, HE_HD0027, grouped with the Nematostella-specific NvSINE093 in both 

ML and Bayesian analyses (BS 77%/PP 0.98). The top BLAST hit for the homeodomain 

alone was also NvSINE093, whereas the full gene most resembled Six1/2B from the 

freshwater hydrozoan Craspedacusta sowerbyi. The final SINE-like sequence, 

HE_HD0046, also appeared in the same clade as HE_HD0027 and NvSINE093. All BLAST 

hits related to this gene placed it with members of the SIX1/2 family (table 4.2). 



 
 

98 
 

Figure 4.18:  POU gene evolution in Hydractinia echinata.  Hydractinia sequences are coloured blue. Both trees are rooted on the POU6 family. (A) ML tree with bootstrap values > 

50% (1000 replicates) displayed. (B) Bayesian tree with posterior probabilities > 0.7 are indicated by black dots. Red dots indicate a PP > 0.9. See figure 4.13 for species abbreviations.

A B 
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This clade of three cnidarian SINE genes appears as a sister group to members of the 

Six1/2 family in both family-level phylogenetic analyses (fig. 4.19) and may represent 

highly derived cnidarian-specific expansions of the Six1/2 family. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: SINE class genes in Hydractinia echinata: H. echinata are coloured in blue. (A) Maximum 

likelihood tree with BS support values > 50% are displayed. (B) Bayesian tree with PP > 0.7 (black dot), 

PP > 0.9 (red dot). See figure 4.13 for species abbreviations 

A 
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4.2.4.7 CERS homeobox genes in Hydractinia and basal metazoans 

Analysis of the genomes and transcriptomes of basal metazoans recovered ceramide-

synthase genes but found no evidence for CERS class homeobox genes in the sponge 

Amphimedon queenslandica, the ctenophore Mnemiopsis leidyi, or the placozoan 

Tricoplax adhearans. Ceramide synthase genes, representing a different group of 

transmembrane proteins and lacking a homeobox, were detected in each basal group 

queried (fig. 4.20a).  Two CERS/LASS class genes were found in Hydractinia echinata 

(fig. 4.20b/c) and Nematostella vectensis.  

 

Species Phylum Ceramide-synthase genes CERS class 

homeoboxes 

Amphimedon queenslandica Porifera √ X 

Tricoplax adhearans Placozoa √ X 

Mnemiopsis leidyi Ctenophora √ X 

Hydractinia echinata Cnidaria √ √ 

Nematostella vectensis Cnidaria √ √ 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4.20: CERS homeobox genes in Hydractinia echinata and other basal metazoans: (A) 

Presence/absence of CERS homeobox genes in early branching animals. (B) ML tree of CERS HD genes. 

BS support values > 50% displayed. (C) Bayesian tree of CERS genes. PP > 0.7 (black dot), PP > 0.9 (red 

dot) displayed. Both trees are midpoint rooted. Hydractinia sequences are coloured blue. Species 

abbreviations: Hs=Homo sapiens; Nv=Nematostella vectensis; Bf= Branchiostoma floridae 

A 

B C 
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These genes were characterized by the presence of a predicted transmembrane 

domain, a divergent homeodomain, and a TLC domain downstream of the HD (table 

3.1). The genes were named Cers1 and Cers2. Phylogenetic analyses demonstrated 

that both genes were more closely related to each other than to other CERS family 

genes (fig. 4.20b/c). This was also shown in Nematostella vectensis. 

 

4.2.5 Examination of genomic clustering of Hydractinia homeodomain sequences 

In order to search for clustering of homeodomain sequences in the genome of 

Hydractinia echinata, each sequence was mapped back to the draft Hydractinia 

genome using BLAST with an e-value cut-off of 1e-10, and the co-ordinates and contig 

numbers were collected (https://research.nhgri.nih.gov/Hydractinia/ ). Three contigs 

had more than one homeobox gene (fig. 4.21). The contig c276804018.Contig1 

contained two HD sequences; the unclassified HE_HD0052, and the possible 

cnidarian-specific NK-L (ANTP class) gene HE_HD0049. BLAST analysis showed that 

the two genes are ~118400 bp apart and on opposite strands. The second contig to 

contain two genes was c219103254.Contig1. This contig has the SINE gene HecSix3/6 

(HE_HD0012) and the PRD class gene Gsc (HE_HD0035). BLAST analysis places these 

genes 29447bp apart on the same strand. The final pair of H. echinata genes were 

HecPOU4 (HE_HD0020) and the unclassified HE_HD0056. BLAST searches place these 

genes on the contig c217702949.Contig1, on opposite DNA strands at a distance of 

~300kb. 

 

In an effort to bridge possible gaps that could not be foreseen using a contig-only 

genome, the same analysis was carried out on a newer, unpublished, draft 

Hydractinia echinata genome. This genome was assembled using longer PacBio reads 

(Dr. Christine Schnitzler, personal correspondence). Using this genome, three 

homeobox genes were recovered on the same scaffold (scaffold tig00011227) (fig. 

4.21b). These were the previously described HecSix3/6 and HecGsc, as well as a third 

gene, the cnidarian-specific NK-L protein HE_HD0050 This sequence was located 

~182kb downstream from HecGsc, on the same strand. Two homeobox genes, 

HecCnoxB (HE_HD0017) and HecCersb (HE_HD0019) were found on scaffold 

tig00011047. These genes were over 260kb apart.  

https://research.nhgri.nih.gov/hydractinia/
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Figure 4.21: Schematic diagram of homeodomain clustering in the Hydractinia genome. (A) HD 

clustering in Illumina draft genome. (B) HD clustering in PacBio generated genome. 

 

Hence, my analysis found no evidence of a putative Hox cluster or the PRD-class HRO 

cluster (Homeobrain, Rax/Rx, and Orthopedia) in Hydractinia. HeHbn and HeOtp 

appeared on separate contigs, and we found no homologue of Rax/Rx. 
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4.3 Discussion 

 

4.3.1 A diverse repertoire of homeobox genes is found in Hydractinia echinata 

Transcriptome and genome mining have revealed a large number of homeobox genes 

in Hydractinia echinata. In total, 67 HD genes were recovered, many of which were 

orthologous to bilaterian families. A combination of BLAST based, secondary domain 

and phylogenetic annotation allowed for the classification of 45 genes into 36 families 

shared with bilaterians (table 4.3). Studies in other cnidarians have found members 

of the same families present, showing that the last common ancestor of bilaterians 

and cnidarians already had an expanded set of homeobox genes (Ryan et al., 2006; 

Chourrout et al., 2006; Ferrier, 2016a). Hydractinia homeobox genes belong to the 

classes ANTP, PRD, TALE, SINE, LIM, POU and CERS (fig 4.6, 4.7). To date, all of these 

classes have been recovered in other cnidarians (Ryan et al., 2006; Gold, 2014). Four 

genes could not be assigned to any class with confidence and may represent 

divergent homeobox genes or Hydractinia specific expansions. The most abundant 

set of genes are the ANTP class genes. This has been shown to be the case in most 

bilaterians studied so far (Bürglin and Affolter, 2016; Holland et al., 2007). 25/67 

(37%) of homeobox genes in H. echinata belong to this class, and of these, 17/25 are 

members of families’ common to bilaterians.  

 

The second most diverse group are the PRD class genes, constituting almost 27% of 

the HD complement. Of these, 11 could be assigned to bilaterian homologous families 

(table 4.3). The large expansion of ANTP and PRD class genes can be seen in 

cnidarians and other early branching metazoans (Ryan et al., 2006; Ryan et al., 2010, 

Srivastava, 2010; Srivastava et al., 2008). CERS/LASS homeobox genes were also 

recovered in Hydractinia echinata (fig. 4.20). These genes have been found in other 

cnidarians. My analyses of the genomes of early branching lineages have found 

members of the ceramide-synthase family of genes in sponges, ctenophores and 

placozoans, but found no evidence for homeodomains within any of these sequences 

(fig. 4.20a). The phylogenetic analysis also revealed that, although Hydractinia and 

Nematostella each contained two CERS genes, these were not orthologous to each 
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other, and were more than likely independent duplications in each lineage (fig 3.20b). 

Acropora and Hydra contain only one CERS gene each (Gold, 2014). Humans have six 

CERS genes (five contain homeoboxes), while Drosophila and amphioxus have only 

one (Holland et al., 2007). The homolog to CERS genes in yeast, Lag1, does not have 

a homeodomain (GenBank accession AY558514.1 (Hu et al., 2007)).  

 

Superfamily analysis also places CERS class genes within the larger PRD class (fig. 4.7, 

fig. 4.7). This may suggest that the unusual CERS class derived from PRD 

homeodomains. It is thus plausible that a single ceramide-synthase gene (present in 

all metazoans) in the common ancestor of cnidarians and bilaterians could have 

acquired a PRD-like homeodomain through some gene fusion/domain shuffling 

event, giving rise to the CERS class of homeoboxes. This gene has duplicated 

independently in certain cnidarian lineages, including Hydractinia echinata and 

Nematostella vectensis, as well as in bilaterians like humans. CERS homeobox genes 

are thought to be transmembrane in nature and the function of the homeodomain is 

yet unknown (Mizutani et al., 2005). 

 

Members of the HNF and CUT classes were not found in the Hydractinia genome or 

transcriptome. CUT class genes (family=Compass) have been recovered in both 

anthozoans and scyphozoans (Ryan et al., 2006; Gold, 2014). Analysis of homeobox 

genes in the genus Hydra have not found members of the CUT class. These findings, 

coupled with our own, may suggest a loss of CUT class genes in hydrozoans. An 

unpublished study was unable to find HNF genes in the moon jelly Aurelia aurita, or 

in Hydra however this may change as more data becomes available (Gold, 2014). My 

analysis of the genome and transcriptome of H. echinata could not recover any HNF 

class genes. It is therefore possible that HNF genes were lost in the ancestor of all 

medusozoans, whereas the CUT class genes were lost at a later stage of evolution, 

after the scyphozoan (‘true jellies’) split from the Hydrozoa. Currently, medusozoans 

are underrepresented relative to anthozoans in ‘omics data in the public domain, 

making this question difficult to address. As the number of sequenced genomes and 

transcriptomes increases, answers to these questions will become more obvious. 
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Table 4.3 Final classification of Hydractinia echinata homeobox genes  
CLASS Gene ID Family Number  

ANTP  

HE_HD0028 

HE_HD0044 

HE_HD0038, HE_HD0045, HE_HD0060 

HE_HD0036, HE_HD0062, HE_HD0063 

HE_HD0024 

HE_HD0031 

HE_HD0025, HE_HD0037 

HE_HD0059 

HE_HD0032 

HE_HD0021, HE_HD0049, HE_HD0050 

HE_HD0051 

 

HE_HD0055 

HE_HD0067 

HE_HD0043 

HE_HD0017, HE_HD0023, HE_HD0047, HE_HD0065 

NK-L 

Ems/Emx 

Nk1 (Slough) 

Nk2 

Nk5 (Hmx) 

Nk6 

Hhex 

Dlx 

Msxlx 

Noto 

Cnidarian-specific 

Undefined 

HOX-l 

Mox 

Gsx 

Cdx 

Cnidarian Hox-L 

 

1 

1 

3 

3 

1 

1 

2 

1 

1 

3 

1 

 

1 

1 

1 

4 

PRD HE_HD0007 

HE_HD0003 

HE_HD0040 

HE_HD0006, HE_HD0042, HE_HD0048 

HE_HD0054 

HE_HD0033 

HE_HD0039 

HE_HD0029 

HE_HD0035 

HE_HD0030 

HE_HD0008, HE_HD0022, HE_HD0026, HE_HD0057, HE_HD0058, 

HE_HD0064 

Pax4/6 

Pax (other) 

Dmbx 

Otx 

Otp 

Unc 

Hbn 

Pitx 

Gsc 

Cnidarian-specific 

Undefined 

1 

1 

1 

3 

1 

1 

1 

1 

1 

1 

6 

LIM HE_HD0015 

HE_HD0034 

HE_HD0018 

HE_HD0061 

HE_HD0066 

Lmx 

Lhx1/5 

Lhx2/9 

Lhx6/8 

Isl 

1 

1 

1 

1 

1 

TALE HE_HD0004 

HE_HD0011 

HE_HD0009 

HE_HD0005 

HE_HD0010 

Meis 

Pbc 

Irx 

Pknox-like 

Undefined 

1 

1 

1 

1 

1 

POU HE_HD0013 (Polynem) 

HE_HD0020 

HE_HD0002, HE_HD0014 

POU3/5 

POU4 

POU6 

1 

1 

2 

SINE HE_HD0012 

HE_HD0041 

HE_HD0027, HE_HD0046 

Six3/6 

Six4/5 

Undefined 

1 

1 

2 

CERS HE_HD0016, HE_HD0019 Cers/Lass 2 

Unclassified HE_HD0001, HE_HD0052, HE_HD0053, HE_HD0056 Unclassified 4 

 

4.3.2 Divergent and cnidarian-specific expansions within the ANTP class can be found 

in the Hydractinia echinata homeobox gene complement 

Many of the Hydractinia genes did not readily or easily group within well-established 

bilaterian clades. In total, 22 genes represented either divergent or cnidarian-

specific/taxonomically-restricted genes. Initial analysis of the Nematostella vectensis 
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HD gene complement produced a similar percentage of unknown genes (40/130) 

(Ryan et al., 2006) however a dissertation by Dr. David Gold has attempted to update 

this classification (Gold, 2014).  

 

Within the ANTP class, eight genes either did not belong to, or were difficult to assign 

to bilaterian families. Four of these genes belong to the non-anterior cnidarian-

specific Hox families (discussed in section 4.3.2.1). The remaining four genes 

belonged to the NK-L subclass of ANTP genes. My phylogenetic analyses grouped two 

genes, HE_HD0049 and HE_HD0050, with several undefined Nematostella genes (fig. 

3.9, fig. 3.10). Both genes may represent cnidarian-specific NK-L genes along with the 

Nematostella sequences. Top BLAST hits for these two genes represent poorly 

annotated genes from Hydra vulgaris and Hydra viridissima (table 3.2). The gene 

HE_HD0021 clustered with an uncharacterized Nematostella homeobox gene 

NvANTP010. Top BLAST hits for this gene were the unclassified ANTP gene HD01 from 

Clytia hemisphaerica and an unannotated sequence from the N. vectensis draft 

genome (table 4.2). A combination of phylogenetic placement within predominantly 

cnidarian clades, and BLAST analysis revealing mostly unannotated or previously 

known cnidarian specific genes corroborate the hypothesis that these three H. 

echinata HD genes may be cnidarian derivatives (table 4.3).  

 

The final NK-L gene is somewhat controversial. Initial Bayesian and maximum 

likelihood superfamily phylogenies produce conflicting results, with low support. 

HE_HD0051 clusters with the Cnox genes in the Bayes analysis (PP 0.4), whereas ML 

analysis clustered this gene with human NANOG (BS 8%). Addition of more metazoan 

sequences in the class level study resolves the placement of this gene once again with 

Nanog in both Bayesian and ML approaches (fig. 4.9, fig. 4.10). As Nanog is a 

vertebrate-specific gene (Pashaiasl et al., 2016), and human Nanog is the only 

representation of this family in my phylogenetic analyses, the sequence similarity to 

Nanog is likely to be convergent and not based on orthology. The most similar gene 

to HE_HD0051 based on BLAST analysis is the hydrozoan-specific gene HD02 from 

Clytia hemisphaerica. Sequence similarity to Nanog raises interesting questions 

around the function of this gene. Previous studies into Polynem revealed surprising 
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functional homology to the pluripotency master gene Oct4 despite not sharing 

orthology (other than being POU class homeobox genes) (Millane et al., 2011). 

Further comparison of the sequences of HE_HD0051 to Nanog homologs, coupled 

with expression and functional studies may reveal possible similarities in stem cell 

function through convergent evolution/co-option. However, this is speculative and 

beyond the scope of this study. Presently, we hypothesize that this gene is a 

hydrozoan derived NK-L class homeobox gene, closely related to Clytia hemisphaerica 

HD02, the homeodomain of which possesses sequence similarity with the human 

NANOG homeodomain. 

 

4.3.2.1 Non-anterior Hox genes in Hydractinia echinata 

Three non-anterior Hox genes from the Hydractinia genome belonged to the now 

well established ‘Cnid-hox’ or Cnox families.  These three families, CnoxA, CnoxB and 

CnoxC have been recovered in several hydrozoan species to date (Reddy et al., 2015; 

Chourrout et al., 2006; Chiori et al., 2009). A fourth HOX-L gene, HE_HD0065 was 

much more difficult to assign an annotation to. Initial superfamily phylogenetic 

analyses (fig 4.6 and fig 4.7) produced conflicting results. Bayesian analysis placed 

this gene alongside H. echinata Cnox genes while ML analysis grouped this gene 

within the central Hox clade. More in-depth phylogenetics involving the addition of 

more bilaterian clades (fig 4.9, 4.11) also produced conflicting results (ML=Central 

Hox; Bayesian=Posterior Hox). Finally, the addition of a number of cnidarian 

sequences resolved HE_HD0065 within the Mox clade, albeit with long branches in 

both analyses (fig 4.12). Taken together, these results suggest that this gene is either 

a fourth highly derived non-anterior Hox gene, or a derived member of the Hox-

related ANTP genes (i.e. Mox). Previous studies have shown that both Clytia 

hemisphaerica and Hydra vulgaris (both hydrozoans) have four ‘non-anterior’ Hox 

genes (Chiori et al., 2009; Reddy et al., 2015; Thomas-Chollier, 2016). Therefore, it is 

plausible that HE_HD0065 is in fact a highly derived (possibly Hydractinia-specific) 

Cnox family gene. However phylogenetic analysis does not support its relationship to 

any other cnidarian Cnox genes (fig 4.12). Also, although four hydrozoan non-anterior 

Hox genes have been found in numerous species, only three families have been 
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described; CnoxA, CnoxB and CnoxC; and a direct ‘one-to-one’ relationship of the four 

genes between species have not been shown.  

 

4.3.3 Many PRD-class genes remain ambiguous in the Hydractinia dataset  

In total 11/18 PRD class homeobox genes found in the H. echinata 

genome/transcriptome resolved with bilaterian families. In our class level 

phylogenetic studies, of the remaining seven sequences, five were placed within the 

same clades in both phylogenies, but have grouped with unknown (previously un-

annotated) genes; families that have not previously been shown to be present in the 

LCA of bilaterians; or families that have been shown to be absent from cnidarians in 

previous studies (fig. 4.13, fig. 4.14). In both Bayesian and ML trees, HE_HD0030 was 

most closely related to a previously un-annotated N. vectensis gene, NvPRD002. The 

most similar gene based on BLAST searches to the NR database was the cnidarian-

specific C. hemisphaerica gene Prdl-d (table 4.2). These results together may suggest 

that HE_HD0030 is a cnidarian specific PRD class gene. HE_HD0057 clustered with 

the human Rhoxf family genes. This was also true for our superfamily analysis. These 

genes are not present in Amphioxus, Drosophila or Nematostella and may not be 

present outside of Mammalia (Ryan et al., 2006; Holland et al., 2007). Top BLAST hits 

matched cnidarian homeobox sequences (H. vulgaris Shox-like and a predicted N. 

vectensis protein; table 3.2). HE_HD0058 is most closely related to T. adherens Pax-

Prd in both trees and top BLAST hits conflict with this position (table 4.2). HE_HD0064 

is grouped with the Drosophila Pax2/5/8 gene shaven in both analyses. However, the 

Pax2/5/8 gene family was not resolved as a monophyletic group. This gene also lacks 

a Paired-box domain associated with Pax genes (table 4.1). The PRD gene HE_HD0008 

appears in a clade with three unrelated genes in both analyses. This clade consists of 

NvPRD031, an unclassified gene from Nematostella, the amphioxus-specific gene 

Aprd-3, and the human gene MIXL1. No orthologs of MIX family genes have been 

found in invertebrates other than a weakly supported putative ortholog in sea urchin 

(Howard-Ashby et al., 2006). Thus, these four genes may represent cnidarian-specific 

genes, or highly divergent PRD class genes whose phylogeny is unrecognizable when 

compared to their bilaterian homologs. These remain ambiguous and are thus listed 
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as undefined PRD genes in this current study (table 4.3). Similar results have been 

found in Nematostella PRD class genes (Ryan et al., 2006).  

 

The final two ambiguous genes produced conflicting results between phylogenetic 

methods. HE_HD0022 and HE_HD0026 appeared as neighbours along with a sponge 

Arx gene (Arxb), an unknown Mnemiopsis gene (MlPRD43) and the fly homeobox 

Pph13 (Arx family) in our Bayesian phylogenetic analysis (fig 4.13). ML analysis 

separates these genes, placing HE_HD0026 at the root of a clade containing the Unc 

and Orthopedia families along with a sponge Arxc sequence. HE_HD0022 appears in 

a clade containing the family Repo, as well as a sponge gene (AqQ50a), Tricoplax 

adherens Arx1, and an unclassified gene from the Mnemiopsis leidyi (MlPRD44). Top 

two BLAST hits for these genes represent either Arx-like genes or unannotated Paired-

like from cnidarian representatives. The top hit for HE_HD0022 full sequence is Rx 

from Clytia hemisphaerica. Therefore, these genes may represent Arx-like genes that 

have become highly derived, but this cannot be resolved with confidence due to the 

conflicting results between both phylogenetic methods, and the ambiguity of our 

BLAST results. In summation, of the seven poorly defined PRD class genes, we group 

one gene as a putative cnidarian-specific sequence and the remaining 6 as undefined 

PRD-like homeoboxes (table 4.3).  

