
 1 

 

 

 

 

 

Molecular approaches for studying 
the evolution of the 
Xenacoelomorpha 

 
Helen Elizabeth Robertson 

 

 

UCL 
 

 

 

Submitted for the Degree of Doctor of 

Philosophy 

 

2017 
 

 

 

 



 2 

Declaration 
 
 I, Helen Elizabeth Robertson, confirm that the work presented in this 

thesis is my own. Where information has been derived from other sources, I 

confirm that this has been indicated in the thesis. 

 

  



 3 

Abstract 
 

      The Xenacoelomorpha comprises the genus Xenoturbella and two 

related groups of acoelomorph worms – the Acoela and Nemertodermatida. 

The phylogenetic position of the Xenacoelomorpha is debated. Previous 

work suggested that they are deuterostomes; alternative publications 

suggest they are outside the main group of bilaterians (protostomes and 

deuterostomes). All members of the Xenacoelomorpha have a simple body 

plan: they are unsegmented; lack a coelomic cavity; and are commonly 

assumed to lack any of the organs commonly associated with the Bilateria. 

 

In the first part of this thesis, I develop and apply gene visualisation 

protocols (in situ hybridisation and immunohistochemistry) to investigate the 

expression patterns of genes commonly associated with ultrafiltration in 

Xenoturbella and the acoel Symsagittifera roscoffensis. Limited molecular 

protocols have previously been applied to members of the Acoelomorpha, 

but none have been successful in Xenoturbella. Given their simple 

morphology, the Xenacoelomorpha have been assumed to lack any 

structures specialised for filtration or excretion (nephrocytes). The main 

bilaterian protostome and deuterostome grouping has thus been termed the 

Nephrozoa, implying that nephrocyte-like structures, required for 

ultrafiltration, are an innovation of this clade. Understanding the role of these 

genes in members of the Xenacoelomorpha could shed light on the origin 

and homology of filtratory structures, which remain unclear. More broadly, 

establishing reliable gene visualisation approaches in Xenoturbella is helpful 

for better understanding their morphology and organisation. 

 

In the second part, I apply novel RNA-Seq approaches in 

Xenoturbella. These comprise whole-organism single cell sequencing, to 

investigate organisational complexity and tissue specification in Xenoturbella; 

and 'Tomoseq', for investigating spatially resolved transcriptomics across the 

anteroposterior body axis. In association with my gene visualisation 
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protocols, these techniques are valuable approaches to enhance our 

understanding of the biology and complexity of Xenoturbella.  
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Statement of Scientific Impact 
 

The breadth of the animal kingdom has been a source of fascination for 

hundreds of years. Where did the myriad of forms that we see across the 

world originate from, and how did such diversity arise? For evolutionary 

biologists, the species belonging to the Xenacoelomorpha represent a 

particular conundrum in our current understanding of the evolution of the 

Bilateria. Where these enigmatic marine organisms belong in comparison to 

their bilaterian relatives, and how their cryptically simple morphology can be 

interpreted, are fascinating questions that are not easy to answer. 

 

Investigating the cellular complexity of members of the 

Xenacoelomorpha, and the expression of genes that are known to be well-

conserved in other organisms, is valuable to the study of evolutionary biology 

for a number of reasons. Not only will it better-inform our understanding of 

the organisation of these animals, but in widening our investigation away 

from typical model organisms, we can begin to bring together the history of 

when different genes acquired new functions and when different cell types 

and tissues emerged. For evolutionary developmental biology, making these 

comparisons on a broad scale is fundamental – and the Xenacoelomorpha 

are a particularly interesting group to target for investigation. Ultimately, this 

basic research contributes another piece in the puzzle of how the diversity of 

life on earth arose.  

 

The protocols I developed and used in this thesis to understand more 

about the cryptic Xenacoelomorpha are novel and exciting new techniques in 

molecular biology. Single cell sequencing and differential transcriptomics 

have applications far beyond the scope of evolutionary biology: for example, 

single cell sequencing is already being used to investigate disease 

development and progression, and response to drug treatment. By applying 

this technique to animals for which molecular protocols are not well 

established, we can fine-tune and optimise their implementation – with wider 

benefits for their future application across the scope of biology and medical 
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sciences. Basic research is at the core of advancing fundamental knowledge, 

and the surprising nature of research often means that these investigations 

ultimately shape the future of applied science. Using research to advance 

knowledge, be that in the context of evolutionary biology, or across the 

breadth of biological and medical sciences, should perhaps itself be the most 

important reason for it to be undertaken.  
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1 Introduction 
1.1 Reconstructing the tree of life: morphological vs. 

molecular data and the new animal phylogeny 
 

1.1.1 General Introduction 
 
 The animal kingdom comprises some 1.3 million described species, 

made up of a hugely diverse assortment of forms. Ever since Darwin and 

Haeckel described their original ideas of relating these species in a 

branching 'tree of life', the Metazoa and the variety it represents has 

endlessly fascinated the scientific community. In the time since the 

publication of Origin of Species and Generelle Morphologie der Organismen1, 

scientists have endeavoured to understand the evolutionary history of 

metazoan species. Establishing the interrelationships between the branches 

of the tree remains a challenge for both morphological and molecular biology.  

 

1.1.2 Morphological data 
 

 The first century of phylogenetics was defined by a morphology-based 

approach. How could the relationships between organisms be unravelled 

based on the study of shared body plans, morphological features, and early 

developmental characteristics? Interpreting how different morphologies are 

related was at the centre of this approach, and much debate surrounded the 

problem of identifying homologous structures amongst different organisms, 

and inferring how they had evolved or differentiated between different 

groups. Although there was often no clear consensus for the interpretation of 

homologous structures, two general themes pervaded morphology-based 

investigations. First was the seemingly logical idea that animal body plan 

progressed from that of simple to more complex during evolution – that an 

increased number of germ layers, a change from radial to bilateral body 

symmetry, and an increased specialisation of cell types and organ systems 
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was indicative of increased evolutionary complexity. Second was a focus on 

understanding the features that were likely present in the common ancestor 

of the bilaterally symmetrical animals: which characters observed in extant 

Bilateria were primitive, and which were derived2. Unsurprisingly, the differing 

interpretations of primitive vs. derived features had a significant impact on 

the topology of the tree. Placing different extant body plans and modes of 

development at the base of the tree implied that other phyla had derived from 

these early character states, and there was no clear consensus as to which 

taxa could confidently be assigned as representing a primitive or ancestral 

morphology3.  

 

 Nonetheless, some of the main branches of phylogenies remain 

credible in modern phylogenetics. Indeed, the grouping of different taxa 

during the late 19th Century into their respective phyla – a classification 

determined by a set of characters unique to that group –are still largely held 

to be true today. However, understanding how different phyla are related to 

one another cannot easily be achieved based solely on morphological and 

developmental features. Whilst some of the early morphology-based 

predictions of interrelatedness still hold true today, others have been re-

evaluated by the focus on molecular data in modern evolutionary biology4.  

 

1.1.3 Molecular data 
 

Molecular tools and technologies have had a significant impact on our 

understanding of metazoan relatedness. The first efforts to reconstruct 

phylogeny using genomic data were based on the nuclear small subunit 

(SSU) gene – but were confounded by limited availability of data, and 

systematic errors in tree reconstruction5. Despite this, these early efforts 

marked a turning point in our understanding of animal phylogeny. Over the 

past 30 years, a succession of 'genomic revolutions' has re-shaped our 

understanding of the interrelatedness of metazoan taxa.  

Molecular data – including nucleotide or amino acid sequences, or 

microRNA data - offers a number of advantages for phylogenetic 
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reconstruction compared to morphological observations. Genes are far more 

numerous than phenotypic characters, and each gene itself comprises up to 

thousands of nucleotides or amino acids, offering a far-expanded data set for 

comparison3. This also decreases the likelihood of misidentifying convergent 

evolution as primary homology: the probability of thousands of nucleotides 

being identical by chance is very low, whilst examples of convergent 

phenotypes are numerous across the Bilateria, and are not indicative of 

evolutionary closeness. Lastly, comparing molecular data is theoretically 

more straightforward than comparing morphological characters: whilst larger 

data sets are available, these are constrained to limited character states (four 

different nucleotides; 20 amino acids; or 64 codons)2. This is not to say that 

molecular data are without their limitations, and molecular phylogenies are 

prone to both systematic and stochastic errors that can have significant 

implications for the misplacement of phyla. 

 

1.1.4 The new animal phylogeny 
 

Our understanding of molecular phylogeny, and the knowledge 

contributed by evolutionary developmental  (evo-devo) studies, means that 

much of the metazoan tree is well resolved, with consistent support from 

different sampling methods, taxon choice, and phylogenetic reconstruction 

methods. Monophyly of the animal kingdom is well supported, and all extant 

animals belong to one of five monophyletic clades: Ctenophora (comb 

jellies); Cnidaria (corals and medusa); Porifera (sponges); Placozoa; or 

Bilateria (all other bilaterally symmetrical animals)6.  

 

The Bilateria comprises the most diverse of all metazoan lineages – 

both in number and form – and understanding the relationships between 

bilaterian phyla has been the focus of countless molecular phylogenies. The 

so-called 'new-animal phylogeny' supports the monophyly of the Bilateria7. 

The presence of two main bilaterian clades, the Protostomia and 

Deuterostomia, is also well supported (Figure 1.1).  
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For the most part, there is a general consensus for the composition 

and interrelatedness of members of Deuterostomia. The deuterostomes are 

considered to include two main groupings: the Ambulacraria (Hemichordates 

and Echinoderms) and the Chordata (Vertebrata, Urochordata and 

Cephalochordata). 

 

Other bilaterian members are assigned to the Protostomia, which itself 

comprises the monophyletic groupings Ecdysozoa and the Lophotrochozoa. 

The Ecdysozoa – including the arthropods, nematodes, and priapulids – are 

united based on the common presence of a moulting cuticle (ecdysis); the 

Lophotrochozoa, including the annelids, molluscs, and a number of other 

protostome phyla, are so-called owing to the commonly shared 

characteristics of either a ciliated feeding structure (lophophore) or a 

trochophore-type larvae. The split of protostome members into ecdysozoans 

and lophotrochozoans is a widely-cited example of molecular data 

overturning ideas of phylogeny originally founded on morphology: the 

grouping of animals as different as the arthropods and the pseudocoelomate 

nematodes is not easily determined by their diverse morphologies. Prior to 

this conclusion, the nematodes were typically placed as a primitive, early 

branch within the Bilateria, and the arthropods placed more closely to the 

vertebrates in the Coelomata, and more specifically with the annelids in the 

Articulata. Certainly the Ecdysozoa represent a group where exclusively 

morphological observations can be misleading: numerous lines of molecular 

evidence support Ecdysozoa over the Articulata or Coelomata, but this is not 

clear when we consider the presence or absence of a complex character, 

such as segmentation.  

 

Our re-evaluation of protostome phylogenetics emphasises the 

shortcomings of considering 'simple' characters – such as the absence of a 

coelom – as being indicative of evolutionary primitiveness. Phylogenies 

derived from molecular data place seemingly 'simple' taxa - including 

Platyhelminthes, Nemertea and Nematoda – amongst more 'complex' 

coelomate taxa, whereas many morphological analyses placed these 

acoelomate or pseudocoelomate groups together near the base of the 
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Bilateria. Reconsidering simplicity not only has implications for the position of 

taxa within the Bilateria, but also suggests that simplification could be a 

progressive driving force in evolution.  

 

Despite significant progress in recent years in our understanding and 

interpretation of phylogeny, molecular data have not been conclusive in 

resolving all of the nodes of the bilaterian tree. Of the remaining questions in 

bilaterian evolution, the enigmatic members of the so-called 

Xenacoelomorpha represent perhaps one of the most intriguing. These 

unassuming worms – comprising the genus Xenoturbella and the two related 

groups of acoelomorph worms Acoela and Nemertodermatida – have been 

the focus of countless molecular analyses in recent years, and pose a 

fascinating conundrum in our understanding of bilaterian evolution.  
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Figure 1.1. The 'new animal phylogeny'. Figure adapted from Giribet 
(2015)8. Taxa in purple indicate those for which phylogenetic position 
remains uncertain or poorly supported. Major clades in the Metazoa indicated 
by orange circles. 
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1.2 Introduction to the Xenacoelomorpha 

1.2.1 Acoelomorpha 
 

 Acoel flatworms (phylum Xenacoelomorpha/Acoelomorpha, class 

Acoela) are small (~1mm), soft-bodied, unsegmented worms lacking a gut 

epithelium, coelomic cavity and anus. Instead, they possess a ventral mouth 

opening and a simple syncytial digestive system, with the space between 

their primitive gut and body wall filled with parenchymal cells and 

occasionally vacuoles and gland cells9. As is found for many microscopic 

worms, acoels glide via a ciliated epidermis10. A unique morphological 

feature of the Acoela is the presence of a balance and sensory receptor 

called the statocyst: a sac-like structure that encompasses a mineralised 

mass (statolith) surrounded by sensory hairs called setae, which allows the 

animal to sense change in orientation and maintain balance10 (Figure 1.2).  

 

Acoels are a diverse taxon, comprising greater than 400 different 

species, described from the littoral and sub-littoral zones of predominantly 

marine ecosystems across the globe. Most species are free-living, although 

seven described species are parasites or endosymbionts found living in the 

digestive system of echinoderms. Their pigmentation and body shape is 

diverse, and varies according to their habitat – species that live in coarse 

sand are typically long and slender, whilst those living in the mud are more 

compact and tear-drop shaped10 (Figure 1.3). 
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Figure 1.2. General morphology of the Acoela as shown by Isodiametra 
pulchra. Figure adapted from Perea-Atienza et al. (2013)11. st = statocyst; ds 
= digestive syncytium; o = oocyte; sb = seminal bursa; fo = female copulatory 
organ; mo = male copulatory organ. Scale bar: 80µm. 
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Figure 1.3. The diversity of the Acoela. (A) Isodiametra pulchra (image 
Perea-Atienza et al. (2013)11); (B) Symsagittifera roscoffensis (image Arthur 
Hauck, https://www.rzuser.uni-heidelberg.de/~bu6/Convoluta.html); (C) 
Hofstenia miamia (image Mansi Srivastava 
http://www.srivastavalab.org/research.html); (D) Paratomella rubra (image 
Bernhard Egger); (E) Waminoa sp. (image Mijgerde et al. (2012)12). Anterior 
to the left in all images.  
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Due primarily to their common acoelomate body, and the shared 

absence of a through gut, Acoela were traditionally grouped alongside the 

Nemertodermatida within the class Acoelomorpha, as an order within the 

Platyhelminthes. The first molecular systematic studies on these animals 

using small subunit (SSU) ribosomal RNA gene sequences in fact 

demonstrated that the Acoelomorpha were a lineage quite separate from the 

main clade of the Platyhelminthes (Rhabditophora and Catenulida)13-15. 

Instead, these initial molecular studies supported a position of Acoelomorpha 

as diverging from the rest of the Bilateria prior to the 

protostome/deuterostome common ancestor. This early-branching position of 

the Acoelomorpha has subsequently been supported by consideration of a 

number of molecular characters including Hox gene signatures16,17; 

combined SSU+LSU studies18; and mitochondrial genome data19,20, amongst 

others. If this phylogenetic position of the Acoelomorpha as the most basally 

branching, triploblastic bilaterian is correct, it would place them in a pivotal 

position between diploblasts (Porifera, Cnidaria and Ctenophora) and the 

main bilaterian clade (Protostomia and Deuterostomia), implying a critical 

role for them for our understanding of the evolutionary history of the 

Metazoa. Acoels have, in consequence, been studied by evolutionary and 

developmental biologists to provide an insight into the morphology, genetics 

and development of the most recent common ancestor of the Bilateria21.  
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1.2.2 Xenoturbella 
 

 Along with the Acoelomorpha, the equally simple but somewhat more 

enigmatic marine worms in the genus Xenoturbella pose an ongoing 

phylogenetic conundrum. Xenoturbella bocki is a small (~2cm long), yellowy-

orange flattened worm with darker brown pigmented spots across its body. 

Xenoturbella was originally described in 1949 from specimens collected in 

mud off the west coast of Sweden22. From a morphological perspective, 

Xenoturbella bocki appears to be incredibly simple. It moves via gliding on a 

ciliated epidermis; has a basiepithelial nerve net instead of a complex 

nervous system; has no coelomic cavity; and is assumed to lack any other 

defined organ systems (Figure 1.4). The most obvious morphological 

features of Xenoturbella are its anterior statocyst (much like that found in the 

acoels); a radial furrow around the mid-section of the animal; and more 

cryptic anterior lateral furrows that have been hypothesised to have a 

sensory function. Apart from these characters, very little is known regarding 

the degree of organisation of cell types or putative tissue types in 

Xenoturbella.  

 

For many decades, X. bocki was thought to be the lone representative of the 

genus Xenoturbella, and so the description in 2016 of four new Xenoturbella 

species from the East Pacific, living on the sea-bed at depths of between 600 

and 3700 metres, was a pivotal finding23. These colourful new species are 

comparatively large - ranging to greater than 20cm in length – but their 

simple body plan and external appearance make them clearly recognisable 

as morphologically similar to X. bocki. Furthermore, mitochondrial genome 

data confirm their placement in the same genus, with an apparent split 

between 'deep' species, living at depths of between 700 and 3700 metres, 

and 'shallow' species – including X. bocki – living at less than 650 metres 

(Figure 1.5). This molecular analysis also found very little difference between 

the five species, indicating that they had diverged comparatively recently23. 
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Figure 1.4: Xenoturbella bocki collected from the Gullmarsfjorden, west 
coast of Sweden. Ventral furrow indicated by arrowheads.  Anterior at the 
top in all panels. Left panel: lateral view; middle and right panel: ventral view.   
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Figure 1.5. Interrelatedness of Xenoturbella. Phylogeny based on 
mitochondrial protein-coding genes, adapted from Rouse et al. (2016)23. 
Xenacoelomorpha (Xenoturbella+Acoela) shown by blue box. Xenoturbella 
species found to split into two groups of 'shallow' species (green) and 'deep' 
species (purple). B = Bilateria; D = Deuterostomia; P = Protostomia.  
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Much like the Acoelomorpha, the simple structure of Xenoturbella has, 

historically, proven to be a potentially misleading evolutionary clue. The first 

genetic data from X. bocki surprisingly linked them to the Mollusca24. This 

was an unexpected result considering the disparity between the body plans 

of Xenoturbella and molluscs, and was subsequently found to be the result of 

an artefact, derived from the bivalve molluscs – on which it preys - remaining 

in the gut of X. bocki25. Subsequent multi-gene data sets using molecular 

data confidently derived from X. bocki instead grouped them alongside the 

Ambulacraria within the Deuterostomia. Later, molecular analyses linked 

them to the Acoelomorpha: a relationship that makes sense of their shared 

simple body plan and other specific morphological characters including ciliary 

ultrastructure26 and nervous system27. In addition, Xenoturbella share with 

the acoels the feature of a balancing and navigational statocyst. That the 

Acoelomorpha and Xenoturbella can be grouped together in the 

Xenacoelomorpha is where our confident assessment of their evolutionary 

history ends.  

 

1.2.3 Phylogenetic position of the Xenacoelomorpha  
 

Two main hypotheses pervade regarding the placement of 

Xenacoelomorpha within the Metazoa: either as 'basal' bilaterians, separate 

from the main protostome and deuterostome grouping (which has been 

termed the 'Nephrozoa'), or that Xenacoelomorpha are in fact 

deuterostomes, forming the sister phylum to the Ambulacraria (comprising 

Echinodermata and Hemichordata) (Figure 1.6). The affinity to the 

deuterostomes was primarily based on three lines of evidence, comprising 

mitochondrial genome sequences; microRNA complements; and nuclear 

genes28. Recent phylogenetic analysis of mitochondrial genes from the four 

newly reported Xenoturbella species also find a deuterostome affinity, but 

with relatively low support23. The placement of Xenacoelomorpha as a basal 

bilaterian has been supported by ESTs and a number of analyses of 

transcriptomic data21,29. The most recent analysis of RNA-Seq data from 

seven acoel species, four nemertodermatids (together forming the 
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Acoelomorpha), Xenoturbella bocki, and >60 other diverse metazoan taxa 

represents perhaps the most comprehensive data set in terms of 

Xenacoelomorpha phylogenetics, and consistently found support for a basal 

position, separate from the Nephrozoa30. Nonetheless, systematic errors 

have pervaded phylogenetic reconstruction involving Xenacoelomorpha, and 

increased taxon sampling alone is perhaps not sufficient to overcome these 

problems and reach a definitive conclusion. 

 

In either position, the Xenacoelomorpha represent an interesting 

phylum for our interpretation of animal evolution (Figure 1.6). They are 

recognised to have a very simple morphology, and their simple body plans 

mean that they are assumed to lack many of the tissue types or cellular 

differentiation otherwise associated with bilaterian animals. All multicellular 

animals comprise cell types specialised for discrete functions: non-bilaterians 

including the cnidarians, ctenophores and poriferans have historically been 

considered to have relatively few cell types, and cell type number has 

frequently been used as a marker for organismal complexity. Consequently, 

placing xenacoelomorphs at the base of the Bilateria makes sense of their 

simple morphology and the assumed absence of numerous cell or tissue 

types. This position would indicate that they branched from the main 

protostome and deuterostome group of the bilaterians early in evolution, and 

imply that they diverged prior to the innovation of more 'complex' structures 

or cell types that we typically associate with bilaterians. 
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Figure 1.6. The placement of Xenacoelomorpha in the Bilateria. Two 
alternate theories pervade regarding the placement of the Xenacoelomorpha, 
as indicated by dashed lines: (1) as sister group to the Ambulacraria within 
the deuterostomes; (2) as basal bilaterians, separate from the main 
protostome and deuterostome grouping. 
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However, morphological simplicity can arise through loss of 

characters, and their simple body plan may not be evidence for a basal 

position. Furthermore, our limited knowledge of their morphology and 

development means we cannot infer a great deal about the cell or tissue 

types they possess. In an alternative evolutionary scenario, 

Xenacoelomorpha would have descended from the same complex common 

ancestor of Ambulacraria and Chordata – implying a significant amount of 

secondary simplification as opposed to primary absence. Both placements 

are intriguing: either the Xenacoelomorpha could provide an insight into the 

morphology and complexity of Urbilateria, or studying this phylum could 

inform our understanding of a fascinating example of the loss of complexity.  

 

1.3 The 'Nephrozoa' and the evolution of excretory systems 

1.3.1 The Nephrozoa 
 

Of all the complex structures thought to be missing in the 

Xenacoelomorpha, the absence of nephridia – that is, an ultrafiltratory and 

excretory system – has been used to lend evidence to their basal bilaterian 

position. Owing to the assumed absence of ultrafiltratory structures in the 

Xenacoelomorpha, all other bilaterians (that is, the protostomes and 

deuterostomes) have been termed the Nephrozoa. In the following section I 

will outline the form and function of filtratory systems across the Bilateria.  

1.3.2 Homeostasis and excretion 
 

A common requirement for all metazoan organisms is the need to 

excrete metabolic waste: water, carbon dioxide, and the toxic nitrogenous 

end products of metabolism, of which ammonia is the primary component. 

Closely associated with excretion is the requirement for osmoregulation – the 

maintenance of a constant body fluid volume despite fluctuating ion 

concentrations, and the regulation of an optimal solute concentration for 

metabolism during changing body fluid levels. As Metazoa evolved in an 

aquatic environment, osmoregulation was – and is – of primary importance 
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for maintaining cellular integrity, metabolic processes, and ionic and 

acid/base balance. 

 

1.3.3 Excretion in the diploblasts 
 

In diploblastic animals (Porifera, Placozoa, Cnidaria and Ctenophora), 

organs specialised for excretion are unnecessary. All exchanges with the 

aquatic environment – including those necessary for osmoregulation – occur 

directly at the cellular level via simple diffusion from cells directly into sea 

water much as their single-celled ancestors must have done. Nitrogenous 

waste can diffuse out of cells directly as ammonia, negating the requirement 

for any modification of unwanted metabolites prior to their excretion (Figure 

1.7).  

 

The loose, cellular-level organisation of Porifera – with a very low 

degree of closure to environment – means that waste products can be 

excreted directly. The water canal system of adult sponges, comprising 

exopinacocytes, endopinecocytes and choanocytes, creates a large surface 

area of cells that is exposed to the water flowing through them, facilitating 

osmoregulation and excretion.  

 

In Cnidaria, tissue layers are largely exposed to the environment, with 

the exception of a small proportion of cells enclosed within the mesoglea 

between the outer epidermis and the inner gastrodermis. Nonetheless, direct 

contact between the cells of the tissue layers and the surrounding water, and 

the short diffusion distance between the two, means that interaction with the 

external environment can also occur at the cellular level. Likewise, the 

epithelial organisation of ctenophores allows for exchange with sea water to 

occur over the surface area of the animal via simple diffusion, meaning that 

specialised structures for waste excretion are not required (Figure 1.7).  

 

  



 36 

 
Figure 1.7. Increase in body organisation complexity. Diploblastic 
organisms (including Cnidaria, Ctenophora and Porifera) are defined by the 
presence of two germ layers: the endoderm and ectoderm. Bilaterian 
organisms are triploblastic, comprising three germ layers by the end of 
gastrulation: the endoderm, ectoderm and mesoderm. A fluid-filled cavity 
within the mesoderm, the coelom, is found in most triploblastic organisms. 
Platyhelminthes (the flatworms) and Nemertea (ribbon worms) lack a 
coelomic cavity and are described as acoelomate. Some other invertebrates, 
including members of the Nematoda, have a body cavity that is only partly 
surrounded by mesoderm and are described as pseudocoelomate. The 
Mollusca, Arthropoda, Annelida, Echinodermata, Chordata and 
Hemichordata all have a coelom. 
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1.3.4 Consequences of the evolution of the mesoderm 
 

In the lineage leading to the Bilateria, a consequence of the evolution of 

a compact, triploblastic organisation – including epithelia and often also 

blood systems and a body cavity  - is the removal of direct contact between 

internal cells and the external environment31. In triploblasts, the mesodermal 

layer is, in effect, a self-contained compartment, delimited by the outer 

epidermis and inner digestive tract (Figure 1.7). As a result, the majority of 

cells in this germ layer never come into contact with the external 

environment32. This loss of contact with the outside world has significant 

implications for the maintenance of a constant internal environment – that is, 

homeostasis – and necessitated the evolution of specialised cells and organs 

for the formation, transport and excretion of metabolic waste, and for 

osmoregulation.  

 

Of all the end products of metabolism, the toxicity of nitrogenous waste 

makes it particularly necessary – and challenging – to excrete. Accumulation 

of ammonia (gaseous, NH3 and ionic NH4
+) is particularly harmful, and it 

must therefore be excreted or incorporated into secondary compounds in 

order to maintain a tolerable concentration within the organism. The filtration 

and excretion of ammonia is a hugely costly endeavour in terms of an 

organism's water budget – its high solubility means that diluting a gram of 

ammonia to non-toxic concentrations requires 400ml of water33. 

 

For aquatic organisms (most species of most phyla), water availability is 

not a limiting factor, and ammonia can be excreted without modification. 

However, for terrestrial organisms, ammonia must be metabolised into 

secondary, less toxic compounds such as urea and uric acid (which requires 

50 times less water for excretion), which allow them to manage nitrogenous 

waste excretion without a detrimental impact on their water status33.  

 

Consequently, coupled with the requirement for excretion in triploblastic 

organisms is the need for water and solute homeostasis. Both of these 

challenges – maintaining osmoregulation, and filtering and eliminating toxic 
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nitrogenous waste products – are managed in bilaterians within the same 

structures, comprising the excretory system (Figure 1.8). The excretory 

organs, collectively referred to here as nephridial systems or nephridia, are 

believed to be a bilaterian innovation that must have been fundamental to the 

evolution of the mesoderm.  

 
 

Figure 1.8. Overview of the main components of the generalised 
bilaterian nephridial system. Schematic based on the vertebrate nephron. 
This comprises regions of: (1) Ultrafiltration (pink), mediated by either the 
beating of cilia or pressure exerted by body musculature; (2) Modification 
(green), facilitated by active transport of solutes into (secretion, blue arrows), 
or out of (reabsorption, orange arrows) the initial filtrate; (3) Excretion (blue) 
of the modified filtrate to the exterior of the organism.  
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1.3.5 Investigating functional conservation of nephridial systems 
 

Despite a broad diversity in the structure of excretory systems that are 

present in the Bilateria, their functions are largely consistent – the excretion 

of metabolic waste, and osmoregulation (Figure 1.8) – carried out via two 

underlying processes: 

 

1) the passive ultrafiltration of blood or body fluid across a 

'molecular sieve', and 

2) the active modification of this initial filtrate, prior to its 

excretion from the body. 

 

Of the nephridial systems present across the Bilateria, it is unsurprising that 

two of the best-studied are those found in vertebrates and in D. 

melanogaster. In addition, the excretory system in the flatworm S. 

mediterranea is well characterised and has helped to inform us about 

pathways involved in the development, regeneration and function of 

excretory systems34. Conveniently, these well described excretory systems 

include representatives from all major bilaterian groups: the Deuterostomia 

(various vertebrate models), Ecdysozoa (Drosophila melanogaster) and 

Lophotrochozoa (Schmidtea mediterranea), making them valuable for 

comparison and to enable us to infer the characteristics of the ancestral 

bilaterian excretory system.  

 

 Whilst all carry out the functions of ultrafiltration followed by 

modification, at first glance, the nephridial systems present in these taxa – 

and more widely across the Bilateria – show a myriad of structural variation. 

The vertebrate kidney and the garland cells and Malpighian tubules of flies, 

for example, seem irreconcilably different. It is perhaps more useful, 

therefore, to define a nephridium by their common functional elements, rather 

than hoping to find a common morphological structure.   

 

 The primary filter in nephridia is the extracellular matrix (ECM), which 

functions as a highly selective, but unspecific, 'molecular sieve'. Body fluid is 
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driven across the ECM either by a cilia-mediated current/pressure difference, 

or by pressure exerted by the body musculature. Solutes are excluded by the 

ECM on the basis of their size and/or electrostatic charge. The ECM retains 

larger particles, such as large proteins, whilst smaller particles including 

proteins <~10kDa and nitrogenous waste are able to pass across the filter. 

The formation of the primary filtrate is 'unselective' in that solutes passing 

across the ECM are filtered solely based on size or charge, and not by 

molecular type. In the vertebrates and D. melanogaster, specialised epithelial 

cells (podocytes and nephrocytes, respectively), carry out ultrafiltration. In S. 

mediterranea, filtration occurs in the 'flame cells', which are typical of the 

Platyhelminthes. These cylindrical cells form a fenestrated barrel around a 

bundle of cilia, which beat like a 'flame' to draw fluid across the ECM, thus 

giving rise to their name.  

 

 The primary solvent produced by this unspecific filtration is 

subsequently modified by the reabsorption (endocytosis) and secretion 

(exocytosis) of solutes in a tubule element, via ATP-dependent active 

transport. This modification stage is also integral to the function of 

osmoregulation. Specialised transmembrane proteins called solute carriers 

(SLCs) carry out a large proportion of solute transportation during this 

modification stage35. SLCs comprise 43 different families and >300 genes, 

and are categorised into two groups: transmembrane transporters that 

function by facilitative diffusion; and secondary active transporters, which 

allow solutes to travel against their electrochemical gradients via coupling to 

a secondary solute35. 'Non-SLC' transporters involved in solute modification 

include ATP-ases and aquaporins, which are the water channels responsible 

for osmoregulation36. Comparisons between the excretory systems found in 

the vertebrate and in the flatworm S. mediterranea suggest that the 

distribution of SLCs and aquaporins appears to be commonly organised into 

different domains within the tubule elements37. For example, proximal tubule 

regions are commonly specialised for recovering solutes that are removed 

during ultrafiltration: accordingly, SLC expression is highest and most diverse 

in this region. Distal tubule regions are commonly responsible for acid-base 

balance and are enriched for SLCs related to bicarbonate and ammonium 
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transport (slc4 and slc42 respectively)35,37. The vertebrate distal tubule is 

also characterised by high aquaporin expression to regulate water 

absorption38.  

 

1.3.6 Types of excretory system 
 

From a morphological perspective, nephridial systems have been 

widely classed into two types across the Bilateria: protonephridia and 

metanephridia (Figure 1.9). In addition to these two principal types 

(described in detail below), several groups have seemingly unique excretory 

systems, and some marine taxa appear to lack a defined excretory system. 

 

1.3.6.1 Protonephridia0

 

 In a protonephridium, the proximal end of the nephridial tube is 'blunt-

ended', capped by a cup-shaped terminal structure which functions as the 

site of ultrafiltration (Figure 1.9). In all protonephridial systems, this blunt-

ended terminal structure lies in the connective tissue compartment: either the 

pseudocoel, the blastocoel or, in acoelomates, within the interstitium. The 

distal portion of the terminal structure acts as a support for the ECM, and is 

punctuated by pores of ~35-40nm in diameter37,39. At these pores, the ECM 

is the only barrier between the intercellular body fluid and the inside of the 

nephridial lumen. Solutes within the body fluid are filtered according to the 

size of the molecules that are able to pass between the pores in the terminal 

structure and across the ECM into the terminal lumen. In typical 

protonephridia, the beating of cilia or a flagellum inside the terminal structure 

induces negative pressure, which draws intercellular fluid across the ECM40 

(Figure 1.10). Following ultrafiltration, the primary filtrate passes directly from 

the terminal structure into an adjoining tubule, where it is modified by duct 

cells prior to its excretion via the nephridiopore at the distal end of the 

protonephridium. As exemplified in S. mediterranea, protonephridia have no 

spatial separation between the site of filtration and the site of modification37 

(Figure 1.10).  
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Figure 1.9. Generalised protonephridium and metanephridium. Figure 
adapted from Bartolomaeus & Ax (1992)41. Regions of ultrafiltration (pink); 
modification (blue) and excretion (purple) shown in both. (A) Protonephridia: 
ultrafiltration occurs in the blunt-ended terminal structure; filtrate passes 
directly into the lumen region of an externally opening tubule, where solutes 
are secreted or reabsorbed by the duct cells to modify its composition prior to 
excretion. (B) Metanephridia: ultrafiltration occurs in specialised epithelial 
cells called podocytes (or nephrocytes); ultrafiltrate passes into the coelomic 
cavity where it is conveyed into the metanephridium via cilia and modified 
prior to excretion.  
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Figure 1.10. Protonephridial tubules distributed across the body of S. 
mediterranea. Diagram modified from Campbell & Reece, (2004)42. Tubules 
are capped with so-called 'flame cells', which function as the site of 
ultrafiltration. Cilia beat within the tubule lumen to draw body fluid in through 
fenestrations in the wall of the flame cell. Filtrate then passes into the canal 
region of the protonephridial tubule for modification prior to excretion.  
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 Protonephridia themselves have been separated into three classes, 

determined by differences in the morphology of their terminal structure43: 

 

1) flame cells: a composite structure composed of the flagellated terminal 

cap cell and an associated cytoplasmic tubule cell 

2) flame bulbs: a single cell structure composed of a blindly ending tube 

of cytoplasm containing flagella 

3) solenocytes: long tubular cells with a nucleus in the cap of the 

cytoplasm ad a single flagellum lying in the lumen of the tubule.  