 

4.3.4 Extensive gene loss in Hydractinia echinata 

BUSCO gene analysis (Chapter 3; section 3.2.4) demonstrated that the H. echinata 

transcriptome is highly comparable to other cnidarian transcriptomes in terms of 

gene completeness. Despite the diversity of homeobox genes in the Hydractinia 

genome, my analysis reveals loss of several gene families that have previously been 

found in other cnidarians. Table 4.4 shows families lost in Hydractinia echinata that 

were present in the LCA of cnidarians and bilaterians, based on their presence in 

Nematostella vectensis (Ryan et al., 2006). In total, 23 families present in the 

cnidarian/bilaterian LCA are absent from Hydractinia. Most of the missing families 

come from the ANTP class (14 families). There has been a full loss of anterior Hox 

genes. Anterior Hox genes have been found in many other hydrozoan cnidarians, 

including the closely related Clytia hemisphaerica (Chiori et al., 2009) and Podocoryna 
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carnea (Aerne et al., 1995; Sanders and Cartwright, 2015), and in Hydra vulgaris 

(Reddy et al., 2015), so it is possible this loss is specific to Hydractinia spp. (discussed 

in section 4.3.5). Previous studies in Hydractinia symbiolongicarpus were also unable 

to locate a Hox1 homolog, suggesting that the gene was lost in both sister species 

(Sanders and Cartwright, 2015; Sanders et al., 2014). Hox1 has been shown to be 

highly expressed in the swimming medusa stage of the life cycles of both Podocoryna 

and Clytia and it has been suggested the loss of Hox1 may have played a role in the 

loss of the medusa stage in Hydractinia species (Aerne et al., 1995; Chiori et al., 2009; 

Sanders and Cartwright, 2015). Alternatively, the loss of the medusa stage may have 

rendered the gene redundant in Hydractinia, leading to its eventual loss. Similarly, 

another ANTP gene, Msx, has been shown to be expressed in striated muscle cells in 

the medusa of Podocoryna carnea and is not present in the Hydractinia genome or 

transcriptome (Galle et al., 2005). 

 

It is possible that rather than being lost in Hydractinia, some genes may have diverged 

beyond the point of recognition. In the SINE class, there are two genes that remain 

ambiguous in our study. These appear as a sister clade to C. elegans Six1/2 genes 

along with an unannotated SINE class gene from Nematostella vectensis (fig. 3.19). 

The N. vectensis Six1/2 gene appears in a separate clade with other metazoan Six1/2 

genes. It is possible that these two Hydractinia SINE genes are a sister-group of the 

Six1/2 family but have diverged significantly and are thus no longer recognizable as 

such. One scenario is that the common ancestor of cnidarians had four SINE genes: 

three in common with bilaterians, and a fourth gene that duplicated from Six1/2 and 

diverged in cnidarians and should thus be considered a separate family. There is 

evidence of cnidarian-specific SINE genes in Nematostella (the unidentified 

NvSINE093 (Ryan et al., 2006)) and in the freshwater hydrozoan Craspedocusta 

sowerbyi (Hroudova et al., 2012). However, in our study it is unclear whether Six1/2 

has been lost in Hydractinia or diverged beyond the point of recognition by our 

detection methods. Differential gene expression analysis has revealed Six1/2 to be 

highly expressed in the medusa of Podocoryna carnea and a clear ortholog was 

absent in Hydractinia symbiolongicarpus (Sanders and Cartwright, 2015). This may 
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point towards the specialization of Six1/2 class genes in medusae, and may explain 

its absence or divergence in Hydractinia. 

 

Table 4.4: Gene families absent in Hydractinia that are present in Nematostella and therefore, 

presumably, in the LCA of cnidarians and bilaterians 

Class Family 

ANTP HOX-L: Hox1, Hox2, Eve, Mnx, Gbx 

NK-L: Rough, Nedx, Hlx, Lbx, Msx, Nk3, Nk7, Tlx, Vax 

CUT Compass 

HNF Hnf 

PRD Alx, Arx*, Vsx, Dux, Rx, Pax3/7**, Repo 

TALE Tgif 

POU Pou1 

SINE Six1/2** 

* Putative Arx genes may be present in Hydractinia but may have diverged beyond recognition (section 3.4.3) 

** A second Pax gene was found in Hydractinia (table 3.3) its relationship to Pax3/7 is uncertain 

*** Two unannotated SINE genes are present in Hydractinia. Both appear as a sister group to Six1/2 and may be highly derived 

members of this family  

 

4.3.5 Loss of the cnidarian Hox cluster in Hydractinia echinata 

This study has revealed extensive loss in the Hydractinia echinata Hox repertoire. 

Examination of genomic clustering has also revealed an absence of clustering of the 

remaining Hox-like genes within the genome, as seen in anthozoans (fig 4.5).  

 

Figure 4.22: Comparison of Hox cluster complement in cnidarians: Hydractinia echinata has lost 

several HOX-L genes and shows no evidence of clustering of the remaining Hox repertoire.  
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For comparison the entire Nematostella and Acropora Hox clusters span ~150-200kb 

and no two ANTP genes could be found this distance apart in the H. echinata genome 

(Dubuc et al., 2012). A number of plausible scenarios could have led to this loss. One 

such scenario is a step-wise loss of genes leading to the truncation and eventual loss 

of the Hox cluster in H. echinata. Here, a possible duplication event of the non-

anterior Hox genes from two (in anthozoans) to four may have occurred in the 

ancestor of medusozoans, leading to the four ‘Cnox’ genes seen in Hydra, Clytia, 

Aurelia and Hydractinia (Reddy et al., 2015; Chiori et al., 2009; Gold, 2014). This event 

was followed by loss of the genes Hox1, Hox2, Eve and HlxB9 (not a HOX-L gene) in 

Hydractinia at different times during its evolution. This may have been preceded or 

followed by separation of the Cnox genes from their cluster. This scenario is 

supported by the fact that Hydra, Podocoryna and Clytia have both retained at least 

Hox1 homologs, and Clytia has also retained Eve (Chiori et al., 2009; Reddy et al., 

2015). Another scenario is that Hydractinia independently lost the loci containing 

HlxB9, Eve, and the two anterior Hox genes, in one event and the remainder of the 

‘cluster’ subsequently separated at a different evolutionary stage. In this case the loss 

of Hox2 and Eve in Hydra and Hox2 in Clytia would be independent events. Figure 

4.22 shows the contrasting pictures of Hox clustering in anthozoans and hydrozoans 

and alludes to the possible gene loss events in Hydractinia echinata. Although it is 

difficult to determine which scenario is more plausible, synteny analysis of the 

putative Hox ‘ghost locus’ between Hydractinia, Hydra, and anthozoans will shed light 

on this question. Work currently underway to sequence the Clytia hemisphaerica 

genome (Houliston et al., 2010) and the genome of the scyphozoan Aurelia aurita 

(http://www.compagen.org/aurelia/) will likely prove invaluable as nothing is 

currently known about the content (or lack thereof) of a Hox cluster in these animals. 

 

4.3.6 Concluding remarks and future work 

My work has examined the homeodomain complement of the colonial hydrozoan 

Hydractinia echinata. Using a combination of phylogenetics and BLAST based 

searching I was able to annotate 94% of genes at the class level and 67% to the family 

level. The remaining 33% may represent a combination of cnidarian-specific and 

highly diverged proteins. My analysis also revealed a high degree of gene loss in 

http://www.compagen.org/aurelia/
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Hydractinia when compared to other cnidarians. This could be for many reasons and 

future work in this area would aid in clarification of these hypotheses. Despite best 

efforts to deliver a non-redundant, complete set of homeobox genes, some 

sequences may not have been picked up by my gene finding methods. Sequencing 

and analysis of all developmental stages in Hydractinia, as well as the completion of 

the genome annotation project, may indeed add new HD sequences to this list. 

Comparison to Hydractinia symbiolongicarpus could also reveal inter-specific loss or 

retention of certain genes. If, for a moment, we assume the loss of diversity in the H. 

echinata homeodomain complement is in fact real, a number of scenarios could be 

put forward for future testing. 

 

One such scenario is that genes have indeed been lost en masse which has led to the 

specialization and refining of remaining sequences, or loss of specializations visible in 

other cnidarians. Examination of expression patterns and function of genes from 

other cnidarians that are missing from Hydractinia will help answer the questions of 

whether these functions have been lost, or whether other proteins have been co-

opted into taking their place. The mechanism of loss could possibly be answered 

using synteny studies between other cnidarians and bilaterian metazoans. Synteny 

analyses of genomic regions in sponges and placozoans helped researches elucidate 

the presence of Hox ghost-loci and these methods could be applied to Hydractinia 

(Ferrier, 2016b; Fortunato et al., 2014; Mendivil Ramos et al., 2012). Several studies 

have shown certain genes to be expressed in the medusa life stage of certain 

hydrozoans. Three such examples, Hox1, Six1/2 and Mnx, are lost from Hydractinia 

echinata. It would be interesting to see what the phenotypic effects of ectopic 

expression of these genes in Hydractinia, or the loss of their function in Podocoryne, 

would be. 

 

Another scenario is that many of the unclassified or cnidarian-specific genes in this 

study are in fact orthologs of families deemed to be ‘lost’ in Hydractinia, that have 

diverged beyond the point of recognition by my studies. As more data becomes 

available (particularly within the Hydrozoa), more taxon-sampling could piece 

together distant relatives. Although a broad sample of taxa were sampled in our 
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analyses, the addition of more annotated cnidarian sequences could change/update 

the placement of some unknown sequences. Another problem with the annotation 

of homeobox genes by phylogenetic methods is the lack of signal within phylogenetic 

trees. This is a common issue that arises from analysis with short sequences, which 

can lead to less consistent trees and makes statistical methods such as bootstrapping 

less reliable (Kourakis and Martindale, 2000; Baurain et al., 2007; Schnitzler et al., 

2014). Classification can also conflict based on the phylogenetic reconstruction 

methods used (Ryan et al., 2007) and this could in part explain discrepancy between 

some results obtained by maximum likelihood and Bayesian methods. As more 

sequences become available more closely related animals could be sampled, possibly 

allowing for more characters to be used within an alignment. Once again, the use of 

synteny, coupled with phylogenetic trees and broader BLAST based searches, could 

also provide stronger evidence for homology.  

 

Although we have shown a considerable amount of loss in Hydractinia, this species 

still has an expansive set of homeobox genes, most of which have unknown functions 

in cnidarians. Future endeavors should be to examine the special and temporal 

expression and the function of these sequences. Current work is underway to 

examine the role of Hox genes in in Hydractinia (Dubuc, unpublished).  All eight HOX-

L genes discussed in this project have been recovered by PCR and expression studies 

and functional studies are currently underway. The addition of expression knowledge 

would be a welcome addition to our understanding of homeobox gene function. For 

instance, little is known about the function of CERS class homeobox genes. As we 

hypothesize that CERS HD proteins first appeared in prior to the divergence of 

cnidarians and bilaterians, knowledge of their function in these early branching 

metazoans could shed some light on the consequences of their appearance just 

before the radiation of bilaterians. Examination of cnidarian-specific genes can also 

help us answer questions about the role of homeobox transcription factors in the 

diversification of animals, and how taxon-restricted genes could have led to 

specialization, radiation and adaption of metazoans.
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Chapter 5: Lectin proteins in Hydractinia echinata and other 

early-branching metazoans 

 

5.1 Introduction  

 

5.1.1 Classification of animal lectins 

Carbohydrate binding proteins (CBP’s) fall into two main groups: lectins and sulfated 

glycosaminoglycan (GAG)-binding proteins (Taylor et al., 2015). Lectins are a diverse 

non-homologous superfamily of proteins that bind carbohydrates while displaying no 

enzymatic activity towards the sugars they bind (Loris, 2002). Lectins are proteins 

that cause agglutination and/or precipitate glycoconjugates without affecting their 

covalent linkages (Goldstein et al., 1980). They were first described in the late 1800’s, 

when Peter Hermann Stillmark discovered that the toxin ricin, extracted from caster 

beans, could agglutinate erythrocytes (Cummings and Etzler, 2009). Lectins have the 

ability to not only recognise different monosaccharides, but also different 

oligosaccharides, and can detect subtle variations in complex carbohydrate 

structure. Sugar binding is carried out by an evolutionarily conserved carbohydrate-

recognition domain (CRD), which is often used to classify each class of lectin (Dodd 

and Drickamer, 2001). Lectins perform a variety of roles and tasks including, but not 

limited to: glycoprotein synthesis; targeting; sorting and trafficking; cell adhesion; 

signalling and pathogen recognition (Drickamer and Taylor, 1993).  

 

Animal lectins can be divided into many structurally different families based on 

overall sequence homology and/or presence of a certain CRD type. These include 

eight well established/studied groups and other less well characterised structural 

groups (Gupta, 2012). For the most part, the eight main lectin classes can be divided 

into two main categories (table 5.1). These are: calnexins, L-type, M-type and P-type 

lectins which are predominantly intracellular; and galectins, C-type, R-type and I-

Type (Siglecs) which generally function outside the cell. Other lectin classes include 

F-box lectins, F-Type lectins, interlectins and annexins (Dodd and Drickamer, 2001).  
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Table 5.1: Summary of the eight main animal lectin families. Based on Gupta (2012). ‘PF’ and ‘IP’ refer 

to PFAM (http://pfam.xfam.org) and InterPro (https://www.ebi.ac.uk/interpro) respectively 

Lectin family Typical ligands Associated domains Typical functions 

Intracellular lectins 

Calnexin Glc1, Man9 PF00262/IPR001580 Protein sorting and molecular chaperone in ER 

L-type Various PF00139/IPR005052 Protein sorting in ER 

M-type Man8 PF01532/IPR001382 Degradation of glycoproteins 

P-type Manose-6-

phosphate 

PF07915/IPR012913 

PF12999/IPR028146 

PF13015/IPR009011 

PF00878/IPR000479 

PF02157/IPR028927 

Protein sorting post-Golgi, glycoprotein trafficking, 

enzyme targeting 

Extracellular lectins 

C-type Mannosides, 

galactosides, 

sialic acids, others 

PF00059/IPR001304 Cell adhesion/selectins, glycoprotein clearance, innate 

immunity 

Galectin β-Galactosides PF00337/IPR001079 Glycan crosslinking in the extracellular matrix 

I-Type (Siglecs) Sialic acid, other 

glycosaminoglycans 

PF00047/IPR013151 Cell adhesion 

R-type Various PF00652/IPR000772 Enzyme targeting, glycoprotein hormone turnover 

 

Lectins are a phylogenetically ancient group and are found in almost all organisms: 

from viruses and bacteria, to plants and animals (Gupta, 2012). Though they appear 

in all kingdoms of life, their distribution, evolutionary histories and diversity can differ 

(fig. 5.1). Some lectin types, such as R-type lectins, can be found in both prokaryotes 

and eukaryotes (Sharon and Lis, 2004). However, their presence in bacteria by means 

of horizontal gene transfer cannot be ruled out (Dodd and Drickamer, 2001). M-type 

lectins, and calnexin and calreticulin, are broadly distributed in eukaryotes. Their 

conserved functions in intracellular trafficking of glycoproteins is indicative of an 

ancient and conserved role (Taylor et al., 2015). Functioning L-type lectins appear in 

plants and metazoans but not in simple eukaryotes. L-type lectins bind sugar in both 
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animals and plants, but they serve different functions (Dodd and Drickamer, 2001). 

In animals they are involved in intracellular trafficking of glycoproteins, while in 

plants they serve a protective/defensive function (Taylor et al., 2015). A divergent L-

type lectin homologue, EMP47, is found in the yeast S. cerevisiae that lacks sugar 

binding activity. C-type lectins are restricted to metazoans. C-type lectins have 

undergone separate radiations in vertebrates and invertebrates to a degree that 

makes the homology between them difficult to demonstrate (section 5.1.3.3). 

Groups such as I-type lectins (Siglecs) are restricted to mammals (Crocker et al., 2007, 

Taylor et al., 2015). 

Lectin family Prokaryotes Plants Yeast/Fungi Invertebrates Vertebrates  

R-type CBM13 family Toxins  GalNAc-transfer GalNAc-transfer/ 

MMR’s 

 

Calnexin/ 

Calreticulin 

 Calnexin/ 

Calreticulin 

Calnexin/ 

Calreticulin 

Calnexin/ 

Calreticulin 

Calnexin/ 

Calreticulin 

 

M-type  EDEM’s Mnl1 EDEM’s EDEM’s 

 

 

L-type  Legume 

lectins 

EMP47 ERGIC-53/ 

VIP-36  

ERGIC-53/ERGL 

VIP-36 /VIPL 

 

Galectins   Galectins Galectins 

 

Galectins  

C-type    C-type lectins C-type lectins 

 

 

P-type    MRH proteins MRH proteins 

 

 

I-Type     I-Type lectins  

(Siglecs) 

 

       

       

Figure 5.1: Evolution of lectins: Distribution of lectin families in prokaryotes and eukaryotes with some 

examples of each group in each clade. EMP47 in yeasts appears to have a L-type lectin domain but 

lacks the residues for sugar binding. Galectin-like genes have been found in fungi 
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5.1.2 Roles of intracellular lectins in glycoprotein quality control and trafficking 

Glycoprotein quality control can be divided broadly into three main reaction kinds: 

(1) the folding of nascent glycoproteins (2) ER-degradation of unassembled and/or 

misfolded proteins and (3) sorting and transport of glycoproteins that have been 

correctly assembled (Yamamoto, 2014). The N-glycan ‘tags’ of these glycoproteins 

are recognised by intracellular lectins. The four main groups of intracellular lectins 

are calnexins, L-type, M-type and P-type lectins (Yamamoto, 2009) (fig. 5.2). These 

proteins are mostly located in the luminal compartments of the secretory pathway. 

They take part in the various roles involving targeting, sorting and trafficking of 

maturing glycoproteins.  

 

Calnexin and calreticulin are both resident in the endoplasmic reticulum, and act as 

chaperone proteins in the protein folding quality control system. They ensure that 

correctly folded proteins enter the secretory pathway. Calnexin is anchored by a 

transmembrane domain to the ER membrane while calreticulin is soluble and 

localized to the ER lumen (Danilczyk et al., 2000). Calnexin and calreticulin recognize 

monoglucosylated high-mannose sugars attached to misfolded glycoproteins.  

Binding by calnexin and calreticulin prevents the misfolded protein from leaving the 

ER, allowing it to be folded into the correct 3-D arrangement (Schrag et al., 2003). 

During the calnexin cycle, proteins yet to be correctly folded can be re-glucosylated, 

signalling re-binding to calnexin. Misfolded proteins can be cycled to 

calnexin/calreticulin multiple times until correct folding is achieved. Correctly folded 

proteins exit the ER to the Golgi, mediated by the L-type lectin ERGIC-53 (Yamamoto, 

2009). Another L-type lectin, VIP-36, performs a similar role cycling between the 

Golgi apparatus and the plasma membrane (Gupta, 2012). Incorrectly folded or 

unfolded glycoproteins that remain in the ER for an extended period are targeted for 

degradation.  

 

The ER-associated degradation (ERAD) system removes these proteins to the 

cytoplasm for proteosomal degradation. This is carried out by the M-type lectin 

proteins (EDEM in animals and Mnl1 in yeast) as well as some P-type lectin like genes 

(OS-9). The P-type lectins, cation dependent mannose-6-phosphate receptor (CD-



 
 

119 
 

MPR) and cation independent mannose-6-phosphate receptor (CI-MPR) play a major 

role in lysosomal biogenesis. Lysosomal hydrolases receive mannose-6-phosphate 

(M6P) tags, which are recognised by P-type lectins. Mammalian CD-MPR contains a 

single P-type CRD, while CI-MPR contains 15 homologous domains, two of which 

have the ability to bind M6P (Dahms et al., 1989). CI-MPR and CD-MPR are 

responsible for directing almost 60 different lysosomal proteins, bearing M6P, from 

the trans-Golgi network (TGN) to the pre-lysosomal compartment (Gupta, 2012).  

Figure 5.2: Domain structure of intracellular lectins. CRD and secondary domains of typical 

representatives for (A) Calnexins, (B) L-type lectins, (C) M-type lectins and (D) P-type lectins 

 

5.1.3 Extracellular lectin families in metazoans 

The main groups of extracellular lectins are galectins (formerly S-Type lectins), C-type 

lectins, R-type lectins and I-Type lectins (siglecs). These lectins are either localized to 

the plasma membrane or secreted to body fluids or the extracellular matrix.  They 

play major roles in innate immunity like pathogen recognition, but also in other 

cellular processes like cell signalling, and cell adhesion as well as many other roles. 

C-type lectins, R-type lectins and galectins can be found in invertebrates and 

vertebrates (fig. 5.1). I-type lectins, or Siglecs are sialic-acid-binding immunoglobulin-

like lectins that play numerous roles in the innate and adaptive immune system 

(Crocker et al., 2007). They are believed to be restricted to mammals (Taylor et al., 

2015).  
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5.1.3.1 R-type lectins 

R-type lectins can be found in animals, plants, fungi and prokaryotes. They are named 

after the caster bean (Ricinus communis) protein ricin, the prototype of this family of 

carbohydrate-binding proteins. Ricin is also the first described lectin, and is a highly 

toxic plant protein capable of agglutinating erythrocytes (Lord et al., 1994; Taylor et 

al., 2015). Ricin is a type II ribosomal inactivating protein (RIP-II) which acts by 

cleaving a single adenine residue from 28S RNA in the 60S ribosomal subunit of 

eukaryotes, which disrupts the ribosomes ability to promote protein synthesis (Lord 

et al., 1994). The R-type CRD consists of three lobes (called alpha, beta and gamma), 

which forms a beta-trefoil structure (Gupta, 2012). These lobes probably arose as an 

early duplication event of a sugar biding domain (Rutenber et al., 1987). Each lobe, 

may contain a ligand binding site, and could conceivably act in sugar binding, but in 

most R-type lectins only one or two of the lobes have retained the conserved amino 

acids necessary for sugar interaction (Cummings and Etzler, 2009). The R-type CRD is 

an ancient fold and is conserved in bacterial and fungal hydrolases, as well as animal 

glycotransferases (Sharon and Lis, 2004). Bacterial hydrolases have a similar 

structure to ricin, with a hydrolase domain followed by a R-type CRD, GalNAc 

transferases in eukaryotes share a similar organisation, with a transferase domain 

preceding an R-type CRD (fig. 5.3). These are involved in synthesis of O-linked 

oligosaccharides (Cummings and Etzler, 2009).  