 

The distribution of these structures is well correlated with different 

protostome phyla. Flame cells as a composite structure are found principally 

in the Platyhelminthes39,40,43,44; flame bulbs are most commonly associated 

with Rotifera45; and flagellated solenocytes are found in Priapulida46, 

Gastrotricha43,47, and some adult members of the Annelida48. Furthermore, in 

some coelomate groups which possess metanephridia as adults – Annelida, 

Mollusca, and Phoronida – protonephridia of varying morphology are found 

during the larval stage. These either degenerate during metamorphosis or 

contribute to the adult metanephridial system. Interestingly, the ontogenic 

relationship between larval protonephridia and adult metanephridia is not 

consistent between taxa.49 

 

1.3.6.2 Metanephridia0

 

 Metanephridia are found exclusively in coelomate organisms, where 

the coelomic cavity acts as a temporary storage compartment for the primary 

filtrate (Figure 1.9). The term 'metanephridium' is used strictly to describe the 

ciliated funnel that opens into the coelomic cavity41. This serves only as the 

site of secretion and reabsorption, and leads to the tubule through which 

waste is eventually excreted. The vertebrate nephron – a 'specialised' 

metanephridial system – differs from invertebrate metanephridial systems 

due to its increased structural compartmentalisation. In typical invertebrates, 

such as annelids, the primary filtrate passes into a generalised coelomic 
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cavity with multiple functions, including internal transport, hydrostatic 

integrity, and gamete maturation. Conversely, in the vertebrate nephron, 

primary filtrate passes into the nephrocoel, or Bowman's capsule, which has 

the sole function of collecting fluid before it passes to the renal tubule. 

 

The site of ultrafiltration itself is distinct from the metanephridium 

funnel, and is mediated by specialised epithelial cells called podocytes 

(described in section 4.1.2.1), found lining the blood vessels in the excretory 

system. Podocytes have been reported in members of all phyla which 

possess metanephridial systems, including the Annelida50, Mollusca51, and 

Phoronida52 within the protostomes; and the Vertebrata, Hemichordata53, 

Echinodermata54, and Cephalochordata55 within the deuterostomes. In the 

Arthropoda, podocyte-like cells called nephrocytes mediate ultrafiltration in a 

modified metanephridial system.  

1.3.6.3 Unique0ultrafiltratory0systems0

 
 Despite the widespread distribution of protonephridial and 

metanephridial systems, not all excretory systems in the Bilateria can be 

classified into one of these two structural types. 

 

 The cephalochordates present an example of a novel, modified 

metanephridial structure. Excretory systems in amphioxus are two-fold, found 

as numerous branchial nephridia and as the anterior-most unpaired 

Hatschek's nephridium, which develop alongside the larval mouth55-57. 

Specialised filtratory cells, 'cryptopodocytes', derive from the 

subchordalcoelom (in branchial nephridia) and the coelomic epithelium (in 

Hatschek's nephridium). As in podocytes, the basal epithelial components of 

the filtration cells form pedicels, which surround the glomerular plexus – a 

component of the blood vascular system. Initial filtration is believed to occur 

in the vascular system, across the podocytes and into the coelom. Uniquely, 

the cryptopodocytes are ciliated at their apical end, surrounded by a ring of 

10 microvilli which traverse the coelomic cavity and project into the nephridial 

canal55. The position and solenocyte-like structure of the cryptopodocytes 
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suggest that the primary filtrate is subsequently conveyed along a canal, 

induced by the beating of the cryptopodocyte cilia, and into the nephridial 

duct. The microvilli are also thought to act as a secondary filtration barrier, so 

that the primary filtrate is secondarily filtered during its passage to the 

nephridial duct56. Despite similarities between the ciliated portion of the 

cryptopodocytes with protonephridial terminal cells, it is more likely that these 

cells are apomorphies of amphioxus, and function as a unique ultrafiltratory 

site58. A possible explanation for the presence of Hatschek's nephridium is 

that the larvae of amphioxus develop precociously, and hence require a 

functioning filtratory and excretory system to be in place prior to the final 

differentiation of the branchial region of the trunk.  

 

 In the Nematoda and Tunicata, there is no indication for the presence 

of any ultrafiltratory apparatus. A uniquely simplified excretory-secretory 

system is present across the Nematoda, which can be broadly divided into 

two different classes. In most marine nematode species, where water 

balance need not be so closely regulated, a single large gland – 'renette' – 

cell, leads directly to an external duct and appears to function in excretion59. 

In many terrestrial species, a branched canal cell, necessary for 

osmoregulation, is found in addition to a pore cell. In Caenorhabditis elegans, 

three distinct elements (canal, duct and pore) make up a tubular organ with a 

continuous lumen, but variation in the number and location of the canal cells, 

and degree of fusion between duct and pore cells, is reported across the 

Nematoda60. 

 

 The urochordates represent the only deuterostome members to lack 

obvious tubular excretory organs or any ultrafiltratory specialisation.  Instead, 

ammonia is lost via direct diffusion across their tissues, although some 

ascidians appear to sequester nitrogenous waste as crystallised uric acid in 

specialised vesicular cells61. In the case of the latter, it appears that this 

waste remains stored in the cells throughout the lifetime of the animal. 

Osmoregulation and a degree of solute/fluid balancing appear to occur 

independently though the neural gland complex, with uptake of molecules 

across the neural gland reportedly mediated by ciliary beating62. This unique 
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situation found in the tunicates is at odds with the ultrafiltratory and 

metanephridial systems present across the rest of the deuterostomes (albeit 

modified in amphioxus). It has been suggested that their putative 

osmoregulatory system has undergone extensive secondary reduction during 

their evolution, and hence no longer resembles the nephridial systems found 

in other bilaterian members.  

 

 Some phyla appear to lack excretory systems altogether: no evidence 

of any ultrafiltratory or excretory specialisation has been found for any 

members of the Chaetognatha or Bryozoa. One family within the 

Acanthocephala, the Oligacanthorhynchidae (Archiacanthocephala), have 

modified protonephridia, which form part of a uro-genital system63, but 

excretory systems have not been identified in any other family within this 

phylum. Similarly, in the Cycliophora, protonephridia have only been reported 

in the larvae of Symbion pandora64. 

  

1.3.7 Degree of homology of excretory systems 
 

 A number of different questions can be addressed regarding the 

homology of nephridial systems: 

 

1) Are different protonephridial systems homologous to each other? 

2) Are different metanephridial systems homologous to each other? 

3) Are complete nephridial systems across the Bilateria (comprising a 

site of ultrafiltration, a tubule element for filtrate modification, and an 

excretory pore) homologous to one another?  

4) Lastly, can we investigate the homology of discrete aspects of 

nephridial systems: the site of ultrafiltration itself,  - that is, 

protonephridial terminal structures, podocytes, and nephrocytes; and 

the canal cells and tubules necessary for osmoregulation.  

 
 The structure of protonephridia varies widely across the phyla in which 

they are found, particularly with regards to the terminal structure. 
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Furthermore, the number of protonephridia present within an organism is not 

consistent. Such morphological disparity has been interpreted as evidence 

for the independent evolution of protonephridia in different taxa55. However, 

there are clear similarities in the generalised tripartite structure of 

protonephridia, and there is now a general acceptance for the homology of 

protonephridia71. At least for members of the Lophotrochozoa, the presence 

of a single pair of anterior larval protonephridia is assumed to be the 

plesiomorphic condition, with each monociliated protonephridium deriving 

from the ectoderm and comprising three cells: one terminal, one duct and 

one nephropore61,74. In this model, modification of the ancestral 

protonephridial system – for example the presence of more than one terminal 

or canal cell, or an increased number of cilia in the terminal cell – could have 

been necessary for increased osmotic regulation in a freshwater 

environment75. Protonephridial systems have, to date, been found exclusively 

in the Ecdysozoa and Lophotrochozoa: accordingly, it can be hypothesised 

that protonephridial systems were first present in the last common ancestor 

of the protostomes. 

 

 Metanephridial systems have proved more difficult to assign homology 

to, with a degree of support for their convergent evolution. Fundamental 

developmental differences in the ontogenic relationship between larval 

protonephridia and adult metanephridia in Annelida, Mollusca and Phoronida 

have been cited as evidence for this theory74,76. However, as the 

development of nephridia is not consistent even within the same phylum – for 

example Mollusca – this is perhaps not a reliable criterion upon which to 

assign homology.  

 

Identifying a metanephridial system requires the presence of a ciliated 

tubule opening into the coelomic cavity of the organism. As the 

metanephridial tunnel is concerned solely with osmoregulation and 

modification of the primary filtrate, the presence of specialised ultrafiltratory 

cells – podocytes – in the epithelia of blood vessels have also been reported 

in all taxa believed to possess metanephridia. As a result, we can say that for 



 49 

a species to be confidently described as having metanephridia, both 

specialised epithelial cells (podocytes) and an open ciliated funnel must be 

present. Furthermore, both of these elements are necessary in order to fulfill 

the requirements of a nephridial system: that is, ultrafiltration and 

osmoregulation.  

 

An intriguing anomaly in this classification is observed in members of 

the Arthropoda. Although the site of modification – the nephrocytes – appear 

to be homologous to the podocytes, the insects and some chelicerate 

species are commonly described as having a 'modified' metanephridial 

system in the form of blind-ending Malpighian tubules11. Although they carry 

out an equivalent function to the tubule element of other metanephridial 

systems, the fact that they are blind-ending contradicts the 'strict' definition of 

an open, ciliated metanephridia, which could not only call into question this 

'metanephridial' classification, but also the homology of metanephridial 

systems where they are found. 

 

1.3.8 Functional vs. phylogenetic distribution 
 

Trying to elucidate the homology of excretory systems – and of 

metanephridia in particular – is perhaps not aided by the inconsistent 

distribution of different nephridial systems across the Bilateria (Figure 1.11). 

The presence of a coelomic cavity is mandatory for the occurrence of 

metanephridia. They are the only nephridial system found in the 

Deuterostomia (to the exclusion of the urochordates), but are also found in 

many protostome groups. Despite this, not all organisms with a coelomic 

cavity possess metanephridia: this is true for Rotifera, some adult members 

of the Annelida and, to a certain extent, the Nemertea, which all have 

protonephridia in the adult form. Most larval Phoronida65, Annelida66 and 

Mollusca67 have protonephridia, but develop metanephridia as adults after 

undergoing metamorphosis.  
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Figure 1.11. Distribution of protonephridial and metanephridial systems 
across the Bilateria. Purple 'P' designates presence of protonephridia in a 
lineage; blue 'M' designates presence of metanephridia. Red X indicates 
assumed absence of a conventional nephridial system. Groupings at nodes: 
D = Deuterostomia; B = Bilateria; L = Lophotrochozoa; P = Protostomia; E = 
Ecdysozoa. 
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 Early discussion on nephridia by Goodrich (1934, 1945)68,69, a 

proponent of the gonocoel theory, centered around the argument that 

according to the phylogenetic distribution of excretory systems, 

protonephridia ('first nephridia') must be primitive to metanephridia. 

According to this, protonephridia represent the ancestral state, and were able 

to differentiate into metanephridia depending on expansion of the coelomic 

cavity.  

 

 Based on the body size and vascularisation of different taxa, a 

functional argument for the presence of different nephridial systems has also 

been proposed40. The underlying differences between protonephridia and 

metanephridia are the location of the filtration site (that is, of vascular fluid 

across endothelial cells into the coelom in metanephridial systems, and of 

extracellular fluid into variable compartments in protonephridia), and the 

mechanism for driving passive ultrafiltration (muscle-mediated in 

metanephridia, and cilia-mediated in protonephridia). Consequently, it has 

been hypothesised that the type of nephridial system present in certain taxa 

is dependent not on evolutionary history, but on the presence or absence of 

a coelomic cavity and a circulatory system, which is mandatory for the 

occurrence of metanephridia. In such a model, protonephridia are not 

primitive structures, but develop owing to the constraints of a small body size 

and absence of a blood vascular system. Animals with protonephridia in their 

larval form that develop metanephridia following metamorphosis are cited as 

evidence for these constraints– that is, small larval body size and a lack of 

blood vascular system – on structure. Where protonephridial systems persist 

into the adult form in some polychaetes, this is attributed to the absence of 

an adult circulatory system. 

 

 The structure of nephridial systems must also be intrinsically linked to 

their functional requirements. Bilaterians occupy a diverse range of habitats, 

and different environments require different osmoregulatory capacities. 

Animals that have a marine habitat encounter less variability in their osmotic 

environment than animals living terrestrially or in freshwater. As we can see 

in marine nematode species and in S. mediterranea, this seems to result in a 
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reduced demand for water reabsorption, and the loss of canal cells 

(nematodes)60 or intermediate tubule elements (S. mediterranea)37. 

 

1.3.9 Investigating the origin of nephridial systems: the 
Xenacoelomorpha 

 

The evolution of organs for excretion and osmoregulation in the 

Bilateria poses an intriguing system in which to investigate the homology of a 

common function carried out by very diverse structures. Whilst nephridia 

have largely been compared from a morphological perspective, recent 

publications have focused on investigating common molecular features in 

some aspects of nephridial systems: in particular at the site of ultrafiltration, 

and in the tubule elements required for modification and absorption. The 

identification of common transcription factors and structural, membrane 

bound and transporter proteins could prove useful not just for determining the 

homology of nephridial systems, but also for providing ways to search for and 

identify possible precursors of nephridia in non-bilaterian animals. Putative 

genetic markers of nephridia may also help us to identify the sites of filtration 

and excretion in bilaterians in which such features have not been identified.  

 

The pivotal phylogenetic position of the Xenacoelomorpha therefore 

makes them an interesting group in which to investigate the origin and 

evolutionary history of nephridia. Given that they are assumed to lack any 

excretory specialisation, identifying the presence of such nephridial genes in 

xenacoelomorphs could also imply a degree of organisational complexity that 

has previously not been anticipated for this phylum.  

 

Four possible scenarios can be considered with regards the 

Xenacoelomorpha and the distribution of nephridial structures. Firstly we can 

consider Xenacoelomorpha in a basal bilaterian position, between the 

diploblasts and the rest of the triploblastic bilaterians (Figure 1.6). In line with 

the main protostome and deuterostome grouping being termed the 

Nephrozoa, this would imply that nephridia evolved after the divergence of 



 53 

the Xenacoelomorpha from the rest of the Bilateria, and the lack of nephridia 

in xenacoelomorphs would therefore be a primary absence. Should putative 

ultrafiltratory structures be found in Xenacoelomorpha members in this 

hypothetically basal position, the Nephrozoa grouping would no longer be 

exclusively applicable to the protostomes and deuterostomes.  

 

Conversely, if Xenacoelomorpha are considered to be deuterostomes 

lacking nephridial structures, then the Nephrozoa grouping would no longer 

encompass all protostomes and deuterostomes, and it could be 

hypothesised that the lack of nephridia in Xenacoelomorpha is a secondary 

absence (Figure 1.6). Lastly, if Xenacoelomorpha members are 

deuterostomes with ultrafiltratory structures, then the Nephrozoa grouping 

would remain applicable to all protostomes and deuterostomes.  

 

As there is no consensus for either the homology of excretory systems 

within the Bilateria, or for the phylogenetic position of Xenacoelomorpha, 

both of these questions remain intriguing for our understanding of Urbilateria 

and the evolution of bilaterian novelties. In the last part of this introduction I 

will outline the objectives of my thesis concerning the evolution and 

morphology of the Xenacoelomorpha: firstly with a focus on visualising the 

expression of molecular markers of excretory systems using in situ 

hybridisation and immunohistochemistry; and secondly, using novel RNA-

Seq approaches to increase our understanding of cell-type specialisation in 

Xenoturbella bocki. 

 

1.4 Objectives of Thesis 

1.4.1 Investigating the presence or absence of ultrafiltratory systems 
in the Xenacoelomorpha 

 

As described, the disparity in morphology of excretory systems across 

the Bilateria meant that until relatively recently, they were most commonly 

defined not by a common structure, but by their common 'tripartite' function of 
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filtration, modification, and excretion. More recent molecular and evo-devo 

studies, specifically at the site of ultrafiltration and in tubule elements, have in 

fact revealed a degree of molecular conservation between distantly related 

taxa that was perhaps surprising (see section 4.1.3). Consequently, we can 

identify putative molecular markers of aspects of excretory systems, which 

are consistently associated with a specific function in homeostasis or 

excretion.  

 

The first objective of my thesis is to investigate the expression and 

function of so-called ultrafiltratory genes in members of the 

Xenacoelomorpha. That is, to use molecular protocols and gene visualisation 

approaches (in situ hybridisation and immunohistochemistry) to establish 

where these genes are expressed, and whether the xenacoelomorphs have 

cells that are putatively homologous to the ultrafiltratory cells found in other 

bilaterians.  

 

1.4.2 Establishing molecular protocols to investigate ultrafiltratory 
capacity 
 

Within the context of molecular studies, certain taxa have become well 

recognised as 'model organisms': species which can be cultured or bred in 

the lab, for which reliable protocols have been established, and for which we 

have a comprehensive set of molecular data available. Historically, a number 

of model organisms have been frequently used in evo-devo studies, covering 

many of the branches of the bilaterian tree. These include the fruit fly D. 

melanogaster (Hexapoda, Arthropoda), the flatworm S. mediterranea 

(Rhabditophora, Platyhelminthes), the nematode C. elegans (Rhabditida, 

Nematoda), and many vertebrate species including the mouse (Mus 

musculus) and zebrafish (Danio rerio). Whilst lab studies involving these taxa 

have contributed hugely to our understanding of development and gene 

function, they represent only a limited subset of morphological and 

developmental diversity across the Bilateria. As evo-devo studies expand to 

include other, traditionally non-model species, it is evident that inferring 
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findings in one species to be true across long evolutionary distances, or even 

within a given phylum, is often not valid. Given the uniquely simple 

morphology of the Xenacoelomorpha, and the limited knowledge we have of 

their biology (which is particularly true for Xenoturbella species), establishing 

molecular protocols is necessary to better-understand their development and 

organisation, and specifically to investigate the function of so-called 

ultrafiltratory genes. 

 

Selected molecular-lab based approaches such as in situ 

hybridisation, immunohistochemistry, and RNAi have been used successfully 

in some acoelomorph species. Of these, Isodiametra pulchra and Hofstenia 

miamia represent perhaps the closest we have to model acoels: they can be 

maintained long-term in culture, and have accessible embryos, juveniles, and 

adults for experimentation. Gene expression studies in I. pulchra have 

contributed to our understanding of their nervous system, stem cell system, 

and germ layer specification, amongst others70-72. RNAi in H. miamia has 

been used to understand mechanisms underlying regeneration in the 

Acoelomorpha29. However, the acoels comprise a wide diversity of species. 

Consequently, expanding the focus of evo-devo studies to include other 

representatives from the Acoelomorpha is necessary to inform our 

understanding of the development and molecular pathways of specification in 

this group. Closely linked to this is the need for increased molecular data: 

reliable transcriptomic or genomic data is a fundamental starting point for 

laboratory protocols. 

 

To date, no molecular protocols have been established in 

Xenoturbella. Until very recently, X. bocki was the lone representative of this 

group, and the difficulty associated with collecting these animals, which live 

buried in the mud at a depth of ~100m in a fjord on the west coast of 

Sweden, has been a significant barrier to their use in lab-based techniques. 

We also know very little about their life cycle or ecology, and embryological 

or developmental studies in this species are challenging. Although the 

discovery of four new Xenoturbella species increases the molecular data for 

this genus, they live in even more inaccessible environments than X. bocki, 
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at depths of between 700 and 3700 metres in the Gulf of California and 

Monterey Canyon23. Consequently, X. bocki presents the most likely 

candidate for molecular protocols, and establishing experimental procedures 

in this taxon would be helpful for our understanding of their body plan and 

degree of structural specification. Furthermore, their very simple morphology 

and apparent lack of organ systems means that expression studies for genes 

commonly associated with certain systems or functions might inform our 

understanding of ancestral gene function - with a focus in this thesis on 

ultrafiltratory-related genes.  

 

1.4.3 Using novel RNA-Seq technologies  (Tomoseq and single cell 
sequencing) in Xenoturbella bocki 

 

RNA-Seq technologies have been refined in recent years to be 

compatible with low input concentrations of RNA, and we can now generate 

differential transcriptomic data from single cells or small tissue sections. In 

conjunction with using molecular protocols to investigate ultrafiltratory gene 

expression, the second objective of my thesis is to use novel low input RNA-

Seq approaches to investigate the presence of ultrafiltratory cells, and to 

understand organisational complexity and gene expression domains in 

Xenoturbella bocki.  I first aim to use whole-organism single cell sequencing 

in Xenoturbella in conjunction with molecular approaches to investigate the 

presence of ultrafiltratory or excretory related cells, and more widely to 

investigate the degree of cell-type complexity and specificity. Secondly, I aim 

to use a low input RNA Tomography approach to generate differential 

transcriptomic data for Xenoturbella with a degree of spatial resolution. 

 

1.4.3.1 Cell0type0diversity0and0single0cell0sequencing0

 

As introduced in section 1.2.3, all metazoan animals are defined by 

the presence of multiple cell types and differentiated tissues. The number of 

different cell types in an organism has historically been used as a 

classificatory tool for inferring evolutionary complexity73. Diploblastic 
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lineages, including the cnidarians and ctenophores, amongst others, have 

widely been considered to lack numerous or complex cell types; increased 

organisational complexity in the bilaterians is thought to have resulted in an 

increased number of cell types with defined functions – including, for 

example, the evolution of nephridial systems. Morphological and histological 

studies of Xenoturbella bocki provide evidence for its very simple body plan 

and organisation, but we know comparatively little about the complexity of 

the types of cells or tissues that it possesses. 

 

Although in situ hybridisation and immunohistochemistry can be used 

to investigate genes commonly associated with a certain cell type or tissue 

(for example, ultrafiltratory genes), these experiments are limited by the 

number of genes that can be investigated in parallel. For Xenoturbella and 

other non-model organisms where comparatively little is known about their 

morphology, this presents a challenge to large-scale gene expression 

visualisation experiments. Whole organism single cell sequencing therefore 

presents the opportunity for high-throughput investigation of gene expression 

and cellular complexity in Xenoturbella bocki. With this in mind, I aim to use 

single cell sequencing alongside in situ hybridisation with the aim of 

identifying cells that express genetic markers of ultrafiltration and excretion. 

Furthermore, single cell sequencing data for this species would offer a 

significant contribution to our wider understanding of the types and 

complexity of cells and tissues that it possesses.  

 

1.4.3.2 Spatially0resolved0transcriptomics00

 
Alongside the single cell sequencing approach, I aim to combine the 

manual dissection of Xenoturbella bocki along a defined body axis with low-

input RNA-Seq technologies to investigate differential transcriptomics with a 

degree of spatial resolution. This approach, termed RNA Tomography, or 

Tomoseq74, represents a useful tool for investigating variable gene 

expression along different body axes of the adult animal. In particular, I aim 

to investigate the differential expression patterns of genes with well known 
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and conserved domains of expression in other taxa. For Tomoseq to be 

reliably implemented in Xenoturbella bocki, I hope to establish an efficient 

RNA extraction protocol for small cryosectioned tissue slices and combine 

this with an RNA amplification technique that is prone to minimal 

amplification biases.  

 

1.5 Overview of Thesis 
 

In the following chapter I outline the materials and methods used in this 

thesis. In Chapter Three I address the phylogenetic question regarding the 

position of the Xenacoelomorpha by sequencing and describing the 

mitochondrial genomes from three species of acoel: Paratomella rubra, 

Isodiametra pulchra, and Archaphanostoma ylvae. Mitochondrial genomes 

are valuable tools for inferring evolutionary relatedness, and this work 

increases the mitochondrial data available for the Acoelomorpha, and 

includes phylogenetic inference using mitochondrial protein-coding gene 

sequences.   

 

In Chapter Four I address the question of homology of excretory 

systems in the Bilateria, and specifically the degree of morphological and 

molecular conservation at the site of ultrafiltration in diverse bilaterian taxa. In 

particular, I introduce the functional conservation of the key 'ultrafiltratory' 

genes in nephridial systems, and investigate the presence or absence of 

these genes in metazoan taxa commonly regarded to lack organs specialised 

for ultrafiltration and/or excretion, with an emphasis on members of the 

Xenacoelomorpha. 

 

As has been described, molecular lab techniques in the 

Xenacoelomorpha are not well established. Gene expression profiling by in 

situ hybridisation has been successful to some extent in I. pulchra and S. 

roscoffensis, but this has not been used for a wide set of genes, and the 

protocols established are not always straightforward to implement. In 

Chapter Five I outline the gene expression visualisation protocols I have 
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used in S. roscoffensis with the objective of identifying the expression 

domains of known molecular markers of ultrafiltration. No molecular protocols 

in Xenoturbella have been reported to date. In Chapter Six, I describe the 

techniques used to implement in situ hybridisation and 

immunohistochemistry in sectioned adult Xenoturbella for the first time, with 

the aim of identifying the expression of genes associated with ultrafiltration.  

 

To complement the molecular lab approaches, two different RNA-Seq 

methods are carried out with the objective of understanding more about gene 

expression and cell types in Xenoturbella. Whole organism single cell 

sequencing is described in Chapter Seven; and the spatially resolved 

transcriptomics approach 'Tomoseq' is described in Chapter Eight. Both of 

these are novel techniques for Xenoturbella and indeed for any member of 

the Xenacoelomorpha. 

 

Finally, in Chapter 9 I give a general discussion on the findings and 

the wider implications of the work carried out in this thesis, and discuss the 

objectives for further investigation into the Xenacoelomorpha.  
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2 Material and Methods 
2.1 Animal Collection and Culture 

2.1.1 Acoelomorpha 
 

Paratomella rubra were collected from the beach in Filey, near 

Scarborough, North Yorkshire, UK. Samples of the top 20cm of sand were 

taken from the intertidal zone at low tide and topped up with seawater to be 

transported back to the lab. 7.2% magnesium chloride (MgCl2) was prepared 

by dissolving 72g of magnesium chloride hexahydrate (MgCl2*6H2O) in H2O, 

to a final volume of 1 litre.  Approximately 200ml of MgCl2 was added to 

~200g of sand in a flask, swirled, and left to settle for 5 minutes. A filter was 

made by cutting out the central portion of a 50ml falcon tube lid, stretching 

40µM nylon mesh across the opening, and screwing the open lid back onto 

the tube to keep the mesh tightly in place. The bottom of the tube was cut off 

so that the liquid portion only of the sand/MgCl2 mix could be poured into the 

falcon tube and through the filter in the lid. Organisms sedated by the MgCl2, 

and residual particulate and organic matter >40µM, were retained by the filter 

and washed from the inside of the falcon tube into glass petri dishes using 

artificial seawater (ASW, 35 ppt). The contents of the petri dish was 

examined under a dissecting microscope against a white background, to 

identify specimens of P. rubra. Animals for DNA/RNA extraction were 

transferred in batches into a 1.5ml Eppendorf tube with as little liquid as 

possible, flash-frozen in liquid nitrogen, and stored at -80°C until required. 

Animals required for other molecular approaches were fixed in formaldehyde 

(as described below).  

 

Samples of Symsagittifera roscoffensis were provided by the Sérvice 

Expedition de Modèles Marins Multicellulaires, pat of the Centre de 

Ressources Biologiques Marines, at the Station Biologique in Roscoff, 

France. Animals were kept in ASW in large clear Tupperware boxes covered 

with cling film, in an 18°C incubator on a 12 hour light/dark cycle. Newly laid 
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eggs were removed to glass petri dishes on a daily basis, and monitored for 

hatching. When hatched, animals of an approximately equal age were kept in 

separate petri dishes and fixed over the course of two weeks to provide a 

range of fixed juvenile animals at different ages (1-2 days post-hatching to 

two weeks post-hatching). When no more newly-laid eggs could be found, 

adult animals were fixed (see below), or flash-frozen in batches and stored at 

-80°C for DNA/RNA extraction.  

 

Cultured Isodiametra pulchra were provided by Bernhard Egger. 

Animals were kept in glass petri dishes with nutrient-enriched f/2 artificial 

sea-water75 and fed ad libitum with the diatom Nitzschia curvilineata. Animals 

were kept at 20°C on a 14 hour/10 hour light/dark cycle. 

 

2.1.2 Xenoturbella bocki 

 

Specimens of Xenoturbella bocki were collected at Gullmarsfjorden on 

the west coast of Sweden. A Warén dredge aboard the Oscar von Sydow 

research vessel (Sven Loven Centre, Kristineberg, Gothenburg University) 

was used to collect soft mud at a depth of ~100m. Mud was subsequently 

filtered through two sieves of decreasing diameter, so that larger organisms 

were removed first, and Xenoturbella (of approximately 50-100mm) were 

retained on the mesh of the second sieve. The contents of the second sieve 

were washed into large shallow trays, and Xenoturbella specimens identified 

by eye. Animals were kept unfed at 4°C, in sealed falcon tubes, with ASW 

replaced once a week. 

 

2.2 Animal Fixation 

2.2.1 Acoelomorpha 
 

S. roscoffensis, P. rubra and I. pulchra adults, and S. roscoffensis 

juveniles were fixed for whole-mount in situ hybridisation and 

immunohistochemistry. 
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Live animals were anaethetised for 30 min in 7.2% MgCl2 (prepared as 

described above) on ice. 4% paraformaldehyde (PFA) was freshly prepared 

with 1x phosphate-buffered saline (PBS). MgCl2 was exchanged with PFA 

over two five-minute washes, before an hour-long fixation in PFA at 4°C. 

After several quick washes in 1x PBS, animals were washed for ten minutes 

each into progressively increased concentrations of methanol (MeOH) (25% 

MeOH; 50% MeOH; 75% MeOH, all diluted with 1x PBS), and stored in 

100% MeOH at -20°C.  

 

2.2.2 Xenoturbella bocki 

 

Animals required for RNA extraction were placed directly into 12ml 

falcon tubes of RNALater (Ambion). Animals required for use in the Tomoseq 

protocol were washed progressively on ice from ASW into 3.6% MgCl2 

(prepared as a 1:1 dilution in deionised water of the standard 7.2% MgCl2 

solution described above) and anaethetised in the dark at 4°C for 

approximately 4 hours. Animals were photographed prior to total loss of 

movement, and the anterior and posterior ends described. Fully anaethetised 

animals were carefully placed directly into 12ml falcon tubes of RNALater 

solution. Tubes were wrapped in aluminium foil and stored at room 

temperature for one week, before being stored at 4°C until required.  

 

Animals required for in situ hybridisation and immunohistochemistry 

were washed progressively on ice from ASW into 3.6% MgCl2 and 

anaethetised in the dark at 4°C for approximately 4 hours. Prior to complete 

loss of movement, the orientation of the animals was described 

(anterior/posterior; left/right; and dorsal/ventral axis) and individuals were 

photographed. Fully anaethetised animals were placed onto blotting paper on 

top of frozen fixative (freshly prepared 4% PFA in 1x PBS) and left overnight 

(~12 hours) in the dark at 4°C to fix. The following morning, animals were 

washed several times in 1x PBS and then washed into progressively 

increased concentrations of methanol (MeOH) (25% MeOH; 50% MeOH; 
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75% MeOH, all diluted in 1x PBS) and stored in 100% MeOH at -20°C prior 

to use. 

 

2.3 DNA/RNA Extraction 

2.3.1 Acoelomorpha DNA Extraction 
 

Two different protocols were used to extract DNA from the acoels P. 

rubra, S. roscoffensis and I. pulchra. 

2.3.1.1 QIAmp0DNA0Mini0Kit0(Qiagen)0

 
For P. rubra and S. roscoffensis, animal samples were removed from -

80°C storage and left to thaw at room temperature. For I. pulchra, DNA was 

extracted from pooled samples of ~50 live animals.  

 

 180µl Buffer ATL was added, at room temperature, to the tube 

containing the specimens. 20µl of Proteinase K (20mg/ml) was added to the 

sample, and mixed thoroughly by pulse-vortexing. Samples were incubated 

overnight at 56°C in a heat block.  

 

 Following overnight incubation, 200µl Buffer AL was added to the 

sample, which was pulse-vortexed on a low speed for ten seconds. For all 

samples, the formation of a white precipitate was observed, which dispersed 

on re-incubation at 70°C with occasional pulse-vortexing over ten minutes. 

200µl of chilled 100% ethanol was added to the sample, mixed by pulse-

vortexing for 15 seconds, briefly spun down in a bench-top mini centrifuge 

and incubated at room temperature for five minutes. The entire lysate was 

applied to a QIAmp Mini spin column and centrifuged at 6,000 rpm for one 

minute. Subsequent column wash steps were carried out as per the 

manufacturer-recommended protocol. Finally, the column was placed in a 

clean 1.5ml LoBind Eppendorf tube, and 30µl nuclease-free water applied to 

the column membrane. The column was incubated at room temperature for 
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one hour to maximise yield, and centrifuged at 13,000 rpm for three minutes. 

Final sample concentration was measured using a NanoDrop. 
 

2.3.1.2 Phenol/Chloroform0extraction0(P.0rubra)0

 

Where fewer numbers of pooled animals were being used for DNA 

extraction, a phenol/chloroform approach was used to minimise loss of 

material on the column.  

 

 500µl of fresh SDS lysis buffer and 10µl Proteinase K was added to 

the sample (<20 animals each time) in a 1.5ml Eppendorf tube. Samples 

were pipetted up-and-down and pulse-vortexed, and incubated at 50°C for 

one hour, with occasional pulse-vortexing, to ensure thorough lysis of the 

tissue.  

 

 240µl of phenol/chloroform/isoamyl alcohol was added to the lysed 

sample, and mixed thoroughly by inverting the tube continuously for 20 

seconds. The sample was then centrifuged at 13,000 rpm at room 

temperature for five minutes. The upper aqueous phase, containing the DNA, 

was transferred into a fresh 1.5ml tube. To this, 2µl glycogen (equal to 10µg) 

and a volume of sodium acetate (NH4OAc, 3M) equal to one tenth of the 

volume of the aqueous phase was added, and mixed by pulse-vortexing. 

2.5x the new solution volume (including the addition of sodium acetate) of 

ice-cold 100% EtOH was added to the solution, which was mixed by pulse-

vortexing and left to incubate overnight at -20°C.   