 

Another group of animal proteins that contain R-type CRD’s are the macrophage 

mannose receptor family (MMR family). These possess a very different architecture 

to the transferases and hydrolases: MMR’s are transmembrane proteins containing 

an R-type CRD-like domain, followed by a fibronectin type II domain and 8-10 C-type 

lectin like domains (Gupta, 2012). Figure 5.3 shows examples of the different 

structures and domain organisation of R-type lectins.  
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Figure 5.3: R-type lectins. Shown are examples of the structure and domain R-type CRD-containing 

proteins in prokaryotes, plants and metazoans. 

 

5.1.3.2 The galectin family of lectins 

Galectins are a group of predominantly extracellular lectins that carry out a wide 

variety of functions. These functions include: regulation of RNA-splicing; cell 

adhesion; immunity and inflammation; cancer progression; and roles in a host of 

developmental processes (Leffler et al., 2004). For example, galectin-1 null mice are 

deficient in a subset of olfactory neurons (Watt et al., 2002), while galectin-3 null 

mice show bone developmental defects, among other phenotypes (Poirier, 2002). 

The galectin family is defined by two important criteria: (1) their affinity for β-

galactosides, and (2) they all share significant sequence similarity of its carbohydrate 

recognition domain (Barondes et al., 1994). The relevant amino acids that constitute 

‘significant sequence similarity’ were initially identified by X-ray crystallography 

(Lobsanov et al., 1993).  Galectins and galectin-like proteins have been found 

throughout the animal kingdom and in some fungal species (Dodd and Drickamer, 

2001; Walti et al., 2008). The galectin CRD consists of ~130aa and is arranged in a 

tightly folded β-sandwich structure (Loris, 2002). Unlike other lectins (like C-type 

lectins for example), galectin CRD’s are not generally associated with other well-
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defined protein domains (with a few invertebrate exceptions) and acts mainly by 

itself or with other galectin CRD’s.  

 

Galectins can be divided into three classes/subgroups, based on sequence 

architecture (Hirabayashi and Kasai, 1993). These classes are referred to as proto-, 

chimeric, and tandem repeat type galectins (fig. 5.4). Proto-galectins contain one 

CRD, all vertebrate mono-CRD galectins (except Galectin-3) belong to this group.  

Chimera type galectins consist of a galectin CRD and an amino-terminal polypeptide 

‘tail’ rich in proline, tyrosine and glycine (Cummings et al., 2017; Barondes et al., 

1994). In vertebrates, only Galectin-3 belongs to this group (Leffler et al., 2004). 

Tandem repeat galectins possess two genetically different galectin CRDs. This 

nomenclature is still useful today, however with some precautions. For example, 

prototype galectins do not separate into a different family based on sequence or 

specificity, and they are not evolutionarily related (Hirabayashi et al., 2002; 

Houzelstein et al., 2004). In invertebrates, several galectins appear with other 

domain types and are thus chimeric. However, these genes can have one CRD (proto) 

or two CRD’s (tandem) (Leffler et al., 2004). Thus, galectins can also be described as 

mono-CRD or bi-CRD, having one or two galectin domains.  

Figure 5.4: Galectin structural groups. Galectin CRD’s are highlighted in blue. The yellow domain 

denotes the proline/glycine/tyrosine rich N-terminal domain found in Galectin-3. (A) Proto-galectins. 

(B) Chimeric galectins. (C) Tandem repeat galectins. 

 

5.1.3.3 C-type lectins in metazoans 

C-type lectins are a large family of Ca2+ dependant glycan binding proteins containing 

a carbohydrate recognition domain (Zelensky and Gready, 2005). The carbohydrate 

recognition domain of C-type lectins form a subgroup of a larger group of protein 

domains called a C-type lectin like domains (CTLDs). Some CTLDs bind to protein 
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ligands rather than glycans, and some binding is not Ca2+ dependent; i.e. all C-type 

lectins possess CTLDs, but not all CTLD containing proteins are lectins (Cummings and 

McEver, 2015). C-type lectins are involved in many functions, which include, but are 

not limited to: adhesion and signalling receptors; platelet trafficking; inflammatory 

response; innate immunity and the complement system (Zelensky and Gready, 

2005).  

 

C-type lectins are the largest and most diverse group of carbohydrate binding 

proteins. In mammals CTLDs are usually categorized into 17 subgroups based on 

shared domain architecture and phylogenetic relationships (Drickamer, 1993; 

Drickamer and Fadden, 2002). Over 100 genes in the human genome encode CTLDs 

(Cummings and McEver, 2015). As with many other classification systems, these 

groups do not translate well to invertebrates (Dodd and Drickamer, 2001). C. elegans 

possesses over 250 CTLD-containing proteins divided into seven groups (designated 

I-VII). However, these groups are not homologous to those found in human or mouse 

(Schulenburg et al., 2008). The genome of the fruit fly Drosophila melanogaster 

encodes around 33 CTLDs (Dodd and Drickamer, 2001). These are also divided into 

nine groups based on domain architecture, again not related to C. elegans or 

mammalian groups.  These genome-wide studies showed that C. elegans and D. 

melanogaster CTLDs are very different from one another, and from mammalian 

genes (Zelensky and Gready, 2005). The genome wide analysis of the cnidarian N. 

vectensis produced similar findings (discussed further in section 5.1.4) (Wood-

Charlson and Weis, 2009). This group specific diversification may be due to lack of an 

adaptive immune system in invertebrates, and therefore a greater burden on the use 

carbohydrate recognition as a method of distinguishing self from non-self is required 

(Zelensky and Gready, 2005). Indeed, C-type lectin domains have been shown to play 

roles in the innate immunity of almost all invertebrate groups, including insects (Yu 

et al., 1999), molluscs (Yuasa et al., 1998), crustaceans (Muramoto and Kamiya, 1990) 

and nematodes (Schulenburg et al., 2008); and in early branching metazoans like 

sponges (Gundacker et al., 2001) and cnidarians (Wood-Charlson and Weis, 2009).  
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CTLDs can be predicted effectively in organisms using statistical patterns from 

protein databases such as PFAM, InterProScan and PROSITE (table 5.1). Putative 

glycan biding function of a CTLD can also be predicted. CTLDs contain two Ca2+ 

binding functional sites, and it is site 2 that is associated with glycan binding (Weis et 

al., 1992). Two motifs, called the ‘EPN motif’ and ‘WND motif’, along with the calcium 

atom itself, are directly associated with carbohydrate binding (Zelensky and Gready, 

2005). Only asparagine (N) and aspartate (D) are involved in Ca-coordination, 

however the tryptophan (W) is highly conserved and is a useful landmark in locating 

the motif (Zelensky and Gready, 2003). More than this, the presence and differences 

in the ‘EPN motif’ are indicative of preferred binding specificity: ‘EPN’ binds mannose, 

while ‘QPD’ results in galactose binding (Zelensky and Gready, 2005; Drickamer and 

Taylor, 2003). Therefore, these characteristics can be used to bioinformatically 

predict whether an unknown CTLD binds sugar (‘EPN’ and ‘WND’ motifs present) and 

whether it would bind mannose- or galactose- type glycans preferentially (‘EPN’ vs 

‘QPD’) (Drickamer and Taylor, 2003). Studies in Drosophila and C. elegans have 

shown that only 19% and 25%, respectively, of CTLDs have putative carbohydrate 

binding capability (Dodd and Drickamer, 2001; Drickamer and Dodd, 1999).  

 

5.1.4 Lectins in Hydractinia and other cnidarians 

To date lectins have been examined to various degrees and in various contexts in 

cnidarians. One such area of research has focused on immunity and host/symbiont 

interactions in anthozoans. Different groups of lectins have been shown to play roles 

in the symbiotic relationship between cnidarians and the dinoflagellate genus 

Symbiodinium (Wood-Charlson et al., 2006). Researchers have shown that re-

population by dinoflagellate symbionts of bleached anemones can be inhibited by 

the addition of the lectin Concanavalin A, a member of the L-type lectin group 

(Reisser et al., 1982). Other studies have shown that changing the cell surface of 

symbionts using enzymes also prevents uptake by hosts, suggesting glycan/lectin 

interaction (Lin et al., 2000; Wood-Charlson et al., 2006). C-type lectin-like genes 

have also been implicated in the cnidarian-dinoflagellate symbiotic relationship and 

the innate immune system (Davy et al., 2012; Neubauer et al., 2016; Poole et al., 

2016). A host of studies have implicated lectin-like genes in nematocyte structure 
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and cnidarian venoms. The nematocyst proteins Nematogalectin (Hwang et al., 2010) 

and Nowa (Engel et al., 2002) are two such examples, both possessing lectin-like 

CRD’s. C-type lectin domain containing proteins have also been found in the 

transcriptomes and proteomes of cnidarian stinging cells and are thought to be 

putative toxins (Ponce et al., 2016; Gacesa et al., 2015), used in a similar context to 

those in snake venoms (Morita, 2004). 

 

Though many individual lectins have been examined in several species, genome-wide 

studies of lectins in cnidarians are less prevalent. One such study included a 

comprehensive analysis of C-type lectin like domains in the genome of the sea 

anemone Nematostella vectensis (Wood-Charlson and Weis, 2009). A diverse 

repertoire of C-type lectin like genes were found, totalling 67 CTLD containing 

proteins divided between 16 structural groups. The authors’ findings suggested that 

Nematostella genes were more similar to vertebrate CTL’s then to those of other 

invertebrates. Finally, Wood-Charlson and colleagues predicted putative glycan 

binding activity for ~48% of the CTL domains, based on conserved amino acids.  

 

Several lectins and lectin-like genes have been examined in both Hydractinia 

echinata and Hydractinia symbiolongicarpus. Many of these studies involve a group 

of lectins known as rhamnospondin binding lectins (RBL’s) also called SUEL lectins as 

they were first described in sea urchin eggs (Ozeki et al., 1991). In Hydractinia 

echinata the rhamnospondin lectin CEL (cnidarian egg lectin) has an unusual domain 

architecture, consisting of a number of thrombospondin domains flanked by 

RBL/SUEL domains, one at the C-terminal and two at the N-terminal, (Mali et al., 

2011). This protein is expressed in the oocytes of H. echinata but not in sperm and 

the authors suggest it may play a role in sex determination. Rhamnospondin/SEUL 

lectin-like genes with variable numbers of thrombospondin domains have also been 

characterised in Hydractinia symbiolongicarpus: here, expression of one gene Rsp1 

was found in the mouth of feeding polyps, and was not found in oocytes (López et 

al., 2011; Schwarz et al., 2007). Another type of lectin, CTRN, which belongs to a 

group of lectins known as tachylectins, was characterised in Hydractinia echinata 

(Mali et al., 2006). Expression of this gene was localized to a small ring like structure 
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of neurons and their precursors around the mouth of polyps. Both rhamnospondins 

and tachylectins play important roles in immunity in other metazoans (Saito et al., 

1995; Huh et al., 1998; Tsoi et al., 2004; Shiina et al., 2002); however, this function 

does not seem to be conserved in Hydractinia spp. In fact, conditions known to cause 

an immune response in Hydractinia echinata did not result in upregulation of CTRN 

(Mali et al., 2006). As these studies have not examined the sugar binding activity of 

these proteins, it is unclear whether they function as lectins, or simply share 

homologous domains that do not take part in glycan interaction.   

 

5.1.4.1 Nematogalectin, a true galectin or something else? 

As mentioned above, the cnidarian-specific structural protein Nematogalectin 

possesses a putative sugar binding domain (Hwang et al., 2010). Although the name 

misleadingly suggests that this gene is related to the galectin family introduced in 

section 5.1.3.2 above, the domains of these proteins are very different.  

Nematogalectin possesses a domain, named ‘Galactose binding lectin domain’ 

(gal_lectin: PFAM accession PF02140) that was first discovered in the sea urchin eggs 

(Ozeki et al., 1991, Sasaki and Aketa, 1981). This sea urchin egg lectin (SEUL) was 

initially shown to bind β-galactosides (hence the name in some protein databases), 

but was later shown to have a higher avidity to L-rhamnose (Hosono et al., 1999; 

Ozeki et al., 1991). SUEL/rhamnose-binding lectins are deemed to be a novel class of 

glycan binding molecules (Tateno, 2010) unrelated to galectins. SUEL domains are 

also found in the genes CEL (Mali et al., 2011) and Rsp1 (Schwarz et al., 2007), in 

Hydractinia spp. discussed above (section 5.1.4). Galectin genes, by contrast, are 

defined by their binding affinity for β-galactosides only, and for the significant 

sequence similarity of its CRD within this group (Lobsanov et al., 1993; Barondes et 

al., 1994). In protein databases the domain associated with the galectin CRD is the 

‘Galactoside-binding lectin (Gal-bind_lectin accession PF00337). In all databases 

these two domains do not cluster in similar groups/families/clans but belong to 

different unique ones. The dissimilarity of these domains can also be seen in figure 

5.5, which shows the alignment of the CRD’s of sea urchin Paracentrotus licidus 

Galectin-8, human Galectin (both galectins), and sea urchin Heliocidaris crassiapina 

SUEL protein and Hydra vulgaris Nematogalectin (both containing SUEL domains).   
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Figure 5.5: Alignment of Galectin CRD’s and SUEL CRD’s. Alignment carried out using MAFFT in 

Geneious. Species and accessions used: Plic=Paracentrotus licidus (CBX45521.1); Hsap=Homo sapiens 

(P09382); Hcra= Heliocidaris crassiapina (P22031.1); Hvul=Hydra vulgaris (BAJ22665.1). 

 

Based on the sequence CRD dissimilarity between cnidarian Nematogalectin and the 

galectin family, and lack of evidence (to date) of Nematogalectin binding β-

galactoside, it is probable that this protein is not a member of the galectin family, but 

rather a member of the SUEL/rhamnospondin family. The presence of galectins in 

cnidarians, therefore, is still unknown. 

 

 

5.1.5 Aims of this chapter 

Aim 1: Using the assembled Hydractinia echinata transcriptome, and a combination 

of data mining and phylogenetic analyses, I intend to determine the presence/ 

putative absence of the eight major lectin families. Following this, genes will be 

classified based on domain architecture and phylogenetic relationships to other 

metazoan lectins. 

 

Aim 2: Little is known about the presence of lectin-like genes in other early branching 

metazoans. Presence of the eight major lectin families will be determined using the 

published genomes of the sponge Amphimedon queenslandica, the ctenophore 

Mnemiopsis leidyi, the placozoan Tricoplax adhaearans, and the starlet sea anemone 

Nematostella vectensis. These genes will then be used in phylogenetic analyses along 

with H. echinata sequences to elucidate the diversity of lectin-like genes in pre-

bilaterian metazoans. 
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Aim 3: Each Hydractinia lectin-like gene will be scrutinized for putative glycan binding 

activity using sequence alignment to determine conserved sugar binding amino acids. 

This will determine if these proteins are likely to function as putative lectins, or 

whether they may serve other functions. 

 

Aim 4: Based on the criteria for galectin classification, it is uncertain whether 

Nematogalectin is a true galectin family protein. Thus, the fourth aim of this project 

is to determine the presence of galectins in cnidarians and other basal metazoans. 
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5.2 Results 

 

5.2.1 Protein-encoding genes of the well-established lectin groups are abundant in 

Hydractinia echinata and other early branching Metazoa 

The transcriptome of Hydractinia echinata, and the gene models from the genomes 

of A. queenslandica, M. leidyi, T. adhaerans and N. vectensis were queried for lectin 

sequences using a combination of BLAST-based and domain-based methods. For 

each dataset sequences matching the eight groups were collected, redundant 

sequences removed, and the final numbers of each group were tallied. The exception 

were N. vectensis C-type lectins which was gathered from Wood-Charlson and Weis 

(2009). The survey of the eight well-established groups of animal lectins has revealed 

an abundant array of lectin-like genes in the Hydractinia echinata transcriptome as 

well as the genomes of all major clades of early branching Metazoa (Cnidaria, 

Porifera, Ctenophora and Placozoa) (table 5.2). Evidence of the following eight lectin 

groups was found in the Hydractinia echinata transcriptome: Calnexins; C-type 

lectins; L-type; M-type; P-type and R-type. C-type lectins were the most represented 

in all early branching species examined.  Evidence for galectin genes could not be 

found in either Hydractinia and Nematostella and were also absent Tricoplax 

adhearens. Siglecs (I-Type lectins) were absent in all  

early branching metazoan lineages and were omitted from table 5.2. 

 

Table 5.2: Summary of the major lectin groups in Hydractinia echinata and other early branching 

metazoans 

 Calnexins C-type Galectins L-type M-type P-type R-type 

Hydractinia echinata 2 41 0 2 3 5 9 

Nematostella vectensis 2 67* 0 2 3 7 9 

Mnemiopsis leidyi 1 33 10 2 2 9 15 

Tricoplax adhearens 2 39 0 23 2 8 9 

Amphimedon queenslandica 2 8 5 2 3 8 5 

* Figure for CTL’s in Nematostella vectensis was acquired from Wood-Charlson and Weis (2009). 
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5.2.2 Classification and annotation of the intracellular lectin-like repertoire of 

Hydractinia echinata  

Using a combination of phylogenetics and examination of domain architecture and 

conserved CRD’s within each protein, the sequences of the four major groups of 

intracellular lectin-like proteins (calnexins, L-type, M-type and P-type/MRH) were 

classified into their respective families/homologous groups in Hydractinia echinata 

and the other major lineages of early branching metazoans. Hydractinia sequences 

have been renamed according to their closest human homologues. Alignments and 

phylogenetic trees can be found in supp. files ‘S3’ and ‘S4’. 

 

5.2.2.1 Calnexin-like genes in Hydractinia echinata 

Phylogenetic analysis and domain architecture has resulted in two genes classified 

within the calnexin family of lectins in H. echinata. Two separate clades are known 

to exist within the calnexin family: calnexin itself, and its homologue calreticulin. 

Examination using both Maximum Likelihood and Bayesian phylogenetic methods 

conclude that Hydractinia possesses one copy of each of these genes with high 

support (bootstrap 75% and 100% for calnexin and calreticulin clades, and posterior 

probabilities = 1.0 for both clades), here called Calnexin and Calreticulin (fig. 5.6). The 

same phylogenetic analyses reveal Nematostella, Tricoplax and Amphimedon also 

have one copy of each gene (fig. 5.6). Mnemiopsis only possesses one complete 

calreticulin gene. A calnexin-like CRD that is split between two gene models on 

separate scaffolds in the Mnemiopsis genome (accession no. ML21658a and 

ML033113a) may constitute the second calnexin gene but this was not examined 

further in the present study. 

 

5.2.2.2 The L-type lectin complement of Hydractinia echinata  

Two L-type lectin homologues containing a classic L-type lectin domain (PF03388) 

were found in Hydractinia echinata (fig. 5.7). These genes belong to the ERGIC-53 

group and the VIP-36 group based on phylogenetics (fig. 5.7a). High support values 

were achieved for both major clades (VIP-36 85%/1.0 BS/PP; ERGIC-53 70%/>0.9 

BS/PP). H. echinata ERGIC-53 also has a characteristic predicted coiled-coil region 

common to other ERGIC like proteins (fig. 5.7b/c) that H. echinata VIP-36 lacks, 



 
 

131 
 

providing further evidence for their distinct relationship within these groups. Other 

known genes in the L-type lectin family are the ERGIC-53 and VIP-36 related genes 

ERGL and VIPL, which are mammalian and vertebrate specific respectively, and have 

not been found outside these lineages. A single copy of both ERGIC-53 and VIP-36 

are also present in the genomes of all other early branching metazoan genomes 

examined in this study (fig. 5.7a).  

 

Figure 5.6: Calnexin and calreticulin: Maximum Likelihood tree of calnexin and calreticulin lectins. 

Bootstrap support values (1000 replicates) ≥ 70% are displayed as numbers. Black dots indicate 

Bayesian posterior probability (PP) ≥ 0.9. Red dots indicate PP = 1.0. Abbreviations:   

Aqu=Amphimedon queenslandica; Cel=Caenorhabditis elegans; Dme=Drosophila melanogaster; 

Hec=Hydractinia echinata (blue); Hsa=Homo sapiens; Mle=Mnemiopsis leidyi; Nve=Nematostella 

vectensis; Sce=Saccharomyces cerevisiae (outgroup); Tad=Tricoplax adhaearans 
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Figure 5.7: L-type lectins (A) Phylogenetic analysis reveals one copy of ERGIC-53 and VIP-36 L-type lectins in each of the early branching metazoans. Support values (Bootstrap 

1000 reps) ≥ 50% displayed, Bayesian posterior probabilities ≥ 0.9 (black dots) and PP = 1.0 (red dots). Species abbreviations: Aqu=Amphimedon queenslandica; 

Cel=Caenorhabditis elegans; Dme=Drosophila melanogaster; Hsa=Homo sapiens; Mle=Mnemiopsis leidyi; Nve=Nematostella vectensis; Sce=Saccharomyces cerevisiae; 

Tad=Tricoplax adhearens (B) Schematic representation of the known domain structure of L-type lectins. (C) Computationally predicted domains of the H. echinata (blue) and 

human (black) L-type lectins showing the ‘Lectin_leg-like’ L-type CRD predicted with PFAM (accession PF03388), TMM domain and coiled coil region (graph). All predicted 

regions match those from the schematic in B confirming their classification. Colours in B represent domains in C. 

  

C 
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5.2.2.3 M-type lectins of the ERAD system in Hydractinia echinata  

An initial search for M-type lectins recovered five members of the glycoside 

hydrolase family 47 proteins in Hydractinia echinata. These included three M-type 

lectin-like genes (EDEM1, EDEM2 and EDEM3) and two non-lectin alpha-

mannosidases (Golgi mannosidase and ER mannosidase) (fig. 5.8). All five genes are 

involved in the ERAD system which helps export misfolded/unfolded proteins to the 

cytoplasm for degradation. Each protein clustered within its respective clade with 

high bootstrap support (BS > 90% in each case) while separation of the M-type lectins 

and non-lectin alpha-mannosidases also showed high support from both bootstrap 

(100%) and posterior probabilities (1.0) (fig. 5.8). All other early branching lineages 

were found to contain at least one copy of each of the three M-type lectins, except 

for Mnemiopsis leidyi which is missing a copy of EDEM2 in its genome based on our 

search. 

 

5.2.2.4 The P-type lectin related MRH domains of Hydractinia echinata and other basal 

metazoans 

Five mannose 6-phosphate receptor related genes, containing mannose 6-phosphate 

receptor homology (MRH) domains, were found in Hydractinia echinata sequence 

databases (fig. 5.9). The five known P-type-like genes were grouped by their 

respective MRH domains. One gene contained the cation dependant manose 6-

phosphate receptor or CD-MPR (PFAM accession PF02157) domain common to P-

type lectins (fig. 5.9, 5.10). These genes were also found in all other basal metazoan 

lineages (table 5.3). The other major group of P-type lectin, cation independent 

manose 6-phosphate receptor proteins, (CI-MPR, PFAM accession PF00878) was not 

detected in the transcriptome of Hydractinia echinata, but is found in other early 

branching metazoans, including Nematostella (table 5.3). A thorough search of the 

unpublished draft genome of H. echinata and H. symbiolongicarpus as well as the 

published transcriptome of H. symbiolongicarpus (Sanders et al., 2014) also yielded 

no gene with a similar structure to CI-MPR. This finding may point to the loss of the 

gene within the Hydractinidae genus. CI-MPR domains were predicted in the Hydra 

magnipapillata genome (Hma2.218004, Hma2.217033, Hma2.217034; 

https://metazome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Hmagnipapillata_er). 

https://metazome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Hmagnipapillata_er
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Figure 5.8 M-type Lectin Maximum Likelihood Tree: Hydractinia echinata sequences are highlighted in 

blue. M-type lectins EDEM1, EDEM2 and EDEM3 are surrounded by the green boxes. Closely related 

non-lectin alpha-mannosidases are highlighted in yellow/mustard. Support values ≥ 70% based on 

1000 bootstrap (BS) replicates are displayed. Bayesian posterior probabilities ≥ 0.9 (black dots) and PP 

= 1.0 (red dots) are drawn onto the tree. Tree is displayed using a midpoint root.  
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Table 5.3: P-type lectins and MRH domain genes in early branching metazoans based on conserved 

domain architecture. Abbreviations: Hec = Hydractinia echinata; Nve = Nematostella vectensis; Mle = 

Mnemiopsis leidyi; Aqu = Amphimedon queenslandica; Tad = Tricoplax adhearens  

 Hec Nve Mle Aqu Tad 

P-type Lectin      

      Cation-dependent MPR 1 1 1 1 1 

Cation-independent MPR 0 1 4 3 3 

MRH domain containing proteins      

      PRKCSH domains 2 3 2 2 2 

      PRKCSH_1 domain 2 2 2 2 2 

 

Figure 5.9: Domain structure of P-type lectins and MRH domains in early branching metazoans. 

Schematic diagram of P-type lectins, containing manose-6-phosphate receptors (MPR’s), and proteins 

containing P-type CRD like domains called MPR homology (MRH) domains.  CI-MPR usually have 15x 

repeats of its CRD and are absent in Hydractinidae but present in other cnidarians and early branching 

animals. CR = complement repeat. Coil = coiled coil region 
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The MRH domain PRKCSH (PF07915) could be identified by PFAM and HMMSCAN 

prediction in two Hydractinia sequences. Based on domain organisation (fig. 5.9) and 

phylogenetic analyses (fig 5.10, supp. ‘S4’) these were deemed to be related to XTP3-

B/erlectin and a putative OS-9 homologue.  

 

Fig 5.10: Phylogenetics of the MRH domain proteins in basal metazoans. Hydractinia sequences are 

highlighted in blue. Midpoint rooted ML tree with bootstrap values ≥ 50 displayed. Roman numerals 

represent multiple MRH domains within the same proteins. 

 

H. echinata Erlectin contains two MRH domains while H. echinata OS-9 only contains 

one, a domain structure which can be commonly seen the same genes in other 

organisms. Each domain in Erlectin clusters with one MRH domain from each other 

species (fig. 5.10) suggesting that the common ancestor of these genes already had 

two MRH domains. Amphimedon and Nematostella Erlectin proteins also contain two 

PRKCSH domains. Tricoplax and Mnemiopsis Erlectin had only one detectable MRH 

domain within its gene model sequence.  
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Two Hydractinia sequences contained the PRKCSH_1 (PF13015) domain associated 

with the ER glucosidase-II gene, among others (fig. 5.9). Phylogenetic analysis reveals 

one gene is closely related to ER glucosidase II while the other is more similar to 

GlcNAc phosphotransferase, an enzyme associated with biosynthesis of manose 6-

phosphate sorting signals. 

 

Interestingly the clade containing the second PRKCSH domain of Erlectin falls basal 

to ER glucosidase II and GlcNAc phosphotransferase rather than Erlectin domain 1 

and OS9, despite being the same predicted domain as the latter. This may be an 

artefact resulting from the short sequence alignment of the MRH domains. 

 

5.2.3. Hydractinia intracellular lectin-like proteins share conserved sugar binding 

amino acids 

To determine whether Hydractinia echinata proteins functioned as putative sugar-

binding lectins, sequences were aligned to human intracellular lectins.  For each 

intracellular lectin group (calnexins, M-type, L-type and P-type) important glycan-

binding amino acids (highlighted in green), and disulphide bridge forming cystine 

residues (highlighted in yellow) were examined (fig. 5.11). All three M-type lectins 

(EDEM1, EDEM2 and EDEM3), the L-type lectin VIP-36, and both Calnexin and 

Calreticulin, possessed conserved amino acids required for sugar binding (fig. 5.11a, 

c, d).  The alignment shows that in Hydractinia ERGIC-53, the alanine residue at 

position 78 of the alignment has been replaced by a glycine (fig 5.11d, blue highlight) 

but this residue is conserved with VIP-36. The Hydractinia P-type like lectin CD-MPR 

shares five out of nine important glycan binding residues with its human homolog 

(fig. 5.11b).  

 

Taken together these results suggest that Hydractinia echinata intracellular lectin-

like proteins possess the necessary glycan-binding residues that would allow them to 

act as lectins.  
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       M-type Lectins 
    HsaEDEM1        MFVFGYDNYMAHAFPQDELNPIHCRGRGPDRGDPSNLNINDVLGNYSLTLVDALDTLAIM 

    HecEDEM1        MFYFGYNNYMQHAFPLDELNPIYCSGRGPDKDNPDNININDVLGGYSLTLIDTLDTLAIM 

    HsaEDEM2        MFYHAYDSYLENAFPFDELRPLTCDGH-------------DTWGSFSLTLIDALDTLLIL         

    HecEDEM2        MFYHGYNNYLQYAYPYDELKPLSCSGQ-------------DTWGSYSLTLVDALDTLLIM 

    HsaEDEM3        MFDHAYGNYMEHAYPADELMPLTCRGRVRGQ-EPSRGDVDDALGKFSLTLIDSLDTLVVL 

    HecEDEM3        MFDHAYGAYKKYAFPADELMPLSCKGRYRGS-EQDRGDIDEALGNFSLTLIDTLDTLVVL 

 

    HsaEDEM1        GNSSEFQKAVKLVINTVSFDKDSTVQVFEATIRVLGSLLSAHRIITDSKQPFGDMTIKDY 

    HecEDEM1        GNHSEFKHAVSLVSSYVNFNQDNVVQVFEATIRVIGGLLAAHLLIVDSAETFGPLRPDDY 

    HsaEDEM2        GNVSEFQRVVEVLQDSVDFDIDVNASVFETNIRVVGGLLSAHLLSKKAGVEVEAGWP--C 

    HecEDEM2        GNTTEFERVALLLEETLSFDTDINVSVFETNIRVVGGLLSAHLLSYRSNLMLELGWP--C 

    HsaEDEM3        NKTKEFEDAVRKVLRDVNLDNDVVVSVFETNIRVLGGLLGGHSLAIMLKEKGEYMQW--Y 

    HecEDEM3        GKLDEFDEQVKYVAANVNFNTDAVVSVFETNIRVLGGLLGAHSVALTLQDSGKGMAW--Y 

 

    HsaEDEM1        DNELLYMAHDLAVRLLPAFENTKTGIPYPRVNLKTGVPPDTN-----NETCTAGAGSLLV 

    HecEDEM1        DNDLLTMAHDLANRLLPAFDKSKTGLPMPRVNLRHGVPPYSA-----TTTCTAGAGTLIL 

    HsaEDEM2        SGPLLRMAEEAARKLLPAF-QTPTGMPYGTVNLLHGVNPGET-----PVTCTAGIGTFIV 

    HecEDEM2        EGPLLRLAVNAAAKLLPAF-DTNTSMPYGTVNFEDGVPEGET-----PVTCTASVGTFIL 

    HsaEDEM3        NDELLQMAKQLGYKLLPAF-NTTSGLPYPRINLKFGIRKPEARTGTETDTCTACAGTLIL 

    HecEDEM3        NNELLVKAIDLADRLLAAF-NTTTGIPYPKVNLRHGVNNPKSRVGHETDTCTACAGTMIM 

 

    HsaEDEM1        EFGILSRLLGDSTFEWVARRAVKALWNLRSNDTGLLGNVVNIQTGHWVGKQSGLGAGLDS 

    HecEDEM1        EFGILSYLLDDSTFKTVAQGGINALWKLRSNTTGLFGNIVDVESGEWVGKMSGLGAGVDS 

    HsaEDEM2        EFATLSSLTGDPVFEDVARVALMRLWESRSD-IGLVGNHIDVLTGKWVAQDAGIGAGVDS 

    HecEDEM2        EFGALSYLTGDERFMVAARKALDGLWKSRSK-LGLVGNHINVETGIWTAVDAGIGAGVDS 

    HsaEDEM3        EFAALSRFTGATIFEEYARKALDFLWEKRQRSSNLVGVTINIHTGDWVRKDSGVGAGIDS 

    HecEDEM3        EFGALSRLSGKPIYEEKAHKAMDALWSYRSRHSDLVGTTINIHSGDWIRRDSGVGAGIDS 

 

    HsaEDEM1        FYEYLLKSYILFGEKEDLEMFNAAYQSIQNYLRRGREACNEGEGDPPLYVNVNMFS-GQL 

    HecEDEM1        FYEYLLKSYILFGEKSDLEKFNEIYGNIQKYMRKGRQFCNNGTGETPLYVNVHMVN-GET 

    HsaEDEM2        YFEYLVKGAILLQDKKLMAMFLEYNKAIRNYTRF-----------DDWYLWVQMYK-GTV 

    HecEDEM2        YFEYLVKGSVLFNEPMLMDMFKEFSNSIYKHLKY-----------DDWYIWTHMET-GKI 

    HsaEDEM3        YYEYLLKAYVLLGDDSFLERFNTHYDAIMRYISQ-----------PPLLLDVHIHKPMLN 

    HecEDEM3        YYEYCLKAYILLGDDSYLEKFNKHYAAIKKYVHQ-----------GYMLVDVMMHQPDRP 

 

    HsaEDEM1        MNTWIDSLQAFFPGLQVLIGDVEDAICLHAFYYAIWKRYGALPERYNWQLQAPDVL--FY 

    HecEDEM1        FNTWMDSLQASFTGVQVLRGDIQEAVCSHALYYGIWQRYGVLPERFNWNSKAPDVK--FF 

    HsaEDEM2        SMPVFQSLEAYWPGLQSLIGDIDNAMRTFLNYYTVWKQFGGLPEFYNIPQGYTVEKREGY 

    HecEDEM2        SLPIFQSLDAYWPGVEVLMGKIGEASKTFHNYYQVWKQYGGTPEFYQLGENKPFNKREGY 

    HsaEDEM3        ARTWMDALLAFFPGLQVLKGDIRPAIETHEMLYQVIKKHNFLPEAFTTDFRVHWAQ---H 

    HecEDEM3        IRAFVDALQAFWPGLQVLKGDLKPAIETHEMLYNVAKKYKFLPEAFTTNFDLHWAQ---H 

 

    HsaEDEM1        PLRPELVESTYLLYQATKNPFYLHVGMDILQSLEKYTKVKCGYATLHHVIDKSTEDRMES 

    HecEDEM1        PLRPEFSEATYLLYQATKHPFYLHVGVDIVNSLEAHTRAECGYATVHNVEDKSLEDRMES 

    HsaEDEM2        PLRPELIESAMYLYRATGDPTLLELGRDAVESIEKISKVECGFATIKDLRDHKLDNRMES 

    HecEDEM2        PLRPELIESAMYLYQATKDPFFLEAGRDILDAINNIAWTPCGYATIKNVDSHQLDDRMES 

    HsaEDEM3        PLRPEFAESTYFLYKATGDPYYLEVGKTLIENLNKYARVPCGFAAMKDVRTGSHEDRMDS 

    HecEDEM3        PLRPEFIESTYFLYEATKDPYYLVAGKHVLEALEEHARVPCGFAALKDLRTLAHEDKMDS 

 

    HsaEDEM1        FFLSETCKYLYLLFDEDNPVHKS------------------------GTRYMFTTEGHIV 

    HecEDEM1        FFLSETMKYLYLLFDFENPINQQ------------------------ASNWIFSTEGHVF 

    HsaEDEM2        FFLAETVKYLYLLFDPTNFIHNNGSTFDAVITPYG-------ECILGAGGYIFNTEAHPI 

    HecEDEM2        FFLAETTKYLYLLFDENNFIHQNNAGFYNFSEYWADFNYDQNDCFAGSSGYVFNTEAHPI 

    HsaEDEM3        FFLAEMFKYLYLLFADKEDIIFD------------------------IEDYIFTTEAHLL 

    HecEDEM3        FVLAETFKYLYLLFSEESEHVIN------------------------VHDFIFTTEAHLL 

      P-type Lectins 
    HsaCD-MPR       MFPFYSCWRTGLLLLLLAVAVR---------ESWQTEEKTCDLVGEKGKESEKELALVKR 

    HecCD-MPR       MNLLIGFMVLGNLNLYSLVSANVCPRPVVDVNSYNVKERFQKLVDAIGN---------KE 

 

    HsaCD-MPR       LKPLFNKSFESTVGQGSDTYIYIFRVC-REAGNHTSGAGLVQINKSNGKETVVGR-LNET 

    HecCD-MPR       LEVRFKHNRKSG---DNDEYDYKITLCGKKNGDKAATQKETSSTTSKIQTHVIAKHTNRS 

 

    HsaCD-MPR       HIFNGSNWIMLIYKGGDEYDNHCGKEQRRAVVMISCNRHTLADNFNPVSEERGKVQD--- 

    HecCD-MPR       LLIGGEDWLWLQYFDGEKYQSHCSGKRKQTWLSIRCEEDGEKPDLKVIEEARYENKEKRH 

 

    HsaCD-MPR       ----CFYLFEMDSSLACS--PEISHLSVGSILLVTFASLVAVYVVGGFLYQRLVVGAKGM 

    HecCD-MPR       KDTLCYFLFEYNHPAACSHLKKKKKLSGGAIFCIILLVLASVYLIVGFLYQRYVVGAKGW 

      Calnexins 
    HsaCalreticulin FKEQFLDGDGWTSRWIESKHK-SDFGKFVLS--SGKFYGDEEK------DKGLQTSQDAR 

    HecCalreticulin YKETF-DDDSWEKRWVYSTDKGADSAKFKLT--AGKFYGDEKR------DQGIQTSQDAK 

    HsaCalnexin     FADSF--DRGTLSGWILSKAK-KDDTDDEIAKYDGKWEVEEMKESKLPGDKGLVLMSRAK 

    HecCalnexin     FTEPFHDEMEFESRWVRSQAK-KDGVDENIAKYDGTWSIKEPKNNPMVGDSGLIFSSEAK 

 

    HsaCalreticulin FYALSASFE-PFSNKGQTLVVQFTVKHEQNIDCGGGYVKLFP--NSLDQTDMHGDSEYNI 

    HecCalreticulin FYQISSKIETPFSNEGKPLVIQYQVKHEQNIDCGGGYIKLLP--SNINQEKMNGDSPYNI 

    HsaCalnexin     HHAISAKLNKPFLFDTKPLIVQYEVNFQNGIECGGAYVKLLSKTPELNLDQFHDKTPYTI 

    HecCalnexin     HGAIAAKLNKPFTFEDKPLIAQYEVRFQNKQECGGAYIKLLAETSSLNIKEFTDKTLYSI 

 

    HsaCalreticulin MFGPDICGPGTKKVHVIFNYKGKNVLINKDIRCK----------DDEFTHLYTLIVRPDN 

    HecCalreticulin MFGPDICGPGTKKVHVIFNYKGKNLLTKKDIRCK----------DDEMNHLYTLILNPDN 

    HsaCalnexin     MFGPDKCG-EDYKLHFIFRHKNPKTGIYEEKHAKRPDADLKTYFTDKKTHLYTLILNPDN 

    HecCalnexin     MFGPDKCG-GDEKLHFIFQHENPITQKMEEKHAKKPKGDFSYIFDDNKTHLITLVIRPDN 

 

    HsaCalreticulin TYEVKIDNSQVESGSLEDDWD--FLPPKKIKDPDASKPEDWDERAKIDDPTDSKPEDW-- 

    HecCalreticulin TYEVRIDGSKVESGSLEADWD--FLEPKKIKDPEAKKPDDWVDNAKMDDPEDKKPEDY-- 

    HsaCalnexin     SFEILVDQSVVNSGNLLNDMTPPVNPSREIEDPEDRKPEDWDERPKIPDPEAVKPDDWDE 

    HecCalnexin     SFEVLVDKKRVNEGSLLKDTDPSVNPAKEIDDPDDKKPQDWDEREKIPDPDATKPDDWDE 

 

    HsaCalreticulin -------------------DKPEHIPDPDAKKPEDWDEEMDGEWEPP------------- 

    HecCalreticulin -------------------DKPELIPDPDAKKPEDWDDEEDGEWEPP------------- 

    HsaCalnexin     DAPAKIPDEEATKPEGWLDDEPEYVPDPDAEKPEDWDEDMDGEWEAPQIANPRCESAPGC 

    HecCalnexin     NAPKNIPDPNGVKPAGWLDDESDLIPDPAAVRPADWDDEEDGEWEAPQINNPKCK-AVGC 

 

    HsaCalreticulin ------VIQNPEYKGEWKPRQIDNPDYKGTWIHPEIDNPEYSPDPSIYAYDNFGVLGLDL 

    HecCalreticulin ------MINNPEYKGEWKPKQIDNPAYKGEWVHPEIDNPAYVADEDLYKYPDNAFVGFEL 

    HsaCalnexin     GVWQRPVIDNPNYKGKWKPPMIDNPSYQGIWKPRKIPNPDFFEDLEPFRMTPFSAIGLEL 

    HecCalnexin     GEWKPQIIQNPAYKGKWTPPLIANPKYKGIWAPRKIQNPAFFEDNNPFAMKSIGAVGFEL 

 

    HsaCalreticulin WQVKSGTIFDNFLITND 

    HecCalreticulin WQVKSGTIFDNILVTDD 

    HsaCalnexin     WSMTSDIFFDNFIICAD 

    HecCalnexin     WSMQSDILFDNIIIADD 

    L-type Lectins 
    HsaERGIC-53     RFEYKYSFKGPHLVQSDGTVPFWAHAGNAIPSSDQIRVAPSLKSQRGSVWTKTKAAFENW 

    HecERGIC-53     RFEYKHSFKGPHLVNKQGNVPFWTHYGSAIPSDEQVRITPSLKDQRGSLWSKVKSTNEFW 

    HsaVIP-36       HLKREHSLIKPYQGVGSSSMPLWDFQGSTMLTSQYVRLTPDERSKEGSIWNHQPCFLKDW 

    HecVIP-36       YMRREFSVIKPF--VGGSSMQFWEIIGHTLVSDDQIRLTADEQSKSGAIWNIMPCFTRDW 

  

    HsaERGIC-53     EVEVTFRVTGRGR--IGADGLAIWYAENQGLEGPVFGSADLWNGVGIFFDSFDNDGKKN- 

    HecERGIC-53     EVEVFFRISGRGR--VGGDGLAVWFTEEMGKPGPVFGSSDNWKGMGLFFDSFDNDGEQN- 

    HsaVIP-36       EMHVHFKVHGTGKKNLHGDGIALWYTRDRLVPGPVFGSKDNFHGLAIFLDTYPNDETTE- 

    HecVIP-36       EIHLHFKVHGHSAR-LFGDGFGFWYTKDRSEQGPIFGGKDYFTGLALFFDTYANQNGEHA 

 

    HsaERGIC-53     --NPAIVIIGNNGQIHYDHQNDGASQALASCQRDFRNKPYPVRAKITY--YQNTLTVMIN 

    HecERGIC-53     --NPYVMVMLNDGTKQYDHFKDGNNQQLGGCMRDFRNRPHPIRAKIRY--YNNILTVFYH 

    HsaVIP-36       RVFPYISVMVNNGSLSYDHSKDGRWTELAGCTADFRNRDHDTFLAVRY--SRGRLTVMTD 

    HecVIP-36       HEHPYISAQINNGTTHYDHDRDGTHSELAGCTAHFRGTDAETHVAIRYLGTKKRLTIQYD 

 

    HsaERGIC-53     NGFTPDKNDYEFCAKVENMIIPAQGHFGISAATGGLADDHDVLSFLTFQL 

    HecERGIC-53     GGMSERDEDYELCMRAENVHLPKEGFFGVSAATGGLADDHDVMKFLTHSL 

    HsaVIP-36       ---LEDKNEWKNCIDITGVRLPTGYYFGASAGTGDLSDNHDIISMKLFQL 

    HecVIP-36       ---IEDENKWVECLDKYGVELPTGYYFGLSAQTGDLSDNHDIISMKFYEL 

 

 

Figure 5.11: Intracellular lectin sequence alignment: Intracellular lectins from human and Hydractinia were aligned 

to examine conserved sugar binding amino acids. (A) M-type lectins. (B) P-type lectins. (C) Calnexin and 

Calreticulin. (D) L-type lectins.    Cysteine residues are highlighted in yellow. Sugar binding amino acids are 

highlighted in green (identical) or blue (conserved function). 
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5.2.4 C-type lectin like (CTL) transcript diversity in Hydractinia echinata 

C-type lectins were searched for in the Hydractinia transcriptome. Transcriptome 

wide analysis revealed a total of 41 non-redundant proteins containing a total of 65 

CTL domains. 