 

 The following day, the sample was centrifuged at 4°C for one hour at 

13,000 rpm, and the supernatant removed carefully to leave the pelleted 

DNA, visible as an opaque white smear. The pellet was washed three times 

in freshly prepared 70% EtOH, centrifuging at 4°C for three minutes at 

13,000 rpm each wash. After the final wash of EtOH was removed, the pellet 

was left to air dry for 15 minutes, until no visible droplets of EtOH were 
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visible. The dried pellet was resuspended in 35µl of nuclease-free water, and 

quantified using a NanoDrop. 

 

2.3.2 Acoelomorpha RNA Extraction (S. roscoffensis) 
 

300µl of Trizol (Invitrogen) was added to pooled samples of 40-50 

animals in a 1.5ml Eppendorf tube. Tissue was dissoluted by pulse-vortexing 

and crushing and mashing the tissue using an RNase-free disposable pestle. 

Once the tissue was completely dissoluted, a further 700µl of Trizol was 

added, to a total of 1ml, and the solution pulse-vortexed. 200µl of chloroform 

(0.2x volume of Trizol) was added to the solution, and the tube inverted 

vigorously for one minute until a homogenous opaque pink colour. After 

standing at room temperature for three minutes, the sample was centrifuged 

at 4°C for 20 minutes at 13,000 rpm.  

 

The upper aqueous phase, containing the RNA, was removed into a 

clean 1.5ml Eppendorf tube. To this, 2µl glycogen (equal to 10ug) and 500µl 

of 100% isopropanol (0.5x volume of Trizol) was added, and mixed. Samples 

were incubated at room temperature for ten minutes and stored overnight at -

20°C.  

 

The following day, samples were centrifuged for one hour at 13,000 

rpm at 4°C. The supernatant was carefully removed and discarded, and the 

RNA pellet washed three times in 80% EtOH, centrifuged for 20 minutes at 

4°C at each wash step.  After the final wash, the RNA pellet was air-dried for 

ten minutes under a lamp, whilst being monitored carefully to prevent over-

drying. Once dry, the pellet was resuspended in 30µl nuclease-free water. 

Final RNA concentration was quantified using a NanoDrop and an aliquot of 

the sample run on a 1% agarose gel to verify successful extraction.  
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2.3.3 Xenoturbella bocki total RNA Extraction 
 

Animals from which total RNA was to be extracted were placed directly 

into RNALater for a minimum of one week. RNA extraction was carried out 

using a custom phenol/chloroform and column extraction hybrid protocol, as 

outlined in 2.11.2.  

 

2.4 Sequencing and verifying acoel mitochondrial genomes 
 

2.4.1 Polymerase Chain Reaction 
PCRs were carried out using the Expand Long-Range PCR Kit 

(Roche) in 50µl reaction set-up: 

 

Reagent       Volume 

Nuclease-free water      38µl 

Expand long-range buffer     10µl 

dNTPs (equimolar solution of 10mM per dNTP)  2.5µl 

Forward primer (20 pmol/µl)    0.75µl 

Reverse primer (20 pmol/µl)    0.75µl 

DMSO       1.5µl 

Template DNA      1µl 

Expand long-range enzyme mix    0.7µl 

 

 General cycling protocol was: 92°C for two minutes; 15 cycles of 92°C 

for 10 sec, 57°C for 15 sec,  68°C at initial elongation time (calculated as one 

min per 1000 base pairs to be amplified); two cycles each of: 92°C for 10 

sec, 57°C for 15 sec, 68°C at 40 sec longer than initial elongation time, 

repeated at increasing 40 sec intervals for a further 14 cycles; a final 

elongation stage at 68°C for seven min and a 4°C 'hold' stage. Where PCRs 

were not successful using this protocol, they were repeated using the Q5 

High-Fidelity PCR Kit (New England Biolabs), following manufacturer 

recommendations for a 25µl reaction: 
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Reagent       Volume 

Q5 High Fidelity 2x Master Mix    12.5µl 

Nuclease-free water      8.75µl 

Forward primer (20 pmol/µl)    1.5µl 

Reverse primer (20pmol/µl)    1.5µl 

Template DNA      1µl 

 

 

Cycling protocol was: 92°C for two minutes; 40 cycles of  92°C for ten 

sec, 58°C for 15 sec, 68°C at initial elongation time (approximated as one 

min per 1000 base pairs to be amplified); and a final elongation stage at 

68°C for seven min.  Amplified products were visualised on ethidium-bromide 

stained TAE 0.8% gels. Bands of expected size were purified using the High 

Pure PCR Product Purification Kit (Roche Applied Sciences) and sent for 

sequencing by Source BioScience Life Sciences. Only amplifications that 

resulted in one clear band on the TAE 0.8% agarose gel were sequenced.  

 

2.4.2 Confirming mitochondrial contigs 
 

Three fragments of sequence from the mitochondrial genome of 

P.rubra, of size ~5.8kb, ~4kb, and ~1.2kb, were generated from gDNA 

assembly. Fragments were verified using a translated nucleotide query 

BLAST with invertebrate codon usage (blastx NCBI), and their orientation 

determined by gene annotation in comparison to the published 9.7kb section 

of the P. rubra mitochondrial genome. Primers were designed in conserved 

gene regions to: 

 

1) Amplify across the 'N-stretches' present in the 5.8kb and 4kb 

fragments (eight and nine N-stretches respectively, all of arbitrary 

length 50 base pairs) 

2) Cover the whole 1.2kb fragment, with the aim of resolving the two 

frameshift mutations within the assembled sequence 



 68 

3) Close the circular mitochondrial genome, by joining the 5.8kb 

fragment to the 1.2kb fragment; the 1.2kb fragment to the 4kb 

fragment; and the 4kb fragment to the 5.8kb fragment (see Appendix 

1). 

 

Amplification of the fragments joining the 1.2kb fragment to the 4kb 

fragment and to close the mitochondrial genome using standard PCR cycling 

were unsuccessful. These were repeated using a touchdown protocol with 

Expand Long-Range polymerase. Annealing temperature was set at 65°C 

with decreasing 2°C intervals every two cycles down to 49°C. Initial 

elongation time was calculated as before, increasing 30 sec every two cycles 

of the touchdown, with a final 6 cycles at 49°C. This successfully amplified 

the region joining the 1.2kb fragment to the 4kb fragments, but did not 

succeed in closing the circular genome. Design of three new forward and 

reverse primers, tried in all combinations and using variable PCR parameters 

were unsuccessful in closing the mitochondrial genome. Additional RNA-Seq 

and DNA genomic sequencing data corroborated the stretches of sequence 

at either end of the mitochondrial genome but did not aid in closing the circle.  

 

Three mitochondrial contigs of size ~13kb, ~3.5kb and ~1.3kb were 

identified from I. pulchra Trinity transcriptome assembly from total RNA 

sequencing. A further contig of ~19kb was also identified, covering the entire 

~1.3kb and 13kb regions, and ~2.4kb of the 3.5kb sequence. Fragments 

were verified using blastx, NCBI, as outlined for P. rubra, and approximations 

for the location of protein-coding genes and tRNAs determined using the 

MITOS mitochondrial genome annotation server. From aligning the 

sequences, I found that the last (3') 300bp of the 13kb fragment was 

duplicated in the opposite orientation within the end (3') region of the 3.5kb 

fragment. Primers were designed to span the 13kb contig in two ~5kb 

sections, and to join the 13kb contig to the 3.5kb contig in both directions, to 

close the mitochondrial genome and verify the validity of the duplicated 

section (detail in Figure 3.3). RNA-seq data for I. pulchra were mapped to the 
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long transcriptome assembly contigs and PCR sequencing results using 

NextGenMap76 and visualised using Tablet.  

 

A. ylvae was co-sequenced at very low coverage as part of a P. rubra 

genome sequencing experiment. From an initial paired end assembly of 

Illumina HiSeq data with the CLC assembly cell software (v.5.0) 

(https://www.qiagenbioinformatics.com/products/clc-assembly-cell/), the full 

mitochondrial circle of A. ylvae was extracted in a single contig identified with 

BLAST. This was annotated using MITOS77 and manual refinement as 

described for P. rubra and I. pulchra.  

 

2.4.3 Mitochondrial genome annotation 
 

For P. rubra, all sequenced fragments were aligned against the initial 

scaffold of the 9.7kb published sequence; the 5.8kb, 4kb, and 1.2kb genome 

assembly sequences; and an additional long genome assembly fragment of 

length 14,954 base pairs. All contigs and PCR sequencing results were 

similarly aligned for I. pulchra, but without a reference sequence. Alignments 

were visualised using Mesquite (v3.04) (http://mesquiteproject.org) with 

invertebrate mitochondrial translated amino acid state colour coding. Where 

ambiguity remained between PCR sequencing results and genome or 

transcription assembly fragments, the genome or transcriptome assembly 

nucleotide sequence was used to establish a final 'consensus' sequence for 

each mitochondrial genome. This was particularly important for repetitive AT 

regions – for example, within P. rubra nad1 - for which PCR sequencing 

results were inconclusive. In the case of I. pulchra, where the validity of the 

duplicated sections could not be confidently determined, a final consensus 

sequence of 18, 725 base pairs was resolved.  

 

The region for each protein-coding mitochondrial gene in the P. rubra, 

I. pulchra and A. ylvae sequences were compared against published 

mitochondrial genomes using a translated nucleotide query (blastx, NCBI) 

with NCBI translation table number 5 'invertebrate mitochondrial'. Published 
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genes from the mitochondrial genomes of the acoels S. roscoffensis and P. 

rubra were downloaded from NCBI GenBank and aligned to the new 

consensus gene sequences of both P. rubra, I. pulchra and A. ylvae to verify 

the location of protein-coding and ribosomal RNA-encoding genes. The 5' 

end of protein-coding genes were inferred to start from the first in-frame start 

codon (ATN), even if this appeared to overlap with the preceding gene. 

Similarly, the terminal stop codon of protein-coding genes was inferred to be 

the first in-frame stop codon (TAA, TAG or TGA). If no stop codon was 

present, a truncated stop codon (T—or TA-) prior to the beginning of the next 

gene was assumed to be the termination codon, completed by post-

transcriptional polyadenylation. tRNA sequences and corresponding putative 

secondary structures were identified using the MiTFi program within MITOS. 

 

2.4.4 Sequence alignment, phylogenetic analysis, and evolutionary 
rates 

 

Phylogenetic analysis was performed using a concatenated amino 

acid alignment of all thirteen protein-coding genes for P. rubra, twelve 

protein-coding genes for A. ylvae and eleven protein-coding genes for I. 

pulchra. Phylogenetic inference was carried out in collaboration with Philipp 

Schiffer (Telford lab). Nucleotide sequences from all three acoel taxa and an 

additional set of species comprising 54 metazoans, taken from a range of 

published metazoan mitochondrial genomes representing deuterostomes, 

protostomes, cnidarians and two species of poriferans as an outgroup were 

aligned using TranslatorX78 independently for all genes with the appropriate 

mitochondrial genetic code set for each taxa included, using ClustalOmega79 

for amino acid alignment (for taxa and Accession Numbers see Appendix 2). 

Protein alignments were reduced to the most informative residues using 

trimAl v.1.4.1580 with standard settings. Regions showing ambiguity in 

alignment were excluded, so that only blocks of well-aligned sequence were 

included for analysis.  
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Neighbour-nets were re-constructed in SplitsTrees v.481 to screen the 

dataset for potentially non-treelike patterns, which could impede phylogenetic 

analysis. Subsequently, RAxML v. 8.2.982 was used to infer maximum 

likelihood phylogenies from the original and the reduced alignments under 

the MTZOA model, optimised for mitochondrial gene-derived phylogenies. 

Bootstrapping was conducted using the 'autoMRE' option in RAxML and the 

trees visualised with figtree v.1.4 (http://tree.bio.ed.ac.uk/software/figtree/). 

Bayesian inference was carried out on the same trimmed alignment using 

PhyloBayes v.4.183, also under the MTZOA model. 10 chains were run in 

parallel, with the tree search stopped at ~3950 trees per chain, with a 

maximum difference of 0.17 when discarding 400 trees as burnin and 

sampling every 10th tree per chain.  

 

Geneious software (v.8)84 was used to calculate sequence differences 

between the overlapping 9.7kb sections of P. rubra mitochondrial genomes 

originating from the worms sampled in this analysis (Yorkshire, UK) and the 

previously published study (Barcelona, Spain). For the eight protein-coding 

genes found within this section, ParaAT (v.2.0)85 was used to calculate 

translation alignments and the KaKs calculator (v.1.2)86 to access 

substitution rates. Geneious was also used to calculate a difference matrix 

for the cox1 barcoding gene of the two P. rubra populations in comparison to 

other acoel cox1 sequences retrieved from NCBI GenBank.  

 

2.5 BLAST queries and identifying orthologous sequences 
 

 Orthologues of vertebrate genes-of-interest were identified in the 

Xenacoelomorpha by BLAST queries of Xenacoelomorpha transcriptomes 

(X. bocki, P. rubra, I. pulchra, S. roscoffensis). The protein sequences for the 

H. sapiens genes-of-interest were downloaded from NCBI GenBank for use 

as the query sequences in the BLAST search. These were compared against 

the Xenacoelomorpha transcriptomes using the tblastn option, which 

compares a protein (amino acid) query sequence against a nucleotide 
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sequence database (our transcriptomes), translated in all possible reading 

frames.  

 

 Often, the BLAST queries returned more than one transcript with 

similarity to the query sequence. This was likely to be owing to several 

isoforms of the same gene within the transcriptome. The longest transcript 

with the highest e-value was likely to be the direct orthologue of the original 

vertebrate gene. To verify this, the 'best' transcript was used as a reciprocal 

BLAST on NCBI BLAST using the blastx option, which compares a 

nucleotide sequence, translated in all reading frames, against a protein 

sequence database.  

 

To verify sequence orthology, the BLAST tool on the NCBI GenBank 

database was used to search publicly available data for sequences in a 

number of comparison organisms, using the H. sapiens protein sequences 

as a query. Where possible, taxa were chosen to represent a cross section of 

diverse bilaterian organisms (Vertebrata, Cephalochordata, Hemichordata, 

Echinodermata, Arthropoda, Mollusca, Platyhelminthes, Rotifera, Tunicata, 

Nematoda); to include representatives from the major diploblastic phyla 

(Cnidaria, Ctenophora, Porifera, Placozoa); and non-metazoan 

representative species (Amoebozoa, Choanoflagellatae; Filasterea). 

 

2.5.1 Verifying orthology: tree building with RAxML: ultrafiltratory 
genes and Xenoturbella single cell sequencing probe verification  

 

To assign orthology to the sequences identified from initial BLAST 

queries, maximum likelihood (ML) phylogenetic analysis was carried out 

using conserved blocks of amino acid alignments in RAxML. For species with 

an annotated sequence for the ultrafiltratory gene-of–interest on NCBI, this 

amino acid sequence was taken for inclusion in the alignment. Where no 

annotated sequence or positively-identifying reciprocal BLAST sequence 

could be identified for a species, the best-hit sequence (that is, the sequence 

with the lowest e-value) returned on NCBI was used. For the 
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Xenacoelomorpha, the longest sequence with identity verified by reciprocal 

BLAST was used for alignment. For each tree, related protein sequences 

were included in the alignment to act as out-groups (Neph1 and Nephrin: cell 

adhesion molecules; Podocin: stomatin family proteins; CD2AP: SH3 domain 

proteins; and ZO-1: tight junction proteins). Neph1 and Nephrin are both igSF 

CAM proteins, and were thus included in the same alignment. 

 

For genes identified from Xenoturbella single cell sequencing data as 

highly expressed markers of cell meta-clusters, related genes from across 

the Metazoa were used to confirm orthology prior to probe synthesis.  

 

In all instances, amino acid sequences were aligned using Mafft87. 

Protein alignments were reduced to the most informative residues by manual 

trimming: regions showing ambiguity in alignment were excluded so that only 

blocks of well aligned sequence were included for analysis. Maximum 

likelihood phylogenies were constructed using RAxML. Bootstrapping was 

conducted using the 'autoMRE' option in RAxML; the trees visualised with 

Seaview v.4 and annotated with Inkscape v0.48.1.  

 

2.6 Molecular Cloning and Sequencing 

2.6.1 Reverse transcriptase reaction 
 

Reverse transcription of RNA was carried out using reverse 

transcriptase PCR (RT-PCR), with two different kits: the GeneRacer 

Superscript III kit (Invitrogen) for S. roscoffensis cDNA synthesis, and the 

Ambion Retroscript kit (Ambion) for Xenoturbella cDNA synthesis.  

2.6.1.1 GeneRacer0SuperScript0III0(all0reagents0provided0in0the0GeneRacer0kit)0

 

First strand synthesis was carried out with the addition of the following 

reagents to 10µl S. roscoffensis total RNA (approximately equal to 1.2mg 

RNA): 
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Reagent       Volume 

Random Primers (N6) (100ng/µl)    1µl  

GeneRacer Oligo(dT) Primers (900ng/µl)  1µl  

dNTPs (equimolar solution of 10mM per dNTP)  1µl  

 

The mixture was incubated at 80°C for four minutes in a heat block, then 

placed on ice for one minute before spinning down on a bench-top centrifuge 

and standing on ice.  

 

The following components were mixed in a separate tube: 

 

Reagent      Volume 

DTT (0.1M)      1µl 

RNaseH RNase Inhibitor    1µl 

5x First Strand Buffer    4µl 

SuperScript III Reverse Transcriptase (RT) 1µl 

 

The 7µl mixture from the second tube was added directly into the 13µl 

mixture in the first tube, and pipetted gently to combine. First strand 

synthesis was carried out in a thermocycler, annealing at 25°C for five 

minutes; reverse transcribing at 50°C for one hour and inactivating at 70°C 

for 15 minutes. A further 1µl of RNase H was added to the solution, and 

incubated at 37°C for 20 minutes.  