 

5.2.4.1 Domain based classification of the Hydractinia CTLD repertoire 

Hydractinia transcripts were grouped according to the number of CTLDs and their 

secondary domain structure. The classification scheme used in Wood-Charlson and 

Weis (2009) was applied to the H. echinata sequences. This classification system 

resulted in a total of 12 groups (table 5.4): 11 groups were common with 

Nematostella vectensis (16 groups total), and a twelfth group, here comprising of the 

remaining genes that did not easily fall within any of the 16 N. vectensis groupings, 

was also classified. Groups are defined by many key domains or CTLD numbers, but 

all contain at least one CTLD. The groups identified were: (A) single CTLD with or 

without signal peptides/transmembrane domain; (B) two CTLDs; (C) Von Willebrand 

Factor A (vWA); (D) sperm-coating glycoprotein (SCP); (E) epidermal growth factor 

(EGF); (F) Kazal_2 domain; (I) coagulation factor 5/8 type C (F58C); (J) ten CTLDs; (K) 

thrombospondin 1 repeat (TSP1); CUB; (M) MAM; (N) Immunoglobulin-like (Ig) 

and/or PAN domains; (X) remaining genes that do not fall into groups A-N. Members 

of groups G, H, O and P defined in Nematostella were not found in the Hydractinia 

transcriptome. Of the 41 total CTL genes, 41% contained only one CTL domain (Group 

A). The domain architecture of each protein is displayed in table 5.4. Like with the 

Nematostella annotation scheme used by Wood-Charlson and colleagues, some 

domains that characterize one group are also present in other groups, thus some 

Hydractinia genes could in theory be placed into other groups and are more 

ambiguous. For example, group C is defined by the presence of a vWA domain and 

group D is defined by the SCP domain. The group C protein Hec29624_g2_i1 contains 

an SCP domain but also possesses a vWA domain used by the N. vectensis scheme. 

Similarly, proteins in the groups F and N contain EGF domains and could be placed 

into group E, but also contain Kazal_2 (F) and PAN (N) domains and thus belong to 

these groups. 
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Table 5.4: C-type lectin like genes in Hydractinia echinata. Transcriptome CRD’s are characterized 

according to domain architecture 

Group Transcript ID Defining 

Domain(s) 

Domains Present 

A Hec19599_g1_i1 Single CTLD CTLD 

 Hec27722_g1_i6  TMM, CTLD 

 Hec27886_g1_i1  CTLD 

 Hec29109_g1_i1  CTLD 

 Hec30042_g1_i1  signalP, CTLD 

 Hec30695_g1_i1  signalP, CTLD, TMM 

 Hec30957_g3_i3  CTLD 

 Hec36907_g1_i4  signalP, CTLD, TMM 

 Hec36907_g1_i6  signalP, CTLD, TMM 

 Hec36907_g1_i8  signalP, CTLD, TMM 

 Hec40905_g1_i1  CTLD 

 Hec44843_g1_i1  CTLD 

 Hec47462_g1_i1  CTLD 

 Hec50191_g1_i1  CTLD 

 Hec6092_g1_i1  CTLD 

 Hec7675_g1_i1   

B Hec32200_g1_i1 Two CTLDs signalP, CTLD (2), TMM 

 Hec14828_g1_i1  CTLD (2) 

 Hec31718_g1_i3  CTLD (2) 

 Hec5611_g1_i1  CTLD (2) 

C Hec29624_g1_i2 vWA vWA, CAP/SCP_3, CTLD 

D Hec36894_g2_i1 SCP signalP, CAP/SCP_3, CTLD 

E Hec31480_g1_i1 EGF CTLD, EGF 

F Hec33931_g2_i1 Kazal_2 +/- EGF MAM_2, NIDO, KAZAL, CTLD, EGF 

 Hec38983_g1_i1  KAZAL/NIDO (5), KAZAL, CTLD, EGF 

 Hec39726_g1_i1  signalP, NIDO, KAZAL, MAM, CTLD 

I Hec39529_g1_i1 F58C F58C (2), CTLD, MAM, FN3(7/8) TSP (4), FN3 

(3), TMM (5) 

 Hec39732_g1_i1  CTLD, F58C (3), SEA 

J Hec35616_g1_i2 Ten CTLDs EGF, CTLD (10) 

K Hec35781_g1_i1 TSP +/- astacin CTLD (4), TSP (4) 

 Hec37787_g1_i1  CTLD (3), TSP (4), FN3, TMM (4) 

 Hec37870_g1_i2  signalP, ASTACIN, TSP (2), CUB (2), CTLD 

L Hec28727_g1_i6 CUB CTLD, CUB (1), TMM 

M Hec42612_g1_i1 MAM CTLD, MAM 

 Hec2658_g1_i1  CTLD, MAM 

N Hec28825_g1_i1 Ig and/or PAN PAN, EGF, CTLD 

 Hec39806_g1_i1  signalP, Ig, LDL (5-7), FN3 (5-17), CTLD (2) 

X Hec17557_g1_i2 Unclassified CTLD (5) 

 Hec31788_g1_i1  signalP, CTLD, FN2 (3) 

 Hec36745_g2_i1  CTLD (2), LAMANIN 

 Hec39337_g1_i2  signalP, CTLD, CUB (3), SUSHI, EGF, HYR, SEA, 

EGF 
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5.2.4.2 Phylogenetic analysis of Hydractinia and Nematostella C-type lectins 

A phylogenetic tree was constructed to examine the sequence similarity and 

homology between C-type lectins in Hydractinia and Nematostella (fig. 5.12). In most 

cases phylogenetic clustering of Hydractinia and Nematostella sequences did not 

agree with the domain-based annotation used in table 5.4. The group B protein 

Hec32200_g1_i1, defined by two CTL domains, clustered with a group B 

Nematostella protein Nv150000031 (figure 5.12, yellow box). CTL1 and CTL2 from 

Hydractinia clustered with CTL1 and CTL2 from Nematostella with good statistical 

support (74% and 82% bootstrap support for CTLD1 and CTLD2 respectively). A 

Nematostella group A protein (Nv1517.2.1) also clustered with the second CLTDs of 

these genes. Note in this case the decimal point in this N. vectensis protein does not 

denote the presence of multiple CTLDs, rather it is the name of the gene model from 

which the sequence was collected (Wood-Charlson and Weis, 2009). No other 

Hydractinia or Nematostella group B proteins clustered together in the phylogenetic 

analysis. The group D protein Hec36894_g2_i1 clustered with two Nematostella 

group D proteins (Nv1010208 and Nv425000013), however with no statistical 

support. These proteins are classified by the presence of SCP domains. One of the 

four group X Hydractinia sequences (defined by exclusion from Nematostella groups 

rather than commonality between H. echinata group X sequences) clustered with a 

N. vectensis protein with high statistical support (fig. 5.12, grey boxes). 

Hec36745_g2_i1, which possessed two CTL domains, appeared alongside 

Nv68000060, which also has two CTL domains, both CTL1 and CTL2 from Hydractinia 

clustered with CTL1 and CTL2 from Nematostella (BS 85% and 75% respectively). 

Although both have similar CTLDs, they do not share common secondary domain 

architecture. Nv68000060 belongs to group O due to the presence of an Shk domain 

(see table 1 of Wood-Charlson and Weis, 2009), while Hec36745_g2_i1 has a lamanin 

domain (table 4.4).  No other domain ascribed groups clustered in the phylogenetic 

analysis and most clades were very weakly supported (fig 5.12)  
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Figure 5.12: ML Tree of Hydractinia and Nematostella CTLDs. H. echinata sequences are highlighted 

blue. Clades with only Nematostella sequences were collapsed for display purposes. Bootstrap 

support values > 50 displayed.  
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5.2.4.3 Sequence analysis determines putative sugar binding C-type lectin domains in 

Hydractinia echinata 

Each of the Hydractinia CTLDs were examined for conserved glycan binding and Ca2+ 

binding amino acids. Residues forming the Ca2+ binding pocket and Ca2+/glycan-

binding pocket were observed and highlighted (fig. 5.13).   

 

Hec29109_g1_i1      CFN--VNGKLPTVTSASEAYFLEQAAGS-----GQTWIGLSDQLLEGQWVWESGST---- 

Hec31480_g1_i1      CHS--IAASLPTVEGPVEAYYLEQTSVS-----NKTWIGLTDVTAEGNWTWSSGAT---- 

Hec39726_g1_i1      CNT--IAAALPTVEGPAEAYFLDQTSAS-----NKTWIGLTDVQSEGKWTWSSGSM---- 

Hec38983_g1_i1      CVS--QNSSLAVPANKAENFLLGQYFPN-----NSIWVGLNDREKEGDWVTNENVT---- 

Hec33931_g2_i1      CAM--YNATLPMIPNDGFDYFVRQNTKE-----NKTWIGLKNTANGSYWLNMKNSSKL-- 

Hec27722_g1_i6      CQG--INGHLVSINSKDENTFLQQEMKK--RGFKHLYIGLYNNNTEHQGQWIDGSK---- 

Hec27886_g1_i1      CRS--RNGHLASISSILENLVIQNEVLK--RGLNNIQIGLHDRNSEGSFEWTDGSP---- 

Hec30957_g3_i3      CQR--RYGHLVSILSRSENDYIKNELSK--RSYNSMYIGFHDQNTESQFQWSDSSP---- 

Hec31718_g1_i3.2    CES--RNSTLTSILSQQENDYIKDKIG------DKTHLGLIEVNEDGKYEWLDGSP---- 

Hec37870_g1_i2      CLS--NSADLVSITTKAEQDFVTRDLLQ----GNYMWLGMTDKGSEGRWAWSDNTT---A 

Hec35616_g1_i2.1    CTQ--KGMHLATVSNRAELNHIYSLISFV-YKKNAHWIGLNDKQEEGDWRWVDGSS---- 

Hec32200_g1_i1.1    CQS--IGGELATINTRQENEFLGDMLQT----AAGGWIGLNDRNDENTYIWNFKSSKR-- 

Hec39337_g1_i2      CKQ--RGGDLVTIKDFATNMFLTRYVTSVSDSTRTIWIGLNDRGNEGEFQWADGSEAV-- 

Hec39732_g1_i1      CKR--YGGDLVTIDSEEIQSAIRYMIRNT---WRPTWIGLNDRRKEHVFEWSSGHALMP- 

Hec28727_g1_i6      CQS--QLGDLVIIKDRKEQEFLTRQLGFY---PKKYWIGIFGNNAD---KWIDGSG---- 

Hec32200_g1_i1.2    CKQIHSSANLASIGSDGENNLVRSLLLS-----ENAWIGLNDLWEAGLYCWNDCKGSTNE 

Hec31788_g1_i1      CEM--KAGKLITIESPNVQGIVKTIIRN--QTPTGYWTGLVEDLFK-QWTWEGIGN---- 

Hec28825_g1_i1      CQS--LNATLAIGNSRIKIDTILEIAKE-----NGGWYLIGLKKINGVWQWTDGTT---- 

Hec35616_g1_i2.10   CES--NGGFLASVRDQDELNWFKSHIWV-----MNSYNFYLGKKPTSRSTWDDGFL---- 

Hec14828_g1_i1.2    CQV--MQADLVSNIERGMLNPLMRLTYPN---PLFTYVGLSSVDGN-NFVWFNGSS---- 

 

Hec29109_g1_i1      SSFRKWLPNKPDGGRT---------ENCAVVDGSYN------VSGWNDVSCSTCA-GVKC 

Hec31480_g1_i1      SAYRKWLPNRPDGGAQ---------ENCAVVDGTSN------VVVWDDVSCAECA-NVQC 

Hec39726_g1_i1      SAYRKWLPNQPDGGAQ---------ENCAVVDGTSN------VAGWDDVSCTECA-NVQC 

Hec38983_g1_i1      STYQNWMIGKPDGGNL---------ENCATLRHSNG------DRKWDDVSCSTCN-KYIC 

Hec33931_g2_i1      MQYRNWAAGQPTRGAN---------EQCTVSGGVKT-------PGWDDVPCSRCS-DALC 

Hec27722_g1_i6      VQYTNWYSGEPSGNG----------E-CYAVMMSD--------GKWNDVASNHIY-QFAC 

Hec27886_g1_i1      VRYTNWDKGEPNNYGNK--------EHCTSMLPS---------GRWYDHDCFTYQ-NFAC 

Hec30957_g3_i3      VSYTNWYAGEPNNSGRG--------EDCASMLPG---------GRWNDAVCSNIE-YYAC 

Hec31718_g1_i3.2    FNYTNWSPEQLNVFNRDI-------EDCVMVKEN---------GKWFDTNCSQSL-SFAC 

Hec37870_g1_i2      TAFNNWDNGDPNNGGRLQN------EDCALIKPD---------GKWNDYPCGDRF-NYIC 

Hec35616_g1_i2.1    SNFTKWKSGEPNGQTR---------ENCVAIVN----------KEFLDLPCSASYVRSVC 

Hec32200_g1_i1.1    PSFYTWGAGEPSNYNRACNI-----ENCVAMKMSN--------GDWLDIVCESFN-SYVC 

Hec39337_g1_i2      KQEFRWYPDEPKDSTPG--------EDCVEMYVRSH------QYLWNDAPCGDNL-HFVC 

Hec39732_g1_i1      DDFSNWGANEPNDNSGS--------ENCIEMTSTS--------GKWNDLPCYKRM-PFVC 

Hec28727_g1_i6      VNYTNWSPGEPNHDY----------QKCIALYGIYTETNLQYNGTWDDETCSRLL-NYIC 

Hec32200_g1_i1.2    ASYTNWGSGEPNDKFTQPLAPECLGEDCIQLKKFGG------NVTWQDLGCETKL-PYIC 

Hec31788_g1_i1      PKFSNWESGQPSDDAGL--------AGCAAMNAG---------GKWHVSDCEVER-KSIC 

Hec28825_g1_i1      -NFIQWRPSEPSGD-----------GNCSTTFPDG--------YKLNDVPCMIPR-NILC 

Hec35616_g1_i2.10   MQYFKWSSGQPDQSNG---------KLCLTISQK---------YDMKYTTCSAHQ-GYLC 

Hec14828_g1_i1.2    -ATFGWYSVEPNGAS----------EMCGGINCK---------RSLVDVNCSSLL-QYMC 

 
Figure 5.13: Alignment of the H. echinata CTL domains with putative sugar binding capabilities. 

Highlighted residues represent the following: green=First Ca2+ binding pocket; blue=second Ca2+ 

binding pocket responsible for glycan binding; yellow=important conserved amino acids; red=affinity 

for galactose binding; magenta=affinity for mannose binding. 

Highly conserved residues were highlighted in yellow. The residues that create first 

Ca2+ binding pocket are highlighted in green. Residues of the second Ca2+ binding 

pocket, which is also responsible for binding the glycan ligand, are highlighted in blue. 

This includes the ‘EPN’ domain and the ‘WND’ domain. Other conserved amino acids 
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that are associated with the ‘WND’ and ‘EPN’ domains were highlighted in yellow. 

Sequences were deemed to be putative sugar-binding lectins if they possessed three 

out of five essential residues necessary for calcium-mediated glycan binding. This 

approach was also taken in Wood-Charlson and Weis (2009) The exception to this 

was the protein Hec35616_g1_i2.10 which lacked the WND’ domain but did possess 

the QPD triplet specific for galactose binding and was thus included in the alignment. 

In total, 19/67 CTLDs possessed at least three out of five conserved residues (28.3%). 

Ten sequences had at least 4/5 glycan binding residues. Only two sequences had all 

five residues (Hec30957_g3_i3 and Hec39732_g1_i1). Seven sequences possessed 

the ‘EPN’ triplet representing affinity for mannose binding (magenta), while two 

sequences possessed the amino acid triplet QPD, favouring galactose binding (red).  

 

5.2.5 Reporting the R-type lectins in Hydractinia and other early evolving metazoans 

R-type lectin like genes were found in all early branching metazoans searches in this 

study. Nine non-redundant R-type like lectin proteins were found in the Hydractinia 

echinata transcriptome and genome. Based on domain searches, nine R-type like 

lectins were also extracted from the genomes of Nematostella vectensis and 

Tricoplax adhaearans. In total, 15 R-type lectins were recovered from the 

Mnemiopsis genome and five were found in the genome of the sponge Amphimedon 

queenslandica (table 5.2).  

 

Based on domain architecture all genes from Hydractinia and other early branching 

metazoans were deemed to be members of the GalNac transferase family of R-type 

lectins (see figure 5.3). The R-type lectin like domain from each Hydractinia sequence 

was then aligned with hte R-type domains in the caster bean ricin protein and human 

Galnt1 to determine putative sugar binding activity (fig. 5.14). Residues in ricin that 

interact with galactoside ligands, and the conserved equivalents in HsGalnt1 and H. 

echinata R-type like lectins, are highlighted in green.  Conserved cysteine residues 

are highlighted in yellow.  
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                            |-------------------- Alpha-lobe -----------------||--------------- 
 Ricin-I      VRIVG-----RNGLCVDVRDGRFHNGNAIQLWPCKSNTDANQLWTLKRDNTIR---SNGKCLTTYG 

 Ricin-II     TIVG------LYGLCLQA------NSGQVWIEDCSS-EKAEQQWALYADGSIRPQQNRDNCLTSDS 

 HsaGalnt1    DYFLGEIRNVETNQCLDNMARK--ENEKVGIFNCHG-MGGNQVFSYTANKEIR---TDDLCLD--- 

 Hec33547     QYFKGEIRNIDSKVCLDSMGEV--PKHKLGIFPCHG-QGGNQYFIFTKKGEIT--FDEEYCLD--- 

 Hec33823     SYFHGQLQNNFSSMCLDSMGKV--SESKVKVFPCHG-FGGNQFFVLSKRGEIV--FKDEHCLD--- 

 Hec32216     MYFRGDVKNLGTQSCLDTLANN--QGGKPGLYPCHK-MGTNQFFIFTKKSEIW---HDALCLD--- 

 Hec31858     RWFYGQLKQ-GGENCLDTLGHL--EGQGAGIFACHG-QGGNQDWSWTKSQQLK---HESSCLS--- 

 Hec36902     DYFAGEVRNPETGVCLDTLGKQ--EGSPLGLYVCHG-QGGNQYFTLNSKGELK---SEDNCLD--- 

 Hec36774     KFWKGQIRNVHSNLCLDTLGRN--PGQVISLSSCQS-HGGQQ-FRWTYLHELR--QEPEDCLD--- 

 Hec36774-2   KFWVGKIRHVKTDKCFDLTGRK--YGDAVTVSSCQD-DGAQK-FHWTYINEFR--RGLEDCID--- 

 Hec33410     EYFEGKIQNKRWKKCLSVHGGV--KHSLISLSHC---FKSTHRWSLNSQGELK--IKKKLCLD--- 

 Hec35549     DWFYGELKQMGNKQSL-CFTDN--TSAIVTTEHCHR-WNRGQEWEMTKSGLIR--SYTGLCVQ--- 

 

                                                   

              ---- Beta-lobe -------------||----------- Gamma-lobe ------------|  

 Ricin-I      YSPGVYVMIYDCNTAATDATRWQIW-DNGTIINPRSSLVLAATSGNSGTTLTVQT-NIYAVSQGW 

 Ricin-II     NIRETVVKILSCGPASS-GQRWMFK-NDGTILNLYSGLVLDVRASDPSLKQIILYPLHGDPNQIW 

 HsaGalnt1    -----VVTMLKCHH----LQLWEYDPVKLTLQHVNSNQCLDKATEEDSPSIRDC---NGSRSQQW 

 Hec33547     -----CVEILKCHN----FQKWIHDRRNGEIRHHPTQQCIDRGADGVDAHMNPC---DGRPSQRW 

 Hec33823     -----YVELWKCHG----MQEWRHNNKTSTIEHVFSKKCLIITEDDY-LTVTDCN--KEDKQQLW 

 Hec32216     -----LAKLWPCHK----QQKWVHD-ENGLIRHEGFQRCLEGHGDQ--ILIRLCD--KNKKTQQW 

 Hec31858     -----TVKILPCSS----TQKWKYDEDAQTLQNVGSQLCLDNYKTGQDLTQRDC---LGHETQKW 

 Hec36902     -----YLYIRDCDS----LQKWSYE--NNRIRNDRFNVCLQLKTKKY-ITTGPC---LGTKLQEW 

 Hec36774     -----AVYVEKCHE----MQKFTYKTDTQQFYHAGSSKCLSINHDVNPPIIESCK--ADAKQQRW 

 Hec36774-2   -----VLYLERCHE----RQRFAYMKKTKQIRHQGTGGCLTLTKKTSRITLELCD--QQSELQKW 

 Hec33410     -----VARIMKCHQ----DQEWNYL--HGILYNPSTGMCLSATQGGS-IELSICS--KNDEEQIW 

 Hec35549     -----ALRLVKCDK----KQRWVLM-IRDRIRHKNTSQCVESHHAG--LYINTCK—-QHAVNQKW                       
 

Figure 5.14: R-type lectins with sugar binding capability. Sugar binding amino acids highlighted in green. 

Cysteine residues highlighted in yellow. The three lobes of the CRD are aslo denoted. 

 

5.2.6 Galectin genes were not found in Hydractinia spp. 

BLAST and profile queries into the transcriptome of Hydractinia echinata revealed a 

lack of discernible galectin CRD containing transcripts. No evidence for homologous 

genes could be found in the transcriptome using sequences from different metazoan 

galectins as queries. PFAM domain searches and HMM model based searched for the 

galectin CRD using HMMER (PF00337) and InterProScan (IPR001079) also generated 

no results. Following this, the genome of Hydractinia echinata as well as the 

unpublished draft genome and published transcriptomes of its sister species 

Hydractinia symbiolonigcarpus were also queried for the presence of galectins using 

the same methods. These searches also returned no findings. I surmise that galectin 

genes were lost from or are otherwise absent or undetectable in Hydractinia 

echinata and Hydractinia symbiolongicarpus, and thus may be absent from the genus 

Hydractinia. 

5.2.6.1 Galectin genes are putatively absent from the clade Cnidaria 

To elucidate whether galectins were absent only in Hydractinia the public databases, 

genomes and transcriptomes of other cnidarian species were examined. BLAST 
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searches using 72 galectin CRD’s from a number of metazoans against the NCBI 

cnidarian NR nucleotide and protein databases (cnidaria taxon ID: 6073) produced 

no significant results. Next, BLAST searches were performed against annotated 

genomes and gene models of the published cnidarians and searches for the galectin 

PFAM and InterPro accession numbers PF00337 and IPR001079, respectively, were 

carried out. The genomes of Acropora digitifera; Nematostella vectensis and Hydra 

vulgaris were searched through their respective genome browsers. These searches 

also returned no matches for genes containing galectin CRD’s. Finally, a more 

sensitive profile-based approach was carried out. Transcriptomic, predicted protein 

sequences and EST data from a number of cnidarian sequences were downloaded 

from the compagen website (http://www.compagen.org) as well as other publicly 

available datasets (table 5.5). These databases were mined using the HMMSEARCH 

program for the galectin CRD model (Gal-bind_lectin.hmm). These searches also 

produced no significant matches.  

Table 5.5: List of cnidarian databases examined for galectin-like CRD’s 

Species Clade Source 

Acropora digitifera Anthozoa (coral) http://marinegenomics.oist.jp/coral/viewer/info?project_id=3 

Acropora palmata Anthozoa (coral) http://compagen.org/datasets.html 

Aiptasia pallidia Anthozoa 
(anemone) 

Baumgarten et al., 2015 

Anemonia viridis Anthozoa 
(anemone) 

http://compagen.org/datasets.html 

Aurelia aurita Scyphozoa Brekhman et al., 2015 

Clytia hemispherica Hydrozoa http://compagen.org/datasets.html 

Edwarsiella lineate Anthozoa 
(anemone) 

http://cnidarians.bu.edu/EdwardBase/cgi-bin/index.cgi 

Hydractinia 
symbiolongicarpus 

Hydrozoa Sanders et al., 2014 

Hydra magnipapillata Hydrozoa https://metazome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Hmagnipapillata_er 

Metridium_senile Anthozoa (coral) http://compagen.org/datasets.html 

Montastrea_faveolata Anthozoa (coral) http://compagen.org/datasets.html 

Nematostella vectensis Anthozoa (coral) http://genome.jgi.doe.gov/Nemve1/Nemve1.home.html 

Podocoryna carnea Hydrozoa Sanders & Cartwright., 2015 

Porites_astreoides Anthozoa (coral) http://compagen.org/datasets.html 

 

 

http://www.compagen.org/
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5.2.6.2 Galectin genes are present in other early branching metazoans 

Profile  based searches (PFAM PF00337) in the predicted, annotated  gene models of 

the comb jelly Mnemiopsis leidyi (http://research.nhgri.nih.gov/mnemiopsis/) and 

similar searches of the sponge Amphimedon queenslandica 

(http://metazoa.ensembl.org/Amphimedon_queenslandica/Info/Index) revealed a 

number of galectin like genes. Ten sequences containing galectin CRD’s were found 

in Mnemiopsis while five were found in Amphimedon. These genes may not represent 

the full repertoire of sponge and comb jelly galectins, rather this is a conservative list 

of galectin-like genes for each species found through previously annotated gene 

models. Searches in the genome (http://genome.jgi.doe.gov/pages/search-for-

genes.jsf?organism=Triad1) and EST (http://www.compagen.org/datasets.html) 

databases of Tricoplax found no galectin-like genes. 

Phylogenetic results show that ctenophore and sponge galectin CRD’s each form a 

distinct clade (PP 0.98 ctenophore; PP 1.0 sponge) and were not related to bilaterian 

galectins (fig. 5.15a). These results suggest lineage-specific diversification of galectins 

in ctenophores and sponges.  

To determine whether galectin-like proteins in early branching metazoans could 

function as putative sugar-binding molecules, sequence CRD’s were searched for the 

eight amino acid residues involved in β-galactosides binding (Lobsanov et al., 1993). 

Figure 5.15b shows a section of the alignment of all early branching metazoan CRDs 

to the CRD of human Galectin-1. Conserved amino acids are highlighted in green if 

present.  3/19 M. leidyi galectin CRD’s (blue sequences) possessed all eight conserved 

amino acids while 14/19 had at least seven of the eight conserved residues. 4/5 

sponge genes (red sequences) possessed all eight conserved residues.  

Taken together, these results suggest that galectins have been lost in the phylum 

Cnidaria and may in fact have been lost in the ancestor of cnidarians and placozoans.  

http://research.nhgri.nih.gov/mnemiopsis/
http://metazoa.ensembl.org/Amphimedon_queenslandica/Info/Index
http://genome.jgi.doe.gov/pages/search-for-genes.jsf?organism=Triad1
http://genome.jgi.doe.gov/pages/search-for-genes.jsf?organism=Triad1
http://www.compagen.org/datasets.html
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HsGalectin1     NNLCLHFNPRFNAHGDANTIVCNSKD--------GGA-WGTEQRE 

ML006313a       ENVMLHVNPRP----NKKQTVLNSK---------TGS-WKAALKC 

ML279829a       GNILIHINLRP----NWSQTVMNSR---------NPS-WESEVRC 

ML06691a        GRYLIHVDFRP-----EYETVLNSCL--------STG-WGQEIRC 

ML020113a       NNRILHISFRP--PPSENKIVLNSML--------NGA-WQTEDRT 

ML07495a.1      NEVLIHFDIRP----TQNVVVMNNKE--------NGV-WQTEIRD 

ML07495a.2      KNIQLHVSIRP----QEGVVVLNSMV--------GGG-WGKEVRA 

ML204430a.1     KDIALHFNGRP----EQKKIVLNSFQ--------HGK-WEKELYI 

ML204430a.2     KNIGLHFNGRP----AQNVIVINAHI--------NGK-WGQEVRF 

ML204429a.1     GNIALHFNPRP----KEEVIVMNTAKRE--G--KKWG-WKSEVRM 

ML204429a.2     AQIALHFNPRP----EQGKIVLNTATKHMTGNKASHK-WGAEMYF 

ML204429a.3     QMIALHFNGRP----SDHKIVLNSATPR--G--DKLQ-WSSELYL 

ML343419a.1     GPVLVVADFRT----WDDLVVLNSKD--------NGR-WQNEITA 

ML343419a.2     LYHMFHLDFRPSLTEDDFEVVMNSKN--------ANG-WGNEVKS 

ML343419a.3     DAVLFVVDFRP----WDDLVVLNSYS--------DNK-WDREVIL 

ML343419a.4     EQVMLQVMFRA-----GKIVLLTSSN--------QQN-QVTKVKT 

ML21204a.1      KFYTFHLDFRP--YPIGNVVVMNTNP--------AKS-WEKEVRA 

ML21204a.2      GFYIFHLDFRP--YPHGNVIVMNTNP--------CTC-WEKEIRA 

ML23336a.1      NFYTFHLDFRL--YPMGNVIVMNTNP--------AKS-WEQEVRA 

ML23336a.2      GFNLFHLDFRP--YPHGNVIVMNTNP--------SSS-WEKEIRA 

PAC:15703408    GNILLHVNPRW----DTRVLVLNTYY--------NKR-WGHEERP 

PAC:15717164    GNIILHVNPRW----DTRAFVLNTLH--------NKR-WGREERP 

PAC:15717165    GNILLHVNPRW----DTRAFVLNTFH--------NKR-WGREERP 

PAC:15717166    GNILLHVNPRW----DTRAFVLNTYY--------KKKGWGREERP 

PAC:15717163    YNVILHVNPRW----DTRVFALFTYY--------NKC-WEGGESP 

Figure 5.15: Galectin like genes in early branching metazoans. (A) Bayesian phylogenetic tree of 

galectin CRD’s. (B) Sequence alignment of M. leidyi (blue) and A. queenslandica (red) aligned to 

human galectin-1. Conserved sugar binding amino acids highlighted in green. 

B 
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5.3 Discussion 

 
5.3.1 The lectin repertoire of Hydractinia echinata and other early branching 

metazoans 

Analysis of the Hydractinia echinata transcriptome has revealed an abundance of 

lectin families. Of the eight well established groups of lectins, evidence could be 

found for six of these (table 5.2). The majority (67.7%) of these proteins belong to 

the C-type lectin family. High abundance of C-type lectins was also seen in the other 

early branching metazoans examined (table 5.2). With respect to other lectins, 

analysis of a sponge and a comb jelly genome provided evidence for seven out of 

eight families. Phylogenetic analyses and structural inspection of these groups: 

calnexins, P-type, L-type and M-type lectins; show that the proteins are homologous 

to bilaterian lectins (fig. 5.6-fig. 5.10). Both calnexin and calreticulin can be found in 

cnidarians, sponges and placozoans. Though a putative calreticulin was not found in 

Mnemiopsis, this does not rule out its presence in other ctenophores. A second 

calnexin/calreticulin like gene was found in the genome of M. leidyi, divided between 

two scaffolds. This may point towards an assembly error, or a unique genomic 

feature and is evidence for the ‘missing’ calnexin-like gene. Members of the four 

main intracellular lectin families could be found in all four pre-bilaterian phyla. This 

result is not surprising as some of these families can also be found in other non-

metazoan eukaryotes. L-type lectins can be found in plants and similar (though 

perhaps not sugar binding) domain folds can be seen in single cell eukaryotes like 

yeast (Dodd and Drickamer, 2001). Calnexins and M-type lectins are present in both 

plants, yeasts and many other eukaryotes and their roles in intracellular glycoprotein 

trafficking is conserved in eukaryotes (Gupta, 2012; Yamamoto, 2014). These results 

suggest that much of the machinery for lectin mediated folding, processing and 

regulation of glycoproteins was present in the common ancestor of all eukaryotes. 

The expansion of the MRH domains of P-type lectins appeared later in the LCA of all 

animals.   

 

Galectins and siglecs were absent from the Hydractinia transcriptome as well as from 

the Nematostella and Tricoplax sequence databases. Siglecs were also absent from 
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other basal animals. Siglecs have not been found or widely studied outside of Class 

Mammalia and are considered at the very least vertebrate specific (Crocker et al., 

2007; Taylor et al., 2015). My results are consistent with this hypothesis, showing 

additionally that this family of lectins did not evolve in pre-bilaterian animals, 

appearing later in animal evolution.   

 

As the phylum Placozoa comprises of a single species (Tricoplax adhearens) the 

inability to find placozoan galectins may be either due to the lack of available ‘omics 

data, or represent a true loss of this family of proteins, possibly related to the highly 

divergent and unusual biology of placozoans. The absence of galectins in Hydractinia 

and Nematostella and in other cnidarians is more likely explained by true loss of 

galectins in this clade and will be discussed separately in section 5.3.4 below. Figure 

5.16 summarizes my findings and provides a schematic representation of lectin 

evolution in animals. As the genomes of more metazoans and other eukaryotes are 

examined for lectins, it will be interesting to see if other groups have experienced 

loss events or gained unique or novel lectin types. 

 

 

Figure 5.16: Summary of the appearance and disappearance of animal lectins. Galectins may 

have been independently lost in both the phylum Cnidaria and Placozoa however recent evidence 

suggests Placozoa is the sister group to Cnidaria (Laumer et al., 2017). Therefore, galectins may have 

been lost in the cnidarian/placozoan common ancestor. 
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5.3.2 C-type lectin diversity in Hydractinia echinata 

C-type lectins were by far the largest and most diverse set of lectins in Hydractinia as 

in other species. My transcriptome analysis found a total of 41 non-redundant genes 

containing a total of 65 CTL domains. This number may represent only an estimate of 

CTL diversity and could increase with the completion of the Hydractinia genome. The 

Nematostella genome possesses 67 C-type lectin genes with over 95 CTL domains 

(Wood-Charlson and Weis, 2009). This may represent a lineage specific expansion, 

like that of Nematostella homeobox genes, discussed in chapter 4.  C-type lectins 

have undergone large expansions in other lineages. For example, the genome of the 

fruit fly Drosophila contains around 33 C-type lectins (Dodd and Drickamer, 2001), 

while in contrast the genome of the worm C. elegans possesses over 250 (Drickamer 

and Dodd, 1999; Drickamer and Taylor, 2003). Mammalian genomes contain roughly 

100 CTL genes (Zelensky and Gready, 2005). Lineage specific expansion and diversity 

of C-type lectin-like genes may be due to their role in the innate immune system and 

the constant evolutionary organism/pathogen arms race, especially in invertebrates 

that do not have adaptive immunity. 

 

5.3.2.1 Challenges in the classification of C-type lectins in Hydractinia 

One of the main difficulties encountered in this thesis was the classification of 

Hydractinia C-type lectins. The initial classification scheme applied was similar to that 

used by Wood-Charlson and Weis (2009) on Nematostella vectensis, adapted from 

the classification system used in C. elegans (Drickamer and Dodd, 1999; Schulenburg 

et al., 2008). Here, sequences were divided into groups based on domain 

architecture. Using this scheme, 12 CTL-containing groups were identified in 

Hydractinia. However, based on observations of my results, this classification scheme 

is imperfect. One problem with this system is the overlap of domains between 

separate groups, creating ambiguity. For example, in the Nematostella classification 

scheme, group C is denoted by the presence of two CTLDs and von Willebrand factor 

A (vWA) domains, while group D was defined by CTLD and sperm coating glycoprotein 

(SCP) (Wood-Charlson and Weis, 2009). In Hydractinia both proteins in the putative 

C and D groups had an SCP domain and one CTLD, and thus could be placed in group 

D only. One of these proteins, Hec29624_g1_i2, also had a vWA domain. Thus, it was 
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placed in group C, based on the presence of this domain. Similar problems could be 

found with the presence of EGF motifs, used to define group E. Several other 

Hydractinia sequences possessed EGF motifs including Hec28825_g1_i1 (group N due 

to PAN domain); Hec35616_g1_i2 (group J, possessing 10 CTLDs) and 

Hec39337_g1_i2 (unclassified due to having a myriad of domains: SEA, sushi, EGF, 

CUB) (table 4.4). This is not a problem unique to Hydractinia. Several studies have 

shown that domain architecture varies significantly from species to species. 

Classification based on domains in Drosophila, C. elegans and vertebrates share 

almost no similarity (Dodd and Drickamer, 2001; Drickamer and Dodd, 1999; 

Drickamer and Fadden, 2002; Zelensky and Gready, 2004). Within the vertebrates, 

17 classes are described based on domain structure and this seems to hold relatively 

true from fish to mammals at least (Zelensky and Gready, 2004; Zelensky and Gready, 

2005). 

 

The second problem encountered with the classification of cnidarian C-type lectins 

based on domain architecture, is that it does not hold up under phylogenetic 

scrutiny, at least between Hydractinia and Nematostella. In only a handful of protein 

groups congruence was found between domain and phylogenetic clustering. These 

included one protein from each species in group B (two CTLDs) and one H. echinata 

to two N. vectensis proteins in group D (SCP domains). An analysis of other cnidarian 

CTLDs by Wood-Charlson and Weis (2009) found phylogenetic evidence for some 

members of group A (single CTLD), group C (2 CTLDs and vWA) and group F (CTLD, 

EGF and Kaza_2). However, in the Wood-Charlson and Weis (2009) analysis, these 

clusters only existed within the Anthozoa and did not contain any hydrozoan 

sequences. The only cluster shared between anthozoans and hydrozoans was group 

B, a result confirmed by my analysis. Based on these results it appears that anthozoan 

and hydrozoan CTLDs have diverged significantly since the LCA of these clades, 

probably about 600 million years ago (Marques and Collins, 2004). It has also been 

suggested that CTLD containing genes in Nematostella have undergone domain 

shuffling between nearby sequences, adding to the diversity of domains found in C-

type lectins in the N. vectensis genome (Wood-Charlson and Weis, 2009). This may 

have also occurred in Hydractinia and many other animals. 
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This is not a problem that is restricted to early branching metazoans or deep 

phylogeny. Classification based on phylogenetics can often be at odds with domain 

based classification and it appears that the phylogenetic method is more 

evolutionarily stable (Zelensky and Gready, 2005). This is probably because domain 

shuffling is more likely to occur over shorter time scales than sequence divergence 

within a functional domain. Therefore, classification schemes based on domain 

architecture may be limited to individual species and more sequence based 

phylogenetic studies will be required to examine the evolutionary history of CTLDs. 

This is complicated once again by the use of short sequences and their shortcomings 

when used in such deep phylogenies (Baurain et al., 2007). Perhaps comparison of 

genome architecture and synteny analysis will aid in answering these questions. We 

may still have to accept that, possibly owing to their huge diversity, classification and 

evolutionary history of CTLDs, even within close taxonomic groups, is not an easy 

task, even with the completion of new genomes every year. 

 

5.3.3 Bioinformatic methods can provide evidence for putative sugar binding in the 

absence of functional studies 

Bioinformatic analysis of the total number of CTLDs predicted that only a subset of 

these function as sugar binding proteins. A total of 19 Hydractinia echinata CTLDs 

met the criteria to suffice as putative lectins (fig. 5.13), roughly 28%. This is not 

surprising as CTLDs in other animals have been shown to bind to proteins and lipids 

(Natarajan et al., 2002; Sano et al., 1998), as well as to inorganic compounds such as 

ice (Ewart et al., 1998). Some CTLDs are also multivalent, having the ability to bind 

both protein and sugar ligands (Kijimoto-Ochiai, 2002). Several other studies into the 

CTLDs of model organisms have found comparable results. 48% of CTLDs in N. 

vectensis have putative sugar binding activity, with the calcium binding pocket being 

conserved in 26% (Wood-Charlson and Weis, 2009). In Drosophila, the number is 

much lower at 19% (Dodd and Drickamer, 2001) and in C. elegans it is around 25% 

(Schulenburg et al., 2008). Similarly, only a subset of vertebrate CTLDs bind glycans. 

Though these bioinformatic methods are somewhat limited in that they are only 

predictions of sugar binding activity, they have been shown in the past do be effective 
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predictors of which unannotated C-type lectins bind sugars, and have been used by 

many research groups looking at systematic and genome-wide lectin discovery 

(Drickamer and Taylor, 2003; Tateno, 2010; Zelensky and Gready, 2004). Based on 

the findings of these studies and the prevalence of use in the literature, 

bioinformatics tools, in the absence of functional studies, can be used to predict the 

function of lectin-like genes. Applying this method to the other groups of lectins in 

Hydractinia echinata demonstrated a high amount of sequence conservation, 

particularly with the intracellular lectins (fig. 5.11). Conserved amino acids in the R-

type CRD’s of Hydractinia were also observed.  However, putative sugar binding in R-

type lectins was more difficult to determine, given that in theory any or all of the 

three lobes (α, β, and γ) of the CRD can function in glycan binding (Cummings and 

Etzler, 2009). In summary although somewhat simplistic and limited, this method can 

possibly aid future endeavours into lectin discovery in Hydractinia, allowing 

researchers to ‘narrow down’ the number of genes of interest, and focus on proteins 

already predicted to have glycan binding activity. 

 

5.3.4 The loss of galectins in the phylum Cnidaria 

A thorough search of several independently generated databases has revealed an 

absence of galectin genes in the phylum Cnidaria. This search not only involved 

several genomes and transcriptomes of two Hydractinia species, but also all available 

cnidarian data from the compagen website, a repository for early branching 

invertebrate ‘omics (Hemmrich and Bosch, 2008). Additional examination of the 

cnidarian non-redundant nucleotide and protein database on the NCBI website also 

yielded no galectin genes. Finally, sequence alignment and examination of protein 

domain similarity revealed that the cnidarian-specific protein Nematogalectin, is not 

homologous to the galectin family of lectins, rather it is a close relative of 

SUEL/rhamnospondins, a separate novel group of lectins (section 5.1.4.1). This 

misleading nomenclature may have been part of the reason this gene loss event has 

gone un-noticed for a long time.  Hence, based on currently available public cnidarian 

databases, galectins are absent from cnidarians. 
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Examination of the sponge and ctenophore genomes found that both phyla 

contained bona-fide galectin encoding genes. Furthermore, sequence analysis of 

their predicted proteins identified putative sugar binding activity for several of them 

(fig. 5.15b), suggesting functioning galectins, rather than just galectin-like precursors. 