 

The final 21µl of cDNA was stored at -20°C. 
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Ambion Retroscript Kit 
 

The Ambion Retroscript kit was used for reverse transcription of Xenoturbella 

total RNA.  

 

To two separate tubes the following components were mixed: 

 

Reagent       Volume 

Total RNA (approximately equal to 935ng RNA) 2µl 

Nuclease-free water      8µl 

Tube One: Oligo(dT) Primers    2µl 

Tube Two: Random Decamers    2µl 

 

Tubes were incubated at 80°C in a thermocycler for three minutes, removed 

to ice, briefly spun down in a bench-top centrifuge and placed back on ice. 

 

The following components were added to each tube on ice and mixed gently: 

 

Reagent        Volume 

10x RT Buffer       2µl 

dNTP mix (equimolar solution of 2.5mM per dNTP)  4µl 

RNase Inhibitor       1µl 

MMLV-Reverse Transcriptase     1µl 

 

Tubes were incubated at 42°C in a thermocycler for two hours, then heated 

to 90°C for ten minutes to inactivate the Reverse Transcriptase.  

 

cDNA was stored as separate tubes (Oligo(dT) and random primers) at -

20°C, and aliquots of each mixed in equal volumes directly prior to use. 
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2.6.2 Primer design and sequences 
 

All primer sequences were designed computationally using Primer3 

software. Primers were ordered from Eurofins MWG Operon. 

 

2.6.3 Polymerase Chain Reaction (PCR) for amplification of probe 
sequences 

 

PCR reactions were carried out using the GeneAmp PCR System 

2700 (Applied Bioscience). The majority of probe synthesis PCRs were 

carried out using RedTaq DNA Polymerase (Sigma-Aldrich). Reactions were 

carried out to a total volume of 25µl, with reagents added in the following 

volumes: 

 

Reagent        Volume 

Nuclease-free water       19.5µl 

10x RedTaq PCR Reaction Buffer    2.5µl 

dNTPs (equimolar solution of 10mM per dNTP)   0.5µl 

cDNA         0.5µl 

Forward Primer       1µl 

Reverse Primer       1µl 

RedTaq DNA Polymerase      0.5µl 

 

 General cycling protocol was set up as follows: initial denaturation at 

94°C for five minutes; cycles of 30 seconds denaturation at 94°C, annealing 

at various temperatures for 30 seconds, and elongation at 72°C. This cycle 

was repeated 40 times, before a final elongation step of seven minutes at 

72°C and a 4°C hold stage. Elongation time was approximated as one 

minute per 1000 bases to be amplified). Annealing temperature was first set 

as two degrees centigrade lower than the melting temperature (Tm), as 

recommended by the primer synthesis company (Eurofins MWG Operon). 

Where this was unsuccessful, PCRs were repeated as a 'touchdown' 
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protocol, set as 10 cycles annealing at 60°C; 10 cycles annealing at 55°C 

and 20 cycles annealing at 50°C.  

 

 If there was no successful amplification using the touchdown protocol, 

the PCR reaction was set up again using 0.5µl of the initial failed PCR as 

template in lieu of cDNA, and new, 'nested' PCR primers, designed within the 

region spanned by the initial forward and reverse primers. Nested PCRs 

were run using the touchdown protocol described above. 

 

 1µl of the PCR product was visualised on an ethidium-bromide stained 

TAE 0.8% gel. Where multiple bands were visible on the gel, 22µl of the PCR 

product was re-run on an ethidium-bromide stained TAE the band-of–interest 

was excised using a sterile blade on a UV transilluminator plate, and the 

DNA extracted using the QIAquick Gel Extraction Kit (Qiagen) with 

manufacture-recommended protocol. Where single bands of the expected 

size were visible on the gel, PCR products were purified using the QIAquick 

PCR purification kit (Qiagen). In both instances, DNA was eluted in 10µl 

nuclease free water.  

 

2.6.4 Cloning PCR Products 
 

Purified PCR products were ligated into pGEM-T Easy (Promega) 

plasmid vectors by overnight incubation at 4°C of the following mix: 

 

Reagent       Volume 

2X Rapid Ligation Buffer     2.5µl 

pGEM-T Easy Vector     0.5µl 

T4 DNA Ligase      0.5µl 

Purified PCR product     1.5µl 

 

TOP10 E. coli cells (Invitrogen) were transformed with ligated 

plasmids. The total ligated product was pipetted into a thawed vial of TOP10 

cells, mixed gently and incubated on ice for 30 minutes. Cells were heat-



 78 

shocked at 37°C in a heat block for five minutes, and placed back on ice for 

five minutes. Successful transformation was verified using blue/white 

screening on LB+ ampicillin plates and colony PCR.  

 

Colony PCR was performed by inoculating the following PCR reagents 

with a picked white colony. Between three and five distinct white colonies per 

plate were verified.  

 

 

Reagent        Volume 

Nuclease-free water       20.75µl 

10x RedTaq PCR Reaction Buffer    2.5µl 

M13 Forward        0.5µl 

M13 Reverse        0.5µl 

dNTPs (equimolar solution of 10mM per dNTP)   0.5µl 

RedTaq DNA Polymerase      0.25µl 

 

 Cycling protocol was set up as: initial denaturation for three minutes at 

94°C; 25 cycles of: 30 seconds denaturation at 94°C, annealing at 55°C for 

30 seconds, elongation at 72°C for an appropriate time (calculated as 

described previously); final elongation for seven minutes at 72°C. PCR 

products were run on an ethidium-bromide stained TAE 0.8% gel to check for 

an insertion of the correct size. Successfully transformed colonies were 

cultured overnight in 1.5ml Lysogeny Broth (LB), inoculated with ampicillin, 

by shaking at 225rpm at 37°C.  

 

Bacterial cells were pelleted by transferring the entire LB culture to a 

1.5ml Eppendorf tube and centrifuging for 30 minutes at 13,000 rpm. Plasmid 

DNA was extracted using the QIAprep spin Miniprep kit (Qiagen), following 

manufacture-recommended protocol. Verification of cloned fragments was 

carried out by Sanger sequencing of plasmid samples (Source Bioscience 

LifeSciences), using M13 forward and reverse primers.  

 

Plasmids were stored at -20°C. 
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2.6.5 DIG-labelled probe synthesis 
 

One clone with the required RNA insert was selected to make probes 

for each gene-of-interest. Prior to transcription, templates from the plasmids 

were made using PCR amplification of the target sequence with M13 forward 

and reverse primers. 50µl PCR reactions were set up, prepared as follows: 

 

Reagent       Volume 

Nuclease-free water      36µl 

10x RedTaq PCR Reaction Buffer   5µl 

Template (Miniprep)      5µl 

dNTPs (equimolar solution of 10mM per dNTP)  1µl 

M13 Forward       1µl 

M13 Reverse       1µl 

RedTaq DNA Polymerase     1µl 

 

PCR cycling was set up as: three minutes at 94°C initial denaturation; 40 

cycles of: 40 seconds denaturation at 94°C, annealing at 60°C for 40 

seconds, and 90 seconds extension at 72°C; followed by a final ten minute 

extension at 72°C. PCR products were column-purified using the QIAquick 

PCR purification kit and eluted in 50µl nuclease-free water.  

 

Orientation of fragment insertion into the vector was determined by the 

Sanger sequencing results, and the appropriate polymerase chosen (either 

SP6 RNA polymerase and 10x transcription buffer or T7 RNA polymerase 

and 10x transcription buffer, Roche) to synthesise the antisense strand. 

 

Probe synthesis was carried out by transcription of the purified template in 

the following volumes: 
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Reagent       Volume 

Purified PCR product     10µl 

Nuclease free water      3.5µl 

T7 polymerase OR SP6 polymerase   2µl 

DIG RNA labelling mix     2µl 

T7/SP6 10x transcription buffer    2µl 

RNase inhibitor      0.5µl 

 

The above mix was incubated for two hours at 37°C in a heat block. 

2µl DNase was added to the mix to degrade the DNA template, and the mix 

incubated for a further 15 minutes at 37°C. Transcription was terminated by 

heating to 70°C in a heat block for ten minutes, 

 

 To precipitate the labeled RNA probe, sodium acetate (NaOAc, 3M), 

equivalent to one-tenth of the volume of the transcription reaction (=2.2µl), 

and 100% EtOH, equivalent to 2.5x the new volume of the mix (=60.5µl), was 

added to the solution and mixed well. The mixture was incubated overnight at 

-20°C. 

 

 To wash the probe, the solution was centrifuged for at 13,000 rpm for 

half an hour at 4°C. The supernatant was tipped off, the opaque RNA pellet 

washed in 1ml of freshly made 70% EtOH, and centrifuged at 4°C for one 

minute. EtOH was tipped away, and any remaining drops of EtOH pipetted 

carefully off. The pellet was air-dried on ice for approximately five minutes 

until all residual EtOH had evaporated. The pellet was resuspended in 50µl 

nuclease-free water and quantified on a NanoDrop. 2µl of the probe was 

heated at 95°C for two minutes to denature the RNA, and run on an 

ethidium-bromide stained 1% agarose gel.  Probes were stored at -80°C.  

 

2.7 Animal embedding and sectioning (Xenoturbella and S. 

roscoffensis) 
 
 Animals were first fixed as described in 2.2. 
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 Fixed animals stored in 100% MeOH were removed from -20°C 

storage, and MeOH was exchanged with 100% EtOH over a number of quick 

washes. As much EtOH as possible was removed from the samples, and the 

animals washed into Histosol. Samples were incubated in Histosol for three 

20-minute washes at room temperature. After a total of an hour-long 

incubation in Histosol, samples were washed into a 50:50 mix of 

Histosol:paraffin wax. The mix was prepared during the previous washing 

stages and kept liquid in a hybridisation oven set at 60°C. Two 30-minute 

washes into the Histosol:wax mix were carried out at room temperature. 

Finally, samples were transferred into 100% paraffin wax at 60°C, and left 

overnight in the hybridisation oven. The following day, samples were washed 

five times in 100% wax at 60°C. Paper molds were filled with 100% wax and 

left at 60°C for half an hour, before the animals were placed into the mold. 

Molds were left to solidify at room temperature. 

  

Sectioning was carried out using a microtome, set to the desired 

section-thickness. Cut sections were 'floated' onto the surface of a 37°C 

water bath and onto the surface of clean glass slides. Slides with paraffin 

sections were placed on a warming block at 65°C for 20 minutes to allow the 

wax to melt slightly and the tissue to bond to the glass. Finished slides were 

stored at room temperature.  

 

2.8 In situ hybridisation protocols 

2.8.1 On sectioned Xenoturbella and S. roscoffensis 

2.8.1.1 Slide0preparation00

 

 All preparatory and prehybridisation stages were carried out in coplin 

jars treated with RNaseZap (Sigma Aldrich) and rinsed in DEPC-water. 

 

 Slides were dewaxed by two five-minute washes in Histoclear, 

followed by two five-minute washes in 100% EtOH and two-minute washes 

down an ethanol gradient (90%, 70% and 50% EtOH:DEPC-treated 1x PBS). 



 82 

Slides were rinsed once in DEPC-treated water, once in PBTw (0.1% Tween-

20 in 1x PBS), and once in 2x SSC, diluted from a 20x stock. 

 

2.8.1.2 Hybridisation0

 

 250µl hybe buffer with DIG-labelled RNA probe was prepared for each 

slide. For initial in situ set-up, 1µl probe was added to 249µl hybe buffer, but 

probe concentration varied in subsequent experiments following degree of 

expression. Hybe buffer containing probe was applied to each slide and 

incubated overnight under a glass coverslip in a 50% formamide/2x SSC-

humidified chamber. Initial hybridisation temperature was set as 60°C, but as 

with probe concentration, this varied in repeated experiments.  

 

2.8.1.3 Washes0

 

Washing solution composed of 50% formamide, 1x SSC and 0.1% 

Tween-20 was prepared. The solution was pre-warmed in a water bath for 30 

minutes at 42°C, followed by 15 minutes pre-warming to hybridisation 

temperature. Slides were removed from the humidified chamber using 

forceps and placed into coplin jars containing the pre-warmed washing 

solution. Coverslips were allowed to fall off by first dipping the slides briefly in 

and out of the solution. Coplin jars were left in the water bath set to 

hybridisation temperature for 30 minutes, and then washed into fresh pre-

warmed washing solution for another 30 minutes.  

 

Slides were washed three times in 1x MABT buffer (10x maleic acid 

buffer diluted 1:10 in Milli-Q H2O, with 0.1% Tween-20) for ten minutes each 

time.  
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2.8.1.4 Visualisation0of0Probe0

 

Slides were blocked for two hours at room temperature in blocking 

buffer composed of 1% Roche blocking reagent and 20% sheep serum, 

diluted in 1x MABT.  Anti-digoxigenin-AP Fab fragments (Roche) were 

diluted 1:1000 in the same blocking buffer. 130µl of the anti-DIG solution was 

applied to each slide and incubated overnight under a parafilm coverslip in a 

humidified chamber at room temperature.  

 

 The following day, slides were rinsed multiple times in 1x MABT in 

coplin jars on an orbital shaker. Wash duration progressed in length 

throughout the course of the day, starting as quick, ten-minute washes for 

the first three buffer changes and extending to hour-long by the sixth wash. 

Slides were left overnight in 1x MABT at 4°C.  

 

 After overnight incubation, slides were washed twice for ten minutes in 

NTMT. 

 

The probe was visualised using BM Purple ready-to-use AP substrate 

(Sigma-Aldrich), in the dark at room temperature. Slides were monitored for 

colour change throughout the day, and where a longer development step 

was necessary, kept in the fridge overnight at 4°C. Substrate solution was 

changed each morning to minimise background staining. Once slides had 

developed appropriately, they were washed twice in freshly made NMTM 

solution to stop the colour reaction, and twice in 1x PBS. If no further 

procedures were required, slides were coverslipped with fluoromount, 

containing DAPI and imaged. Where subsequent immunostaining was to be 

carried out, slides were stored in the dark at 4°C in 1x PBS.  
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2.8.2 S. roscoffensis whole-mount PBS-based protocol 

2.8.2.1 Animal0preparation0

 

Fixed animals were removed from storage at -20°C and transferred into 

1.5ml Eppendorf tubes. Approximately 20 adults or 50 juveniles were used 

each time and all washes were carried out with 1ml volumes for five minutes 

unless otherwise specified. Animals were rehydrated through ten-minute 

washes on a bench-top Sunflower mini-shaker down a methanol gradient: 

once in 60% MeOH:40% 1x PBS with 0.1% Tween-20 detergent (PTw); once 

in 30% MeOH:70% PTw; and four washes in PTw. Animals were digested for 

15 minutes in Proteinase K (0.01mg/ml), diluted in PTw; juveniles were 

digested in for eight minutes and adults for 15 minutes. No shaker was used 

during digestion. To stop digestion, 1ml of 2x glycine (2mg/ml) was added to 

the tube, followed by two further washes in 1x glycine. Animals were washed 

once in 1% triethanolamine in PTw, followed by two further 1% 

triethanolamine washes: the first with 3µl acetic anhydride per 1ml wash; and 

the second with 6µl acetic anhydride per 1ml wash. The triethanolamine and 

acetic anhydride acetylation step was included to reduce non-specific 

background staining during the development stage. Finally, animals were 

washed twice in PTw and re-fixed in 3.7% formaldehyde in PTw for one hour 

at room temperature, before being washed five times in PTw. During the 

fourth wash, samples were heated to 80°C for ten minutes to destroy 

endogenous alkaline phosphatases, which could interfere with probe 

visualisation later on. 

2.8.2.2 PreShybridisation0

 

Prior to use, hybe buffer was removed from -20°C storage, thawed to 

room temperature, and agitated gently to remove any precipitate. As much 

PTw as possible was removed from the animals, and 500µl hybe buffer 

added to the tube. Samples were incubated on a shaker for ten minutes at 

room temperature. This was replaced by 500µl of fresh hybe buffer, and 



 85 

animals were incubated in a hybridisation oven at hybridisation temperature 

(variable) overnight.  

2.8.2.3 Hybridisation0

 
 Probes were diluted in hybe buffer to a total of 500µl. The 

concentration of probes varied: initial in situ hybridisations were carried out 

with a probe dilution equivalent to 1ng/µl, which was varied in subsequent 

protocols according to experimental results. Probes were linearised by 

heating to 80°C for ten minutes. As much hybe buffer as possible was 

removed from the animals, and the denatured probe added whilst still warm 

after heating to 80°C. Samples were incubated in a hybridisation oven at 

hybridisation temperature (variable), over a varying time period (ranging from 

overnight to seven days).  

 

2.8.2.4 Washes0

 
 After an appropriate hybridisation period, the probe was removed and 

two hybe buffer washes carried out at hybridisation temperature: the first for 

ten minutes and the second for 40 minutes. 30 minute washes at increasing 

concentrations of 2x SSC in hybe buffer (75% HB:25% SSC; 50% HB:50% 

SSC; 25% HB: 75% SSC), followed by 3x 20 minute washes in 0.2% SSC 

were all carried out at hybridisation temperature. Ten minute washes from 

0.05x SSC into PTw (75% SSC/25% PTw; 50% SSC/50% PTw; 25% SSC/ 

75% PTw; 100% PTw) were carried out at RT.  