Galectin-like proteins have also been found in fungi (Cooper et al., 1997; Esteban et 

al., 2011) and possibly even in plants (Qu et al., 2008). Three scenarios are consistent 

with this data. The most likely one is that galectins were already present in the last 

common ancestor of eukaryotes and were lost in the stem cnidarian. This hypothesis 

is supported by phylogenetic analysis showing that galectin radiation in animals is 

lineage specific, suggesting that only few galectins were present in the Urmetazoa; 

facilitating the cnidarian-specific loss (fig. 5.15a). Very recent evidence has proposed 

that Placozoan are the sister group to Cnidaria (Laumer et al., 2017). Should this be 

confirmed this ‘single galectin loss event’ hypothesis could be extended to the 

common ancestor of both cnidarians and placozoans. Alternatively, galectins may 

have been introduced via horizontal gene transfer in separate lineages; this would 

require many separate introductions in different eukaryotes and is far less likely. 

Extensive examination of the genomes of additional eukaryotic phyla (plants, fungi, 

animals) could shed light on galectin evolutionary history. Finally, the appearance of 

galectins in other lineages by convergent evolution cannot be ruled out as a third 

scenario. 

 

Given the most likely scenario is that galectin absence in cnidarians resulted from a 

single gene/locus loss event, it would be interesting to speculate as to the potential 

consequences of such a loss. Have other lectin genes ‘taken up the mantle’ in 

recognising β-galactosides? Rhamnospondins could be potential candidates, they 

have been shown to bind galactosides (though with less avidity than L-rhamnose, its 

primary ligand) (Ozeki et al., 1991; Tateno, 2010). Expansion of these genes has 

already been demonstrated in Hydractinia and alternative splicing does occur in at 

least some of these genes (López et al., 2011; Schwarz et al., 2007; Mali et al., 2011) 

perhaps to compensate for galectin loss. Functional assays would need to be carried 

out to determine the alternative mechanisms cnidarians employ to replace the role 

of galectins.  
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Galectins are known to play a role in the innate immune system of vertebrates and 

invertebrates (Sato and Nieminen, 2002; Vasta, 2009), acting as pathogen 

recognition receptors for several pathogens including bacteria, protists, fungi and 

viruses (Sato and Nieminen, 2002; Mey et al., 1996; Kamhawi, 2006; Lee, 2007). 

Specifically, galectins have also been shown to interact with species of 

dinoflagellates, for example as an immune response in the Pacific oyster Crassostrea 

virginica when exposed to the toxic dinoflagellate Alexandrium fundyense (Lassudrie 

et al., 2015). If host/pathogen recognition is a common function of galectins, could 

their loss in Cnidaria have paved the way for symbiosis events in anthozoans? Several 

lectins are already known to mediate coral/algal symbiosis and chemically changing 

the cell surface strongly affects host/symbiont interaction (Wood-Charlson et al., 

2006; Logan et al., 2010; Lin et al., 2000). The loss of galectin genes in cnidarian 

ancestors may have played a role in the initial infection of cnidarians by 

dinoflagellates, allowing for an eventual commensal relationship to be established. 

This hypothesis could potentially be put to test with modern molecular techniques, 

including the recent establishment of genome editing in cnidarians (Ikmi et al., 2014; 

Gahan et al., 2017). If deletion of candidate lectin genes in non-symbiotic cnidarians 

led to the uptake of dinoflagellates and their survival in the host's cells, this would 

provide a proof of principle to this hypothesis. Conversely, introduction of galectin 

genes into the genomes of host/symbiont model systems such as the coral Acropora 

and sea anemone Aiptasia and the effect of these galectins on the symbiosis (e.g. 

rejection of symbiont) could provide additional evidence.  

 

5.3.5 Summary and future directions 

The results of this study have first and foremost provided a transcriptome-wide 

annotation of members of the lectin superfamily in Hydractinia echinata. The 

Hydractinia lectin complement is both complex and diverse. Many of these proteins 

possess the conserved amino acid structure to bind glycans and thus likely act as 

functioning lectins. Furthermore, the results of this chapter provide the first 

catalogue of the common lectin families in the four main phyla of early branching 

metazoans. These results have shown both a high level of conservation and diversity 
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of lectins in pre-bilaterian animals and is a valuable resource for future researches. 

Lastly, my findings have revealed a previously overlooked phylum specific loss of 

galectins in Cnidaria, and in doing so, both asks interesting evolutionary questions 

and stresses the importance of correct and careful nomenclature in sequencing 

databases.  

 

Bioinformatic analysis alone has its limits and the future directions of this project 

should examine the function of these proteins. This should encompass both 

expression and functional studies using genetic and biochemical techniques used in 

the science of glycobiology, examining the binding affinity and avidity of these lectins, 

and examining their functions in Hydractinia and other cnidarians. Finally, this 

research examined in detail the eight main groups of animal lectins; however, the 

lectin superfamily is much more diverse then this. Future work should focus on the 

characterisation of other lectin families, including B-type lectins, F-box lectins, 

Interlectins and chitinase-like lectins. Work on SUEL/rhamnospondin-type lectins 

should also be pursued as this group are relatively poorly studied and some pilot 

studies have already yielded results in Hydractinia. Lectin biology in cnidarians is 

relatively unexplored, and with the constant addition of new sequencing data and 

advancement of molecular techniques, could prove to be an important, fruitful and 

interesting area of research. 
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Chapter 6: Summary and future directions 

 

6.1 A new reference transcriptome for Hydractinia echinata 

Recent advances and relative low cost of NGS technologies, especially 

transcriptomics, have provided researchers opportunities to study and compare new 

and exciting systems, outside of the classical model organisms such as human, 

Drosophila, and Arabidopsis (Cahais et al., 2012). The cnidarian Hydractinia echinata 

is one such example. The position of Cnidaria as a sister group to bilaterians makes 

them and important evolutionary group. Hydractinia has been a long-standing 

important cnidarian model, with research efforts mainly focusing on stem cell, 

regenerative and developmental biology (Frank et al., 2001; Plickert et al., 2012). 

Recent advances in transgenesis (Gahan et al., 2017), CRISPR technology and a soon 

to be published genome, will make Hydractinia one of the most powerful cnidarian, 

and indeed invertebrate, model systems.  

 

This thesis presents an updated reference transcriptome for Hydractinia echinata. 

My results have shown the H. echinata transcriptome is comparable in content and 

assembly quality to other cnidarian transcriptomes and, based on core eukaryotic 

gene datasets, is highly complete. Functional annotation has revealed a core 

conserved gene landscape like that of other cnidarians and invertebrates, and 

examination of gene orthology has shown commonality with cnidarians and many 

other marine invertebrates. Several putative cnidarian-specific genes were identified 

which may be used as future candidates to provide insight into speciation and the 

evolution of novel modalities. Finally, this transcriptome may prove useful as a 

resource to the greater cnidarian community and augment the findings of the 

Hydractinia genome project, which is currently underway. 

 

The newly assembled reference Hydractinia transcriptome was subsequently utilized 

to examine two superfamilies of proteins, the homeodomain-containing proteins and 

the lectins. Both protein groups were shown to be highly diverse and displayed 

remarkable similarity to other animals, confirming that these large superfamilies of 
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proteins expanded and diverged early in metazoan evolution. Two-thirds of the 

homeobox genes identified could be assigned to bilaterian families. The remainder 

may be a combination of highly diverged proteins, or may represent cnidarian-

specific genes (for example the Cnox family). A diverse set of lectin genes were also 

uncovered, representing six out of the eight well-established groups. By aligning 

these sequences to their bilaterian orthologs I was able to bioinformatically predict 

putative sugar-binding capability for many H. echinata sequences, the hallmark of 

lectin proteins. The transcriptome-wide survey also revealed a diverse expansion of 

C-type lectins, many of which were highly dissimilar to other cnidarian CTLs possibly 

highlighting the necessity of invertebrates to constantly change and evolve these 

lectins in response to pathogens in the absence of an adaptive immune system. 

Finally, I extended the survey of lectins into other early-diverging metazoans. This 

thesis marks the first catalogue of the main lectins groups in pre-bilaterian animals 

and has expanded our knowledge of lectin diversity and evolution in metazoans. I 

have shown that most of the well-established lectins were already established and 

had diversified in the last common ancestor of metazoans. The results of my findings 

may serve as a resource for biologists interested in the expansion of lectins during 

animal radiation.  

 

6.2 Insights from transcriptomics reveal species-specific and phylum-specific gene loss 

Despite transcriptome analysis uncovering a diverse set of homeodomain and lectin 

proteins, it also revealed interesting instances of putative gene-loss events, some 

specific to Hydractinia, and others more ancient, common to all cnidarian groups. 

Several homeobox genes are absent from the H. echinata transcriptome and draft 

genome. These include members of the CUT (present in both Anthozoa and 

Scyphozoa, but absent in Hydra) and HNF classes (found in Nematostella but not in 

Medusozoa) (Gold, 2014, Ryan et al., 2006). These examples demonstrate putative 

loss events at the LCA of Hydrozoa and Medusozoa, respectively. Perhaps most 

interesting is the massive reduction of Hox-like genes and the absence of an 

identifiable Hox cluster. Hox1 appears to be lost in both H. echinata and H. 

symbiolongicarpus but is present in the closely related Podocoryna, suggesting that 

loss of Hox1 may have implications for medusa development. Similarly, both Hydra 
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and Hydractinia have lost Hox2 and Eve; however, Hydra has retained Hox1, while 

Clytia, a closer relative of Hydractinia, has retained Eve. My results, coupled with 

those from other researchers demonstrates species-specific gene loss events of 

otherwise highly conserved homeobox genes and raise interesting questions about 

the possible implications of these losses for cnidarian evolution.  

 

In addition to putative gene loss events at the level of classes or genera, I have 

presented in this thesis a previously overlooked loss of the galectin family of lectins 

in all Cnidaria. I have demonstrated that galectins, which are present in sponges and 

comb jellies, and even in non-metazoan eukaryotes, are absent in all publicly 

available cnidarian databases. This may have previously gone unnoticed due to the 

nomenclature of the cnidarian-specific protein Nematogalectin, which can bind 

galactose but are unrelated to classical galectins. Nematogalectins are members of a 

different lectin family, the rhamnospondins.  The loss of galectins in cnidarians, which 

are important for a variety of functions which include innate immunity, may have 

implications in important life-history events such as cnidarian-dinoflagellate 

symbiosis. Galectins are also missing in Tricoplax, and as recent evidence suggests 

common ancestry between placozoans and cnidarians (Laumer et al., 2017), the 

galectin loss event may lend further credence to this hypothesis. 

 

6.3 Final thoughts and future directions 

First and foremost, the results presented here raise many interesting questions 

regarding homeobox and lectin evolution in cnidarians and other early branching 

metazoans.  The functions of most homeobox genes in cnidarians are still unknown 

and expression data and functional studies may provide answers to their role in 

cnidarian biology. For example, homeobox genes of the CERS class possess 

transmembrane domains and whether they function as transcription factors is 

unknown. As Hydractinia is amenable for genetic studies and it would be interesting 

to examine their function. The question of gene loss is also very interesting, 

particularly of Hox genes as they are of great interest to developmental biologists. 

Current work is underway examining the function of Hox genes in Hydractinia, with 

some emphasis on overexpression of missing Hox proteins, especially anthox6 (a 
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Hox1 homolog in Nematostella). Answers to these questions will shed more light on 

the function and plasticity of Hox genes in cnidarians. Finally, as homeobox proteins 

play roles in almost all aspects of development, many of them may provide valuable 

new tissue-specific markers. Recent advances in transgenesis in Hydractinia, 

including CRISPR-Cas9 technology and the ability to cross breed transgenic animals, 

coupled with putative tissue specific homeobox markers could provide researchers 

with new transgenic lines with which to study important aspects of Hydractinia 

biology, including stem cell maintenance and pluripotency, neural differentiation, 

and regeneration.  

 

This thesis presents a comprehensive catalogue of lectin proteins in Cnidaria and 

other early diverging animals. Little is known about lectins in cnidarians and to begin, 

expression and functional studies of the lectins described in this study will provide 

deeper insight into their role. Although the bioinformatics tools utilized in this study 

are useful for predicting function of lectins, they have their limits and therefore 

lectin/glycan assays would be of particular value in validating the function and 

binding specificity of these lectins. The results of this study have also elucidated the 

loss of galectins in cnidarians. Functional studies in ctenophores and sponges could 

assist researchers in understanding the ancient role of galectins, and modern 

molecular techniques such as CRISPR-Cas9 could help shed light on the potential 

consequences of galectin loss in cnidarians, possibly by reintroducing them into the 

genome of host/symbiont models such as Acropora or Aiptasia. Once again the use 

of lectin/glycan assays specific to cnidarians could uncover evolutionary novelties 

utilized to compensate for the absence of galectins. 

 

While every attempt has been made to be thorough in uncovering and defining 

homeobox genes and lectins in Hydractinia, these still represent a conservative list 

that could be expanded upon once the final genome is complete. In the same way, 

incorporation of the reference transcriptome introduced in this study could augment 

the results found in analysis of the H. echinata genome. Alongside the completed 

genome sequence this transcriptome may provide a resource for the community to 

provide insights for phylogenetic and gene discovery studies (similar to the 
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homeobox and lectin studies of this work). Putative cnidarian-specific genes were 

identified in this analysis and some of these could provide researchers with 

candidates for studies into the evolution of novel characteristics.  

 

6.4 Summary 

Hydractinia echinata is a powerful cnidarian model for evolutionary and 

developmental studies. This thesis provides an up-to-date transcriptome which 

serves as a resource for the community of scientists interested in the biology of 

Hydractinia. As an example of the potential use of this resource, I have identified and 

described two superfamilies of proteins, the lectins and the homeobox proteins. This 

analysis has demonstrated the diversity of both of these superfamilies in Hydractinia, 

and with regards to lectin genes, was extended into the other major clades of extant 

early diverging metazoans. It has also uncovered specific gene loss events, both at 

the species level, different taxonomic levels within the Cnidaria, and extending to the 

wider phylum itself. This raises interesting questions about the consequences and 

implications of the absence of these proteins for evolution of unique and important 

characteristics in Hydractinia and all cnidarians 
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Appendix A: UNIX commands and pipelines 

 

Appendix A1: Transcriptome annotation and assembly 

################################## 

# PART 1: Transcriptome assembly # 

################################## 

 

### 1. Quality assessment with Fastqc ### 

fastqc left.fastq right.fastq 

 

### 2. Error correct with allpathsLG ### 

# PAIRED_SEP is the insert library size – (length read1 + length read2) 

ErrorCorrectReads.pl PHRED_ENCODING=33 READS_OUT=reads_EC.fastq 

PAIRED_READS_A_IN=left.fastq PAIRED_READS_B_IN=right.fastq PAIRED_SEP=<n> 

### 3. Quality filtering with Trimmomatic ### 

# Will output 4 files, left and right paired and unpaired fq files 

java -jar trimmomatic-0.30.jar PE -threads 3 -phred33 -trimlog trimlog_.txt -basein 

reads_EC_1.fastq -baseout reads_trimmed.fastq 

ILLUMINACLIP:seqs_for_clipping.fasta:2:30:10 HEADCROP:10 TRAILING:20 MINLEN:60 

 

### 4. Assembly with Trinity ### 

Trinity --seqType fq --JM 312G --left left_trimmed.fq –right right_trimmed.fq  --CPU 

28 --normalize_reads --output <output_dir> 

 

### 5. Get assembly stats ### 

# Trinity_stats.pl is in the utility directory of trinity 

/path/to/trinity/utils Trinity_stats.pl Trinity.fasta > trinity.stats 

 

 

############################## 

# PART 2: Quality assessment # 

############################## 

 

### 1. Assess quality with RACE ### 

# Run BLAT with RACE genes 

blat Trinity.fasta Hydractinia_cloned_genes.fa -out=psl Trin_to_clones.psl & 

 

# Assess and summarize with baa.pl  

perl baa.pl Trin_to_clones.psl Hydractinia_cloned_genes.fa > He_to_clones.baa 

 

### 2. Run BUSCO ### 

run_BUSCO.py -i Trinity.fasta -o busco_out -l metazoa_odb9 -m transcriptome -c 1 

 

### 3. Run CEGMA ### 

cegma -g Trinity.fasta -o cegma.out 

 

 

################################### 

# PART 3: TransDecoder and CD-HIT # 

################################### 

# This pipeline was also run on several other cnidarian DB’s 

 

### 1: TransDecoder ### 

Transdecoder.LongOrfs -t Trinity.fasta 

 

### 2: CD-HIT ### 

# CD-HIT was run at 100%, 95% and 90% redundancy but only 100% shown 

cd-hit -i Trinity_transdecoder.fasta -o Trinity_NR_prot.fasta -c 1.0 > cdhit.out 

 

### 3: BUSCO on non-redundant transcriptome ### 

run_BUSCO.py -i Trinity_NR_prot.fasta -o cd100_busco -l metazoa_odb9 -m proteins -c 1 
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#################################### 

# PART 4: Transcriptome Annotation # 

#################################### 

### 1: BLASTp commands used ### 

blastp -query Trinity_NR_prot.fasta -db uniprot_trembl.fasta -outfmt 7 -

max_target_seqs 1 -evalue 1e-05 -out He_to_trembl.out7 

 

### 2: InterProScan analysis ### 

interproscan.sh -i Trinity_NR_prot.fasta -b IPS_out -iprlookup -goterms -pa -T tmp -f 

TSV 

 

### 3: PANTHER annotation pipeline ### 

# First BLAST against Uniprot 

blastp -query Trinity_NR_prot.fasta -db uniprot_sprot.fasta -outfmt 6 -

max_target_seqs 1 -evalue 1e-05 -out He_to_uniprot.out6 

 

# Next get the headers from the output 

# These can be submitted to PANTHER 

awk '{print $2})ref 

' He_to_uniprot.out6 | awk -F"|" '{print $2}' > Hech_to_uniprot.accessions 

 

### 4: Reciprocal BLAST analysis ### 

# First you run BLAST Species1 vs Species2 and vice versa 

blastp -query Species1 -db Species2 -outfmt 6 -max_target_seqs 1 -evalue 1e-05 -out 

Spec1_vs_Spec2 -use_sw_tback -soft_masking 'true' 

 

blastp -query Species2 -db Species1 -outfmt 6 -max_target_seqs 1 -evalue 1e-05 -out 

Spec2_vs_Spec1 -use_sw_tback -soft_masking 'true' 

 

# Next run the perl script BestRecipricolBLAST.pl (Appendix B) 

perl BestRecipricolBLAST.pl Spec1_vs_Spec2 Spec2_vs_Spec1 

 

 

Appendix A2: Homeobox and lectin retrieval pipeline 
 

################################## 

# PART 1: Finding homeobox genes # 

################################## 

 

### 1: BLAST homeobox genes ### 

tblastn -query Homeobox_list_NR.fa -subject Trinity.fasta -outfmt 6 -evalue 1e-03 -

out He_to_Hbox.out6 

 

### 2: Extract sequences ### 

# First run find_overlaps.pl which finds the homeodomains in seqs 

# and takes into account if more than one HD is on the same seq 

perl find_overlaps.pl He_to_Hbox.out6 He_to_Hbox.overlaps 

 

# Now get the headers and extract the seqs from the transcriptome 

awk '{print $1}' He_to_Hbox.overlaps > He_to_Hbox.headers 

 

# Simple script to remove duplicates in a list 

unique_entries.pl He_to_Hbox.headers He_to_Hbox.uniq 

 

# Perl script to extract seqs from Trinity.fasta 

ExtractSequencesUsingHeaders.pl Trinity.fasta He_to_Hbox.uniq He_homeobox_seqs.fasta 

 

### 3: Translate sequences ### 

# Translate wit EMBOSS 

transeq -sequence He_homeobox_seqs.fasta -outseq He_homeobox_seqs_6f.fasta -frame 6 

 

### 4: Predict homeodomains with HMMER ### 

# You will need the Homeobox.hmm that you can get from the PFAM site 

hmmsearch --domtblout hmmer_Hec_homeobox.domtblout - Homeobox.hmm  

He_homeobox_seqs_6f.fasta > hmmer_log.txt 

# The file we want is the domain table 

 

# Use the following pipeline to extract the seqs, similar to above 

awk '{print $1}' hmmer_Hec_homeobox.domtblout >  hmmer_Hec_homeobox.header 
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# You need to manually remove the '#' line from the awk file before the extraction 

unique_entries.pl hmmer_Hec_homeobox.header hmmer_Hec_homeobox.uniq 

ExtractSequencesUsingHeaders.pl He_homeobox_seqs_6f.fasta hmmer_Hec_homeobox.uniq 

Hec_homeobox_hmmer.fasta 

# These can be manually analysed to find redundancies and  

# make phylogenetic analyses 

 

############################# 

# PART 2: Finding in genome # 

############################# 

 

### 1: BLAST homoeboxes into genome ### 

tblastn -query HecHomeoboxes.fasta -subject genome.fasta -outfmt 6 -evalue 1e-10 -out 

He_to_genome.out6 

 

### 2: BLAST to HSP ### 

# Change HSPs to co-ordinates with CoOrdsFromHSPs.pl (appendix B) 

perl CoOrdsFromHSPs.pl He_to_genome.out6 > HSP_co-ords 

 

### 3: Mask regions ### 

bedtools maskfasta -fi Genome.fasta -fo MaskedGenome.fasta -bed HSP_co-ords 

 