 

2.8.2.5 Visualisation0of0Probe00

 
Following 5x PTw washes, samples were blocked in 1% blocking 

buffer (Boehringer-Mannheim), diluted in maleic acid buffer for one hour at 

room temperature.  
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The DIG-labelled probe was detected with an alkaline-phosphatase 

conjugated anti-DIG antibody. Samples were incubated with anti-digoxigenin-

AP Fab fragments, diluted in blocking buffer to 1:5000, overnight at 4°C. 

Following overnight incubation, animals were washed 5x 15 minutes at room 

temperature in 0.2% Triton-X diluted in 1x PBS; 5x 30 minutes at room 

temperature in PTw, 3x 10 minutes in fresh alkaline phosphatase (AP) buffer 

(without MgCL2); and 2x ten minutes in AP buffer with the addition of MgCL2. 

AP buffer was prepared immediately prior to use. 

 

 The probe was visualised with 1% 4-nitroblue-tetrazolium chloride/5-

bromo-4-chloro-3-indolyly-phosphate (NBT/BCIP) (Roche), diluted in AP 

buffer to various different concentrations (1µl/ml to 8µl/ml). The colour 

reaction was carried out at room temperature in the dark, with specimens 

moved to 4°C overnight if multiple days staining was required. Specimens 

were monitored for colour change and stopped once a signal was evident – 

ranging in time from a few hours to three days. AP substrate solution was 

changed daily to reduce background staining. To stop colour development, 

specimens were washed twice in AP buffer (without MgCl2), followed by five 

quick washes in PTw. Samples were mounted on microscope slides in 70% 

glycerol. 

 

2.8.3 S. roscoffensis whole-mount MABT-based protocol 

2.8.3.1 Animal0preparation0

 
 Animals were removed from -20°C and rehydrated by ten minute 

washes down a methanol gradient of 70%, 50% and 30% MeOH:DEPC-H2O 

in 1.5ml Eppendorf tubes. Animals were washed three times for 15 minutes 

in maleic acid buffer containing Tween-20 (MABT), prepared as 50ml as 

follows: 

 

Animals were pre-hybridised in 500µl fresh hybridisation buffer for one 

hour at hybridisation temperature (set between 50°C and 60°C). 
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2.8.3.2 Hybridisation0

 
 Probes were prepared in fresh hybridisation buffer, diluted to an 

appropriate concentration (between 0.05ng/µl and 1ng/µl) in a final volume of 

500µl.  The solution containing the probe was heated to 90°C for 10 minutes; 

placed on ice for 10 minutes; and heated to 50°C for 10 minutes before being 

added to the animal sample in Eppendorf tubes. Probes were hybridised at 

hybridisation temperature for between two days and one week.  

 

2.8.3.3 Washes0

 

 Fresh hybridisation buffer was prepared as above and heated to 

hybridisation temperature. The probe was removed from the samples, and 

the animals washed into fresh hybridisation buffer for one hour at 

hybridisation temperature. Animals were washed twice in MABT buffer, once 

at hybridisation temperature and once at room temperature; three times in 

0.1X MABT buffer; and once in 1x MABT buffer.  

2.8.3.4 Visualisation0of0Probe0

 
 Following MABT washes, animals were blocked in 500µl 10% goat 

serum, diluted in MABT, for one hour at room temperature. As described in 

2.8.2, the DIG-labelled probe was detected with an alkaline-phosphatase 

conjugated anti-DIG antibody. Samples were incubated with anti-digoxigenin-

AP Fab fragments, diluted in 10% goat serum to 1:1000, overnight at 4°C. 

After overnight incubation, animals were washed five times in MABT buffer at 

room temperature.  

 

Animals were washed twice in AP buffer, and the probe visualised 

using the same method as described in the whole-mount PBS protocol. The 

colour reaction was stopped by washing once in MABT buffer containing 

0.05M EDTA, followed by three washes in MABT buffer. Samples were 

mounted in 70% glycerol.  
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2.9 Immunohistochemistry (IHC) protocols 

2.9.1 Custom polyclonal antibody synthesis 
 

Custom polyclonal antibodies were raised by GenScript, using their 

Rabbit Polyexpress Premium Protocol for Neph1 and Podocin, and their 

Mouse PolyTD Polyclonal Antibody Service for Nephrin. Partial fragments of 

the inferred amino acid sequence for each gene were used as recombinant 

protein antigens for antibody production. These corresponded to residues 61-

400 of the deduced translation of the SrNephrin gene; 25-320 of SrNeph1; 

and 58-288 of SrPodocin-like. Using the GenScript BacPower protocol, the 

recombinant protein sequences were cloned into an expression vector, 

transformed into plasmids, and purified. Resulting protein fragments were 

injected into the appropriate host animal for use as antibody production. 

Following immunization and test bleeds, the final antiserum was pooled and 

purified for use in IHC.   

2.9.2 IHC on sectioned Xenoturbella and S. roscoffensis 

 

2.9.2.1 Slide0preparation0

 
 Slides were washed twice for five minutes in Histoclear; twice for five 

minutes in 100% EtOH; and then down an ethanol rehydration gradient, for 

two minutes each time (90%, 70% and 50% EtOH diluted in 1x PBS). Slides 

were rinsed twice in Milli-Q H2O. At this stage, slides that had previously 

been used for in situ hybridisation and stored in 1x PBS were included in the 

protocol.  

 

2.9.2.2 Primary0antibody0incubation0

 

 Slides were washed once for two minutes in 1x PBS with 0.1% 

Tween-20 detergent (Sigma-Aldrich) (PTw); twice for ten minutes in 1x PBS 
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with 0.1% Triton-X (Sigma-Aldrich) (PBT); and blocked in 10% sheep serum 

diluted in PBT for 30 minutes at room temperature.  

 

 Primary antibodies were prepared in the blocking solution at the 

appropriate dilution. The primary antibody working concentration was 

determined empirically. Commercial anti-Neph1(Kirrel) (Atlas Antibodies, 

HPA030458) , anti-Podocin(NPHS2) (Atlas Antibodies, HPA049486) and 

anti-Nephrin(NPHS1) (Novus Biologicals, AF4269) were diluted at 1:50 and 

1:100; custom polyclonal antibodies* for anti-SrNeph1, anti-SrNephrin and 

anti-SrPodocin-like were diluted at 1:100. 130µl of the diluted antibody was 

applied to each slide and incubated overnight under a parafilm coverslip in a 

humidified chamber at 4°C. 

 

*for custom antibody preparation see 2.9.1. 

 

2.9.2.3 Secondary0antibody0incubation0

 
 The following day, slides were washed three times in PBT at room 

temperature. Fluorescent-conjugated secondary antibodies against the 

appropriate host species of the primary were diluted 1:1000 in blocking 

solution. For slides incubated with commercial and S. roscoffensis custom 

anti-Neph1 and anti-Podocin primary antibodies, goat anti-rabbit Alexa 568 

(Invitrogen) was used. For commercial anti-Nephrin, goat anti-sheep Alexa 

568 (Invitrogen) was used, and for S. roscoffensis custom anti-Nephrin, goat 

anti-mouse Alexa 568 (Invitrogen) was used. Animals were incubated with 

the secondary antibody overnight at 4°C. 130µl of the diluted secondary 

antibody was applied to the slide and incubated overnight under a parafilm 

coverslip in a humidified chamber, in the dark, at 4°C.  
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2.9.2.4 Washing0and0mounting0

 

 Following overnight incubation, slides were washed several times in 

PBT, once into 1x PBS, and mounted under glass coverslips using 

fluoromount (Sigma-Aldrich). 
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2.9.3 Single IHC protocol on whole-mount S. roscoffensis 
 

2.9.3.1 Choice0of0buffer0

 
PBT buffer (1x PBS solution with an appropriate concentration of 

Triton X-100) was used as a permeabilisation agent in immunohistochemistry 

experiments. For adult specimens, 5% PBT was used, with a higher 

concentration of Triton X-100 necessary for permeabilising the membrane of 

the epidermal cells in fixed adults. A lower concentration of 0.5% Triton X-

100 was used for juvenile immunohistochemistry experiments. 

 

2.9.3.2 Animal0preparation0

 

Fixed animals were removed from storage and rehydrated from 

methanol as described in 2.8.2, with the appropriate concentration of PBT 

used instead of PTw. Following rehydration, animals were washed five times 

in PBT, and then blocked for two hours in 10% goat serum, diluted in PBT.   

0

2.9.3.3 Primary0antibody0dilution0and0incubation0

 
Primary antibody solutions were prepared in the same 10% goat 

serum blocking solution at the dilutions described in 2.9. As much blocking 

solution as possible was removed from the animals, and the animals 

incubated overnight with the diluted antibody at 4°C. The following day, 

animals were washed up to eight times in PBT: the first four washes every 15 

minutes, and all subsequent washes every hour. 

 

2.9.3.4 Secondary0antibody0dilution0and0incubation0

 

 All following steps were carried out in the dark to prevent 

photobleaching of the secondary antibody fluorophore. The appropriate 
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secondary antibody for the host species of the primary antibody was diluted 

in 10% goat serum. For animals incubated with commercial and S. 

roscoffensis custom anti-Neph1 and anti-Podocin primary antibodies, goat 

anti-rabbit Alexa 568 was applied in a 1:1000 dilution. For commercial anti-

Nephrin, goat anti-sheep Alexa 568 was used, and for S. roscoffensis custom 

anti-Nephrin, goat anti-mouse Alexa 568 was used, both diluted at a 

concentration of 1:1000. Animals were incubated with the secondary 

antibody overnight at 4°C.  

 

Negative controls were performed by omitting the primary or the 

secondary antibody, or in the case of the S. roscoffensis custom polyclonal 

antibodies, by incubating with the host pre-immune serum in place of the 

primary antibody. Autofluoresence of endosymbionts in adult S. roscoffensis 

was found to be strongest in the green 488 wavelength, and so for all single 

antibody staining protocols, secondary antibodies conjugated to an Alexa 

Fluor 568 dye were used, to try and avoid as much autofluorescent signal as 

possible. For all pre-immune serum experiments, no signal was present.  

 

2.9.3.5 DAPI0counterstaining0and0mounting0

 

 Following overnight incubation, animals were washed directly into 

DAPI solution, diluted in PBT to an equivalent concentration of 300nM from a 

5mg/ml stock solution. Animals were washed 10 times in PBT and mounted 

in 70% glycerol.  

 

2.9.4 Double IHC protocol on whole-mount S. roscoffensis 

 

2.9.4.1 Animal0preparation0and0first0primary0antibody0incubation0

 
Animals were rehydrated from MeOH, washed, blocked and incubated 

with the primary antibody overnight as described in 2.9.3.  
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2.9.4.2 First0secondary0antibody0incubation0

 
After overnight incubation at 4°C, animals were washed five times in 

PBT and incubated with the appropriate fluorophore-conjugated secondary 

antibody, diluted in 10% goat serum in PBT (as described in 2.9.3). 

Specimens were incubated with the secondary antibody overnight at 4°C.  

 

2.9.4.3 Second0primary0antibody0incubation0

 
 Samples were washed five times in PBT and blocked for two hours in 

10% goat serum, diluted in PBT. The second primary antibody was diluted to 

an appropriate concentration as described in 2.9.3. Experiments were 

designed so that the host animal for the second primary antibody was 

different from the host of the first primary, so as to prevent conjugation of 

both fluorescently labelled secondary antibodies to the same primary 

antibody to give a misinformative overlapping signal. Animals were incubated 

with the second primary antibody overnight at 4°C.  

 

2.9.4.4 Second0secondary0antibody0incubation0

 
 Animals were washed five times in PBT and incubated with the 

appropriate fluorophore-conjugated secondary antibody, diluted in 10% goat 

serum in PBT (as described in 2.9.3). Secondary antibodies conjugated to a 

different fluorophore to those used for the first secondary antibody incubation 

were used: either Alexa 568 (first secondary) followed by Alexa 488 (second 

secondary) or Alexa 568 (first secondary) followed by Alexa 488 (second 

secondary), depending on the experiment. Control experiments were carried 

out by omitting the first primary or the second primary antibody. Both 

versions of these experiments failed to yield signal in the channel for which 

the primary was omitted.  
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2.9.4.5 DAPI0counterstaining0and0mounting0

 

 Animals were washed, counterstained with DAPI and mounted as 

described in 2.9.3. 

 

2.10  Single Cell Sequencing Protocol 
 

Xenoturbella cell sorting was carried out in conjunction with Sandrine 

Schmutz and Sophie Nouvalt of the Pasteur Flow Cytometry Platform. Single 

cell libraries were prepared in collaboration with Baptiste Saudemont and 

single cell library clustering was carried out in collaboration with Yann Loe 

Mie, both at the Pasteur Institute.  

2.10.1 Dissociation and cell sorting 
 

Xenoturbella adults were collected as described in 2.1.2. Two animals 

were processed separately to generate 8x 384 well plates for each animal. 

Dissociation and sorting were done in a single experiment with the same 

reagents and capture plates from the same batch. 

 

Animals were dissociated by placing them in full strength 

calcium/magnesium-free and EDTA-free artificial seawater, then transferring 

them to the same solution with the addition of 0.5ug/ml LiberaseTM (Sigma 

Aldrich) in one well of a 48-well plate. Dissociation was carried out at room 

temperature using gelatine-coated pipette tips of decreasing diameter to 

disrupt the cell suspension over a period of 15 minutes. Dissociation was 

stopped by the addition of one-tenth volume of 500mM EDTA. The entire 

volume of dissociated cells was transferred to a 1.5ml Lo-Bind Eppendorf 

tube and sufficient calcium/magnesium free seawater added to make a total 

volume of 1.5ml. 3µl of calcein AM from a freshly made 1 µg/µl calcein AM 

solution was added to the tube to stain the live cells; 2.25µl of propidium 

iodide at 1µg/µl was added to stain the dead cells. The entire volume was 

gently pipetted up and down with gelatin-coated tips to ensure 
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homogenisation of the sample with the calcein and propidium iodide. Cells 

were placed on ice before sorting.    
 
Cells were sorted into 384-well capture plates containing 2µl of cell lysis 

solution using a BD FACSAria III fluorescently-activated cell sorting machine. 

Lysis solution contained 0.2% Triton X-100, RNase inhibitor and barcoded 

primers. Non-cellular particles were excluded from sorting based on 

threshold size. Live cells were selected as determined by Calcein positive/PI 

negative fluorescence, and doublet or multiplets excluded based on FSC-W 

vs. FSC-H. Immediately after sorting, plates were briefly spun down to 

ensure complete immersion of cells in the lysis solution, and stored at -80°C. 

Four empty wells were left in each plate as a control.  

 

2.10.2 Massively Parallel Single-Cell RNA-seq (MARS-seq) 
 

 Single cell libraries were prepared as outlined in Jaitin et al. (2014)88. 

All 16 384-well plates (a total of 6080 single cell libraries) were prepared in 

parallel, using the same conditions and reagents. Using a Bravo automated 

liquid handling platform (Agilent), mRNA was reverse transcribed into cDNA 

with an oligo containing unique molecular identifiers and cell barcodes. 

Uniquely barcoded cDNAs were pooled (each pool representing half of the 

original 16x 384-well plates, giving a total of 32 pooled batches in total) and 

linearly amplified using T7 in vitro transcription. Resulting RNA was 

fragmented and ligated to a second oligo containing a barcode specific to 

that pool and the Illumina sequences, using T4 RNA Ligase I. Finally, RNA 

was reverse transcribed back into DNA and PCR amplified with 17x cycles. 

For primer sequences see Jaitin et al. (2014)88. 

 

2.10.3 Sequencing 
 

 cDNA libraries were tested for efficient amplification, and fragment 

size distribution and concentration calculated using Qubit and Tapestation. 

Single cell RNA-seq libraries were pooled at equimolar concentration and 
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sequenced as a paired end run on an Illumina NextSeq 500 with a 75 cycle 

v2 kit. Read one was 59bp (covering the pool-specific barcode and cDNA), 

and read two 17bp (covering the well-specific barcode and UMI). 

 

2.10.4 Pre-processing and filtering of MARS-seq reads 
 
 Reads were mapped against the Xenoturbella bocki genome using 

bowtie2 with default parameters and genes annotated based on Trinity 

assembly (Yann Loe Mie, unpublished data). After annotation, gene intervals 

were extended up to 4kb downstream or until the next in-frame gene was 

found.  This was owing to poor 3' annotation of the Xenoturbella genes, 

which caused many of the MARS-Seq reads (which is a 3' biased method of 

RNA-Seq) to map outside of the annotated genes. Mapped reads were 

subsequently processed and filtered as is described in the MARS-Seq 

protocol. 

 

Reads were deduplicated based on a unique molecular identifier 

(UMI) sequence to account for duplicates that might arise as a result of 

synthesis or sequencing errors. Only reads associated with a unique UMI tag 

were assigned a read count for a particular gene. Outlier cells were removed 

from downstream analysis based on the log UMI counts per cell vs. cell size. 

This eliminated low quality cells, which had UMI counts that did not correlate 

with the cell size.  

 

2.10.5 Clustering single cell libraries with Seurat 
 

Unsupervised clustering of the single cell libraries was carried out 

using Seurat89, with the inclusion of cells that had a total UMI count of 100 or 

above. This retained 5006 cells for analysis in the clustering pipeline. Genes 

were only included for further analysis if they were identified in at least three 

of the retained cells. The Seurat package was run using recommended 

parameters to identify highly variable genes across the single cell libraries, 

based on 15 dimensions of variance in the data. tSNE non-linear dimensional 
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reduction of variance across the data set was carried out to represent this 

variance as a tSNE scatter plot of the single cell libraries.  

 

2.11 Tomoseq Protocol 

2.11.1 Cryosectioning of Xenoturbella 

 
 Animals were placed into RNALater as described in 2.2.2.  