### 4: BLAST metazoan HD’s into masked genome 

tblastn -query Homeobox_list_NR.fa -subject MaskedGenome.fasta -outfmt 6 -evalue 1e-

03 -out genome_to_Hbox.out6 

 

# Remove redundant hits 

perl find_overlapes.pl genome_to_Hbox.out6 genome_to_Hbox.olaps 

 

### 5: 5kb flanking regions ### 

# Use this script to extract the genomic regions (appendix B) 

# first you need contig lengths so use CalculateGeneLengths.pl (appendix B) 

perl CalculateGeneLengths.pl genome.fasta genome_lengths 

 

perl 5kbSubstringfrmBLAST.pl genome_lengths genome.fasta genome_to_Hbox.olaps 

Substrings.fasta 

 

# You can now submit your output to a gene prediction software to get gene models 

 

########################### 

# PART 3: Finding lectins # 

########################### 

 

# This pipeline is similar to the homeobox pipeline 

# I will use calnexins as an example but you need to do the same for each group 

 

### 1: BLAST based approach ### 

tblastn -query calnexins.fasta -subject Trinity.fasta -outfmt 6 -evalue 1e-03 -out 

He_to_cal.out6 

 

perl find_overlapes.pl He_to_cal.out6 He_to_cal.olaps 

 

awk '{print $1}' He_to_cal.olaps > He_to_cal.headers 

 

unique_entries.pl He_to_cal.headers He_to_cal.uniq 

 

perl ExtractSequencesUsingHeaders.pl Trinity.fasta He_to_cal.uniq He_calnexins.fasta 

 

### 2: HMM based approach ### 

# Use emboss to make a 6 frame translation of Trinity.fasta 

transeq -sequence Trinity.fasta -outseq Trinity_6f.fasta -frame 6 

 

hmmsearch --domtblout He_cal.domtblout - Calenxin.hmm  Trinity_6f.fasta > 

hmmer_log.txt 

 

awk '{print $1}' He_cal.domtblout > hmmer_Hec_cal.header 

 

# You need to manually remove the '#' line from the awk file before the extraction 
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unique_entries.pl hmmer_Hec_cal.header  hmmer_Hec_cal.uniq 

 

ExtractSequencesUsingHeaders.pl Trinity_6f.fasta hmmer_Hec_cal.uniq  

Hech_cal_HMMsearch.fasta 

# Now combine the BLAST based and HMM based transcripts and remove redundancy for 

downstream analysis 

 

Appendix A3: Phylogenetics pipeline 

############################################ 

# PART 1: Phylogenetic analysis with RAxML # 

############################################ 

 

# These commands were used for both homeodomains and lectins with 

# minor adjustments that are described in methods (chapter 2) 

 

### 1: Find best model with ProtTest 

java -jar prottest-3.4.2.jar -i Alignment.phy -all-matrices -all-distributions -

threads 2 

 

### 2: RAxML ### 

 

# Run RaxML to find best tree 

raxmlHPC-PTHREADS-AVX2 -p 12345 -s Alignment.phy  -T 10 -f d -m PROTGAMMALG -N 10 -n 

output_tree 

 

# Next run bootstrap analysis 

raxmlHPC-PTHREADS-AVX2 -p 12345 -s Alignment.phy  -T 10 -f d -m PROTGAMMALG -b 1108 -

N 1000 -n output_boot 

 

# Now apply bootstraps to RAX ‘best tree’ 

raxmlHPC-PTHREADS-AVX2  -T 1 -p 12345 -f b -m PROTGAMMALG -z output_boot -t 

output_tree -n RaxTree_output 

 

############################################## 

# PART 2: Phylogenetic analysis with MrBayes # 

############################################## 

 

# MrBayes requires a nexus format file 

# A command block in the nexus file is then set up, heres a sample 

 

# In Alignment.nex insert the following: 

BEGIN MrBayes; 

    prset aamodelpr=fixed(lg); 

    lset rates=gamma;         

    mcmc 

        mcmcdiagn=yes 

        diagnfreq=1000 

        nruns=2 

        ngen=5000000 

        printfreq=5000 

        samplefreq=100 

        nchains=5 

        append=no; 

   Report tree=brlens; 

end; 

 

# Next run MrBayes like so 

mpirun -np 10 pmrbayes Alignment.nex > log.txt 

 

# Then run summary commands for MrBayes 

sumt Contype=Allcompat 

 

 



 
 

167 
 

Appendix B: In-house Perl scripts 

 

Appendix B1: 5kbSubstringFromBLAST.pl 

#!/usr/bin/perl 

 

use strict; 

use warnings; 

use Getopt::Long; 

use Pod::Usage; 

use Data::Dumper; 

 

our $ContigLengths = $ARGV[0]; 

our $SeqDB = $ARGV[1]; 

our $BlastFile = $ARGV[2]; 

our $output = $ARGV[3]; 

 

MAIN: { 

 my $help = 0; 

   GetOptions('help|?' => \$help); 

   pod2usage({-exitval => 0, -verbose => 2}) if $help; 

 

 open (IN, "$ContigLengths") or die "ERROR 1: Cant open $ContigLengths\n", 

usage(); 

 my ($i, %contig_to_l, @array) = 0; 

 

 while (my $line = <IN>){ 

  $i++; 

  chomp $line; 

  @array = split(/\t/, $line); 

  $contig_to_l{$array[0]} = $array[1]; 

 } 

 close IN; 

 $i = 0; 

 open (IN2, "$SeqDB") or die "ERROR 2: Cant open $SeqDB\n", usage(); 

 my (%seq, $name) = (); 

  

 while (my $line = <IN2>){ 

  $i++; 

  chomp $line; 

  if ($line =~ m/>(\S+)/){ 

          $name = $1; 

          $seq{$name} = ""; 

      } else { 

          $seq{$name} = $seq{$name}.$line; 

      } 

 } 

 close IN2; 

 open (IN3, "$BlastFile") or die "ERROR 3: Cant open $BlastFile\n", usage(); 

 open (OUT, ">$output") or die "ERROR 4: Cant open $output\n", usage(); 

 

 my ($j, $geneID, $sequence, $sub_str, $start, $c_len, $OFFSET, $LENGTH) = 0; 

 while (my $line = <IN3>){ 

  $j++; 

  chomp $line; 

  @array = split(/\t/, $line); 

  $geneID = $array[0]; # query/contig name 

  $start = $array[1]; # start co-ord from BLAST 

  $OFFSET = ($start - 2500); # 2.5kb downstream of start 

   if ($OFFSET <= 0){ 

     $OFFSET = 0; 

   } 

  #$OFFSET > 0 ? $OFFSET = $OFFSET : $OFFSET = 0; # prevents running off 

string 

  $c_len = $contig_to_l{$geneID}; # scaffold/contig length  

  $LENGTH = 4999; # 2.5kb upstream of start 

  #$LENGTH < $c_len ? $LENGTH = $LENGTH : $LENGTH = $c_len; # stops 

running off end 

  $sequence = $seq{$geneID}; # contig/scaffold 

  if (($OFFSET + 4999) >= $c_len){ 

   $sub_str = substr($sequence, $OFFSET); 

  } else {  
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   $sub_str = substr($sequence, $OFFSET, $LENGTH); 

  } 

  print OUT '>'.$geneID."\n"; 

  print OUT $sub_str."\n"; 

 } 

 close IN3;   

} 

 

 

# Usage subroutine  

sub usage { 

   die "USAGE: 5kbSubstringfrmBLAST.pl [--help] CONTIG_LENTHS SEQ_DB BLAST_FILE 

OUTPUT\n"; 

} 

 

 

__END__ 

 

=head1 NAME 

 

5kbSubstringfrmBLAST.pl 

 

=head1 AUTHOR 

 

Liam Doonan  liamd219@gmail.com 

 

=head1 SYNOPSIS 

 

5kbSubstringfrmBLAST.pl [--help] CONTIG_LENTHS SEQ_DB BLAST_FILE OUTPUT 

 

=head1 MANDATORY ARGUMENTS 

 

=over 2 

 

=item B<CONTIG_LENGTHS> 

 

A file ab de-limied file containing the contig name and its length 

Use the script <CalculateGeneLengths.pl> to generate this file 

 

=item B<SEQ_DB> 

 

The fasta file you wish to extract sequences from 

 

=item B<BLAST_FILE> 

 

This should be a tab de-limited file containing the contig/subject ID and the start 

co0ord of the BLASt hit. I.e if you are BLASTing a query sequence into your genome of 

interrest this should be the contig and the co-corinate of the match  

 

=item B<OUTPUT> 

 

Ouput file to write to 

 

=back 

 

=head1 OPTIONS 

 

=over 2 

 

=item B<--help> 

 

Print this manual 

 

=back 

 

=head1 DESCRIPTION 

 

This script will read in a BLAST query file and take a 3.5lb fragment from either 

side of the query start position. If it reaches the end of the string it will print 

to the end of the string instead. It was intended for use with homeodomains and 

captures 2.5kb either side of the start co-ordinate. This can be adjusted by editing 

the lines 51 and 54 of this script. 

 

=cut 
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Appendix B2: 5kbSubstringFromBLAST.pl 

#!/usr/bin/perl 

 

use strict; 

use warnings; 

use Data::Dumper; 

 

# this script looks at the results of a recipricol BLAST his and  

# compliles the data into a simple table 

 

#PART 1:  open the files, which should be in BLAST+ outfmt 6 or 7  

 

my ($db1, $db2) = ($ARGV[0], $ARGV[1]); 

open (IN1, "$db1"); 

open (IN2, "$db2"); 

 

my (%DB1, %DB2); 

while (my $line = <IN1>){ 

 chomp $line; 

 my @values1 = split(/\s+/, $line); 

 $DB1{$values1[0]} = $values1[1]; 

} 

 

while (my $line2 = <IN2>){ # set up a %HoA here 

 chomp $line2; 

   my @values2 = split(/\s+/, $line2); 

 push @{ $DB2{$values2[1]} }, $values2[0];  

} 

 

my ($qry, $rec_hit, @Hits); 

 

foreach my $keys (keys%DB1){ 

 $qry = $DB1{$keys}; 

 if (exists($DB2{$keys})){ 

  foreach(@{$DB2{$keys}}){ 

   if ($qry eq $_){ 

    print $keys."\t".$qry."\n" ; 

   } 

    last; 

  } 

 } 

} 
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Appendix B3: CalculateGeneLenghts.pl 

#!/usr/bin/perl 

 

use strict; 

use warnings; 

use Data::Dumper; 

our $seqFile = $ARGV[0]; # Sequnces.fasta 

our $output = $ARGV[1];  # Output.fasta 

 

 

open (IN, "$seqFile") or die "Cant open $seqFile\n", usage(); 

open (OUT, ">$output") or die "Cant open £output\n", usage(); 

 

# Some Variables 

my (%seq, $name, @sequences) = (); 

 

@sequences = <IN>; 

chomp @sequences; 

close IN; 

 

for (my $i = 0; $i <= $#sequences; $i++){ 

 if($sequences[$i] =~ />(\S+)/) { 

    $name = $1; 

  $seq{$name} ="";  

   } 

   else { 

      $seq{$name} = $seq{$name} . $sequences[$i]; 

   } 

} 

my @seq_name = keys(%seq); 

  

foreach (sort keys %seq){ 

 print OUT "\n".$_."\t"; 

 print OUT length$seq{$_}."\n"; 

} 

  

sub usage{ 

  print "CalculateGeneLength.pl <fasta_file> <ouput>\n\n"."\tThis script 

will calculate the lenghts of all sequences in a fasra file and print them to the 

output\n"; 

} 
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Appendix B4: CoOrdsFromHSPs.pl 

#!/usr/bin/perl 

 

use diagnostics; 

use strict; 

use warnings; 

use Data::Dumper; 

 

my $input = $ARGV[0]; 

open (IN, "$input"); 

 

my %CO_ORDS; 

while (<IN>){ 

   chomp; 

   unless($_ =~ /#/){ 

      my @array = split(/\t/, $_); 

      my ($qry, $sub, $a, $b) = ($array[0], $array[1], $array[8], $array[9]); 

      push(@{ $CO_ORDS{$qry}{$sub} }, $a, $b); 

   } 

} 

close IN; 

 

foreach my $keys(keys{%CO_ORDS}){ 

   foreach my $keys2( keys($CO_ORDS{$keys}) ){ 

      my @sorted = sort { $a <=> $b } @{ $CO_ORDS{$keys}{$keys2} }; 

      print $keys2."\t".$sorted[0]."\t".$sorted[-1]."\n"; 

   } 

} 
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Appendix B5: ExtractSequencesUsingHeaders.pl 

#!/usr/bin/perl 

 

use strict; 

use Data::Dumper; 

 

if (scalar @ARGV != 3){ 

        die "USAGE: <sequence database .fa> <headers>  <output sequence.fa>\n"; 

} 

 

#------------------------------------------------------------------- 

# PART 1: read sequence input db into %hash with seqence ID's a keys 

#------------------------------------------------------------------- 

 

 

my $input = $ARGV[0]; 

open (IN, "$input") or die "Can't open $input\n"; 

 

 

print "Reading in fasta files $input....\n\n"; 

print "Creating fasta file look up table...\n"; 

 

 

my $i = 0; 

my (%seq, $name, $seq); 

 

 

while (my $line = <IN>){ 

 $i ++; 

   chomp $line; 

   if ($line =~ />/){ 

  my @array = split(/\s+/, $line); 

     $name = $array[0]; 

      $seq{$name} = ""; 

   } else { 

    $seq{$name} = $seq{$name} . $line; 

   } 

} 

close IN; 

#print Dumper(\%seq); 

 

#-------------------------------------------------------- 

# PART 2: open header file and read in, open output files 

#-------------------------------------------------------- 

 

 

my $header_file = $ARGV[1]; 

print "Opening header file $header_file...\n\n"; 

 

open (IN2, "$header_file") or die "cant open $header_file\n"; 

 

my $output = $ARGV[2]; 

print "Opening output file $output for sub sequences...\n\n"; 

 

open (OUT, ">$output"); 

$i =0; 

 

while (my $line = <IN2>) { 

  $i++; 

   chomp $line; 

 $line =~ s/^\s+|\s+$//g; 

   #print OUT ">$line\n"; 

 #my $geneID = '>'.$line."\.*"; 

 my $gene_id = '>'.$line;   

 print OUT $gene_id."\n"; 

   print OUT $seq{$gene_id}."\n"; 

} 

close IN; 

 

print "Sequences crated. You can now view your output files\n"; 

 

exit; 
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Appendix B6: find_overlaps.pl 

#!/usr/bin/perl 

 

# this script will read through a tab delimited BLAST output file and pick 

# out inique hits from the entire file. 

 

use strict; 

use Data::Dumper; 

 

if( scalar @ARGV != 2){ 

 die "USAGE: <clean tab delimited file> <output file>\n"; 

} 

 

my $seq_file = $ARGV[0]; 

print "Opening $seq_file...\n"; 

open (IN, "$seq_file") or die "Could not open $seq_file\n"; 

 

# set values 

my %HoA; # initialise Hash of arrays 

my $i = 0; # initialise count 

my @array; 

 

# this part makes a hash of arrays that contains the sccaffold name, start and stop. 

# If the seq runs on the negative strand it subtracts the values from the length of 

thescaffold 

# using the hash above. That way all I need to do is translate to all 6 frames at the 

end. 

my @blast; 

while (my $line = <IN>){ 

 $i++; 

 chomp $line; 

 if ($line =~ m/#/) 

 { 

  ; 

 }  

 else 

 { 

   @array = split(/\s+/, $line); 

  if ($array[8] > $array[9]) 

  { 

  my$temp = $array[8]; 

  $array[8] = $array[9]; 

  $array[9] = $temp;  

  } 

  @blast = ($array[1], $array[8], $array[9],); # gives scaffold, stat, 

stop 

  $HoA{$i} = [@blast]; 

 } 

} 

# print Dumper(\%HoA);  

# this part just lets you know how many keys you have 

# and gives you the option to abort the script 

 

my @hashkeys = keys(%HoA); # array of all the keys 

#print "There are ($#hashkeys+1) entries in this hash\n"; # counts number of keys 

#print "Would you like to continue?\n"; # option to continue or quit program 

#print "Please type yes or no ...\n"; 

 

my $outfile = $ARGV[1]; 

open (OUT, ">$outfile"); 

 

for (my $i = 0; $i <= $#hashkeys; $i = $i+1) 

     { 

     my $header = $HoA{$hashkeys[$i]}[0]; # assign fisrt element to header 

     my $a =  $HoA{$hashkeys[$i]}[1]; # assign second to a 

     my $b = $HoA{$hashkeys[$i]}[2]; # assign third to b 

 for (my $j = $i+1; $j <= $#hashkeys; $j = $j+1) 

             { 

      my $header2 = $HoA{$hashkeys[$j]}[0]; # assign fisrt element to header2 

             my $c =  $HoA{$hashkeys[$j]}[1]; # assign second to c 

             my $d = $HoA{$hashkeys[$j]}[2]; # assign third to d 

 

# 

# This part looks at all the way two sequences can overlap. On the same strand there 

are 5 options. 
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# The program uses conditional statements to look at all 4 points against 

# eachother (4 conditions) 

# 

# 1. |ab| overlaps |cd| at 5' end. 

# 2. |ab| overlaps |cd| at 3' end. 

# 3. |ab| contains|cd|. 

# 4. |ab| contained within |cd|. 

# 

# The program will check all of these conditions and 

# remove overlapping options from the array and printing 

# unique sequences to a file for downstream analysis. 

# 

   if ($header eq $header2) 

          { 

         if ($a < $c && $b >$c && $b <=$d){  

      $HoA{$hashkeys[$j]}[1] = $a; 

      $HoA{$hashkeys[$j]}[2] = $b; 

  } 

  elsif ($a >=$c && $a < $d && $b > $d){  

      $HoA{$hashkeys[$j]}[1] = $a; 

      $HoA{$hashkeys[$j]}[2] = $b;    

  } 

  elsif ($a <=$c && $b >=$d){  

      $HoA{$hashkeys[$j]}[1] = $a; 

      $HoA{$hashkeys[$j]}[2] = $b; 

  } 

  elsif ($a >=$c && $b <=$d){  

      $HoA{$hashkeys[$j]}[1] = $a; 

      $HoA{$hashkeys[$j]}S[2] = $b; 

  } 

  elsif ($a == $c && $b == $d){ 

      $HoA{$hashkeys[$j]}[1] = $a; 

      $HoA{$hashkeys[$j]}[2] = $b; 

  } 

 } 

      } 

} 

 

my%unique_hits; 

foreach my $value(@hashkeys){ 

    $unique_hits{$HoA{$value}[0]}{$HoA{$value}[1]}{$HoA{$value}[2]} = 1; 

} 

 

foreach my$id (keys %unique_hits){ 

    my%start = %{$unique_hits{$id}}; 

    foreach my$start_pos (keys %start){ 

 my%stop = %{$start{$start_pos}}; 

 foreach my$stop_pos (keys %stop){ 

     print OUT $id."\t".$start_pos."\t".$stop_pos."\n"; 

 } 

    } 

} 

close OUT; 

 

exit; 
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Appendix B7: unique_entries.pl 

#!/usr/bin/perl 

 

$input = $ARGV[0]; 

$output = $ARGV[1]; 

open (IN, "$input"); 

open (OUT, ">$output"); 

 

@array = <IN>; 

%hash =map { $_, 1 } @array; 

 

@unique = keys %hash; 

 

print OUT @unique; 
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Appendix C: Supplementary file list 

 

An electric copy of the following directories and files on a CD-ROM is attached with 

this thesis 

S1-SequenceDatasets 

 Hechinata_cloned_list.fasta 

 Hechinata_homeoboxes.fasta 

 Hechinata_lectins.fasta 

 Homeobox_query_list.fasta 

 Query_lectin_sequences.fasta 

 Trinity.fasta 

 Trinity_NR_pep.fasta 

 Trinity_pep.fasta 

S2-Annotations  

 BLAST_annotations.xlsx 

 Homeobox_to_NR_BLAST.xlsx 

 InterProScan_annotations.xlsx 

 PANTHER_annotations.xlsx 

S3-SequenceAlignments 

 Homeobox sequence alignments 

  ANTP.phy 

  CERS.phy 

  Cnox.phy 

  LIM.phy 

  POU.phy 

  PRD.phy 

  SINE.phy 

  Superfam.phy 

  TALE.phy 

 Lectin sequence alignments 

  Calnexins.phy 

  CType.phy 

  Galectin.phy 

  MType.phy 

  LType.phy 

  PRK.phy 

S4-PhylogeneticTrees 

 HomeoboxTrees 

  Bayes_trees 

   ANTP.nex.con.tre 

   CERS.nex.con.tre 

   Cnox.nex.con.tre 

   LIM.nex.con.tre 

   POU.nex.con.tre 

   PRD.nex.con.tre 

   LIM.nex.con.tre 

   Superfam.nex.con.tre 
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   TALE.nex.con.tre 

  RAxML_trees 

   RaXML_bipartitions.ANTP 

   RaXML_bipartitions.CERS 

   RaXML_bipartitions.CNOX 

   RaXML_bipartitions.LIM 

   RaXML_bipartitions.POU 

   RaXML_bipartitions.PRD 

   RaXML_bipartitions.SINE 

   RaXML_bipartitions.SuperfamTree 

   RaXML_bipartitions.TALE 

 LectinTrees 

  Bayes _trees 

   Calnexins.nex.con.tre 

   Galectin.nex.con.tre 

   MType.nex.con.tre 

   LType.nex.con.tre 

   PRK.nex.con.tre 

  RAxML_trees 

   RaXML_bipartitions.Calnexin 

   RaXML_bipartitions.CylCnid 

   RaXML_bipartitions.LType 

   RaXML_bipartitions.MType 

   RaXML_bipartitions.PRK
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