 

 Prior to sectioning, all necessary equipment (molds, tools, cryostat 

components) was cleaned thoroughly with 100% EtOH. In addition, bench 

surfaces, molds, tweezers and a clean microscope slide were sprayed with 

RNaseZAP and rinsed with deionised water.  

 

 A small rectangular mold was filled halfway with OCT mounting 

medium, with care taken to remove any air bubbles, and placed at -20°C for 

ten minutes to solidify. The animals required for TomoSeq was removed from 

RNALater solution and placed on the clean microscope slide. The anterior 

and posterior ends of the animal were identified based on photographs and a 

description made before it was anaethetised. Using clean tweezers, the 

animal was very briefly dipped into OCT medium and then placed onto the 

frozen OCT block, on ice. The location and orientation of the animal was 

noted on the mold, and the entire animal covered in OCT, so that it was 

completely embedded in the mounting medium. The mold was placed at -

20°C for half an hour to ensure it was completely frozen.  

 

 Once frozen, the OCT block was removed from the mold, and excess 

mounting medium cut away using a clean, sterile blade. The OCT block was 

then mounted on the cryostat with the anterior end closest to the blade. 

Cryostat sectioning was carried out at -18°C, cutting at sections of 15µM. 

Groups of an appropriate number of sections (see 2.11.2) were together 

placed directly into 1ml Trizol solution in Eppendorf LoBind tubes at RT using 

clean, autoclaved toothpicks, until the whole animal was sectioned along the 
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antero-posterior axis. Trizol tubes were stored at 4°C for one hour and 

vortexed briefly to ensure total dissolution of tissue sections before being 

stored at -80°C until required for RNA extraction.  

 

2.11.2 RNA extraction 
 

Working in batches of ten, tubes were removed from -80°C storage 

and allowed to reach room temperature over a period of approximately 1 

hour. To each tube, 200µl of chloroform was added and the solution vortexed 

for ~20 secs until a homogenous opaque pink colour, then left standing at 

room temperature for three minutes. Tubes were centrifuged at 13,000 rpm 

at room temperature for ten minutes. RNA contained in the uppermost 

aqueous layer was removed into 1.5ml LoBind tubes (approximately 500µl), 

and an equal volume of freshly made 80% EtOH (diluted in nuclease-free 

water), added and gently mixed into the aqueous layer until no immiscible 

separation was visible.  

 

Depending on the total number of sections transferred into Trizol, 

either the Qiagen RNeasy Mini kit (180µM total tissue) or Qiagen RNeasy 

Micro kit (60µM total tissue) was used for RNA extraction. The same protocol 

was followed for both kits, following manufacturer-recommended guidelines. 

Having troubleshooted the RNA-extraction protocol, the only protocol 

amendment was to place columns in clean collection tubes following 

centrifuge steps, instead of discarding the flow-through.  

 

An appropriate volume of RNase Inhibitor (calculated as 2U/µl RNA) 

was added directly into the LoBind tube into which RNA was to be eluted. 

After the wash steps, columns were placed into the LoBind tube containing 

RNAse inhibitor, and nuclease-free water pipetted directly onto the 

membrane of the column (10µl for the Micro kit, and 30µl for the Mini kit). 

Columns were left to stand for one minute, and then centrifuged at room 

temperature at 13,000 rpm for one minute. Samples were quantified on a 

NanoDrop or a Qubit and stored at -80°C until required. 
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2.11.3 CelSeq2: linear amplification of RNA  
 

2.11.3.1 Protocol0establishment0

 

Linear amplification of Xenoturbella RNA was implemented using the 

CelSeq2 protocol, with some modifications necessary for a larger starting 

input of RNA. To establish the protocol, an initial trial experiment of RNA 
extracted from 20 tissue sections of ~192µM (12x 16µM) was carried out. A 
series of practice CelSeq2 protocols were run using various parameters, 
including: different starting quantities of RNA; pooling different numbers of 
barcoded sections prior to IVT; and running various numbers of cDNA library 
preparation PCR cycles. These initial experiments showed that the protocol 
was best suited for initial RNA input of low concentrations: higher 
concentrations of starting RNA resulted in cDNA libraries that were broad 
and flat on the Bioanalyzer with no clear peaks (see Appendix 6). 
Consequently, all RNA samples were quantified using Qubit, and a final 
concentration of 0.4ng RNA per section used for subsequent amplification. 
Following mRNA amplification and cleanup, all 20 sections were pooled 
prior to IVT.  
  
 

In order to choose the optimal number of PCR library preparation 
steps, I ran the pooled cDNA library preparation as test PCRs with 
amplification cycles increasing from x9 to x17 (see Appendix 6). Optimal 
library PCR amplification was determined based on selecting the PCR cycle 
number in the middle of the exponential amplification stage: too few cycles 
would result in under-amplification of the library; too many cycles would 
cause a loss of library complexity, and a large trailing peak on the 
Bioanalyzer cDNA library data curve (see Appendix 6). 11 and 13 cycles 
were chosen as subsequent practice runs for the final 20-section cDNA 
library. As a modification to the original CelSeq2 protocol, I used bead 
cleanup of the resulting libraries with a more stringent size-selection bead 
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ratio, so as to select for fragments of greater than 200 base pairs, and avoid 
noise in the library caused by primer dimers. Based on these practice 
parameters, the optimal library (13x PCR cycle amplification, stringent size-
selection bead clean up) was sequenced at low coverage to verify 
successful library preparation and the presence of Xenoturbella transcripts 
 

2.11.3.2 RNA0preparation0and0amplification0

 
Initial primer mixes or 6ul were prepared for each RNA sample, with 

starting RNA input scaled to be approximately equal to 2ng for each section: 

 

Component      Volume 

Primer (25ng/µl)*     1µl 

ERCC Spike-in  (Ambion)**   1µl 

dNTPs (10mM)     0.5µl 

Nuclease-free water     2.5µl 

Clean RNA (~2ng)     1µl 

 

*For primer sequences see supplementary information 

**ERCC Spike-in was added at a dilution of 1:10,000 

 

1.2µl of the above primer mix was taken for each section and incubated at 

65°C for five minutes in a thermal cycler with the heated lid set to 65°C. 

Samples were spun down briefly and placed on ice, and 0.8µl of the following 

mix added to each reaction: 
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Component     Volume 

First strand buffer (Invitrogen)  0.4µl 

DTT 0.1M (Invitrogen)   0.2µl 

RNaseOUT (Invitrogen)   0.1µl 

Superscript II  (Invitrogen)   0.1µl 

 

Samples were incubated at 42°C for one hour in a thermal cycler with the lid 

set to 50°C. The enzyme was then heat inactivated by heating to 70°C for 10 

minutes.  

 

2.11.3.3 Second0strand0reaction0

 

 Tubes were removed from 70°C incubation and placed on ice. 10µl of 

the following mix was added to each reaction: 

 

Component      Volume 

DDW       7µl 

Second strand buffer  (Invitrogen)  2.31µl 

dNTP (10mM)     0.23µl 

E. coli DNA ligase (Invitrogen)   0.08µl 

E. coli DNA polymerase (Invitrogen)  0.2µl 

RNaseH (Invitrogen)    0.08µl 

 

Tubes were spun down briefly and incubated at 16°C for two hours in a 

thermal cycler with an unheated lid.  

 

2.11.3.4 Pooling0and0cDNA0Cleanup0

 
Samples to go to the same IVT were pooled together. 20 differently 

barcoded primer sequences were used (see Appendix 7). Samples were 

pooled in batches of 4x 20 and 1x 10 sections (see Figure 8.4) along the 

antero-posterior axis.  
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AMPure XP beads (Beckman Coulter) were warmed to room 

temperature and vortexed thoroughly to ensure dispersal of the beads. To 

each pooled sample of 20 sections, 1.2x volume of beads were added and 

pipetted gently to mix well. Samples were incubated at room temperature for 

ten minutes and then placed on a magnet for five minutes, until the liquid was 

clear and all of the beads were bound to the wall of the tube.  The 

supernatant was removed without disturbing the beads, and the beads 

washed twice in 200µl of freshly prepared 80% EtOH. All of the final EtOH 

wash was removed from the beads and they were left to air dry for five 

minutes, until no liquid drops were visible in the tube. Beads were 

resuspended in 6.4µl nuclease free water, pipetted up and down to mix 

thoroughly, and incubated at room temperature for five minutes. The tubes 

were placed back on the magnetic stand until the liquid became clear, and 

the supernatant transferred to a clean tube. 

2.11.3.5 IVT0

 

 9.6µl of the following mix was added to each tube (all reagents from 

the Ambion T7 transcription kit): 

 

Component   Volume 

ATP    1.6µl 

GTP    1.6µl 

CTP    1.6µl 

UTP    1.6µl 

10x T7 buffer   1.6µl 

T7 enzyme   1.6µl 

 

Samples were incubated for 13 hours at 37°C in a thermal cycler with the lid 

set to 70°C.  
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2.11.3.6 EXOSSAP0treatment0

 
6µl of EXO-SAP enzyme (Affymetrix) was added to each tube, and 

incubated at 37°C for 15 minutes to remove excess primers from the sample. 

 

2.11.3.7 RNA0Fragmentation0

 

 5.5µl of fragmentation buffer was added to each sample. Tubes were 

incubated at 94°C for three minutes and then placed immediately on ice. 

2.75µl 0.5M EDTA pH8 was added to each sample to stop the fragmentation. 
 

2.11.3.8 aRNA0Cleanup0

 

 RNAClean XP beads (Beckman Coulter) were brought to room 

temperature and vortexed thoroughly. 1.8x volume beads were added to 

each aRNA sample and the samples incubated at room temperature for 10 

minutes. Bead cleanup was carried out as described for cDNA, but with three 

repeats of a 70% EtOH wash. Beads were resuspended in 7µl nuclease free 

water and the final supernatant transferred to a new tube for library 

preparation.  

 

2.11.4 Library preparation 
 

2.11.4.1 RT0Reaction0

 

5µl of clean aRNA was transferred to a new tube. 1µl randomhexRT 

primer and 0.5µl dNTPs (10mM) were added to each sample. Tubes were 

incubated for five minutes at 65°C in a thermal cycler with the heated lid set 

to 65°C. Samples were immediately placed on ice, and 4µl of the following 

mixture added to each tube: 
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Component   Volume 

First strand buffer  2µl 

DTT 0.1M   1µl 

RNaseOUT   0.5µl 

Superscript II   0.5µl 

 

Samples were incubated for ten minutes in a thermal cycler at 25°C with the 

heated lid turned off, followed by one hour incubation at 42°C in a thermal 

cycler with the heated lid set to 50°C.  

 

2.11.4.2 PCR0amplification0

 

 For each sample, half of the RT reaction was used for PCR 

amplification. Pooled barcoded samples were amplified using Illumina primer 

RP1, and separate Illumina RPIX primer sequences for each of the five 

libraries chosen as directed in the Illumina pooling guide (see Appendix 7). 

PCR reagents (Phusion High Fidelity PCR Kit, New England Biolabs) were 

prepared as follows: 

 

Component   Volume 

Polymerase   0.25µl 

HF Buffer   5µl 

dNTPs   0.5µl 

RT Template   5µl 

RP1     1µl 

RPIX    1µl 

N-free H2O   12.25µl 

 

Samples were amplified in a thermal cycler using the following PCR cycling 

protocol: 30 seconds at 98°C; X number* of cycles of 10 seconds at 98°C, 30 

seconds at 60°C and 30 seconds at 72°C; 10 minutes at 72°C; and a final 

hold stage at 4°C. 
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* The number of PCR cycles for each library was determined as outlined in 

section 2.11.3.1. 

 

2.11.4.3 Library0Cleanup0

 
 AMPure XP beads were brought to room temperature and vortexed 

thoroughly. 0.9x volume of beads was added to the PCR product and 

incubated at room temperature for 15 minutes. Bead cleanup was carried out 

as described for cDNA. Beads were eluted in 25µl nuclease free water, and 

the supernatant transferred to a new tube. Bead cleanup was repeated with 

0.9x volume beads, resuspending in 10µl nuclease free water. The final 10µl 

library was transferred to a new tube and tested for efficient amplification, 

fragment size distribution and concentration using Qubit and Bioanalyzer. All 

five libraries, identifiable by different RPIX primers, were pooled at equimolar 

concentration for sequencing.  

 

2.11.5 Sequencing and mapping 
 

Computational analysis of data from both rounds of Tomoseq was 

carried out in conjunction with Philipp Schiffer (Telford lab). 

 

Initial RNA samples which I did not linearly amplified using the CelSeq2 

protocol were prepared for sequencing remotely using the SmartSeq290 

protocol.  For all cDNA library sequencing, 100bp paired-end sequencing 

was carried out on an Illumina HiSeq machine.  

 

2.11.5.1 Mapping0and0analysis0of0SmartSeq20reads0

 

Paired end reads were assembled using CLC Assembly Cell  

(http://www.clcbio.com/products/clc-assembly-cell/) to create a reference 

transcriptome. Read counts were normalised to transcripts-per-million (tpm) 
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using kallisto91 and differential expression analysis for the genes-of-interest 

implemented using sleuth92.  

 

2.11.5.2 Computational0analysis0of0CelSeq20Tomoseq0data00

 

Forward reads from all five libraries were sorted by their 6bp barcode 

sequence using a custom Julia script (written by Philipp Schiffer, Telford lab) 

and the corresponding reverse reads extracted using pullseq 

(https://github.com/bcthomas/pullseq). Reads were normalised and mapped 

to the genome using kallisto, as in the initial analysis, and mapped reads 

deduplicated based on their UMI sequence using UMI_TOOLS 

(https://github.com/CGATOxford/UMI-tools). Normalisation and expression 

pattern analyses were conducted using StringTie 

(https://ccb.jhu.edu/software/stringtie/) and Ballgown 

(https://github.com/alyssafrazee/ballgown).  
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3 Acoelomorpha mitochondrial 
genomes  

 

The results of this chapter are published as: Robertson et al. The 

mitochondrial genomes of the acoelomorph worms Paratomella rubra, 

Isodiametra pulchra and Archaphanostoma ylvae. Scientific Reports 

(2017)93. (Appendix 9). Permission to reproduce this has been granted by 

Scientific Reports. 

 

In addition, as a separate project I sequenced the mitochondrial genome 

of the geophilomorph centipede Strigamia maritima: Robertson et al. The 

complete mitochondrial genome of the geophilomorph centipede Strigamia 

maritima. PLOS ONE, 10 (2015)94. (Appendix 9). Permission to reproduce 

this has been granted by PLOS ONE. This work also contributed to the 

Strigamia maritima nuclear genome paper95. 

 

3.1 Introduction 

3.1.1 Molecular data in the phylogenetic inference of the 
Xenacoelomorpha  

 

As described in 1.2.3, two hypotheses prevail regarding placement of 

the Xenacoelomorpha in the Bilateria. A number of different lines of 

molecular data have been used to infer their phylogenetic position, including 

microRNAs, transcriptomic data, ESTs, and mitochondrial genes21,28,30,96. 

Data from the Xenacoelomorpha are prone to systematic and stochastic error 

in phylogenetic reconstruction3,28. Of all sources of systematic error, long 

branch attraction (LBA) is the most well known and also the most 

pervasive28. Long branch attraction occurs when one lineage has a much 

faster rate of sequence evolution than the others. This results in a greater 

number of character changes, and causes the 'branch' of that lineage to 
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appear longer. The 'long branch' taxa may therefore group with a second 

'long branch' fast-evolving lineage, or to a long-branched, but not necessarily 

fast-evolving, distant outgroup. It is well known that the Acoelomorpha are a 

rapidly evolving taxon28. Consequently, the basal position that is sometimes 

resolved for Xenacoelomorpha could be an artefact resulting from the 

attraction between this long-branched lineage and a long-branched outgroup, 

causing them to be dragged down to the base of the tree (Figure 1.6). Whilst 

systematic error is largely caused by a failure of the phylogenetic model to 

properly account for the characteristics of the data, one way to reduce 

stochastic error is to increase the size of the data set.  

 

Mitochondrial DNA has a number of features that make it a valuable 

tool for phylogenetic inference. Its small size and consistent gene 

complement make it relatively affordable and quick to sequence and 

annotate in comparison to nuclear genomes, and this is a particular 

advantage for phyla that lack a wealth of comprehensive nuclear genomic 

data – including the Xenacoelomorpha. The recent discovery of four new 

Xenoturbella species has contributed four further complete mitochondrial 

genomes23, but available mitochondrial data for the Acoela remains very 

poor, with just one complete genome of S. roscoffensis representing the 

group19.  

 

3.1.2 Mitochondrial genomes 
 

Metazoan mitochondrial genomes are closed-circular molecules 

typically comprising 37 genes which are, for the most part, invariant across 

the Metazoa28. These comprise two rRNAs of the mitochondrial ribosome; 22 

tRNAs necessary for translation; and 13 protein-coding genes for the 

enzymes of oxidative phosphorylation (cytochrome oxidase c subunit (cox) 1, 

2, 3; NAD dehydrogenase (nad) subunit 1, 2, 3, 4, 4l, 5, 6; cytochrome b 

(cob); atp8 and atp6). atp8 is the only gene known to have been commonly 

lost from this complement, and this has been observed in a number of 

independent metazoan lineages, including the acoel S. roscoffensis19. 
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3.1.3 Role of mitochondria in phylogenetic inference 
 

Concatenated mitochondrial protein-coding gene sequences have been 

used extensively for phylogenetic inference in recent years, and this has 

proved beneficial in resolving a number of contested evolutionary 

relationships. Most recently, Rouse et al. (2016)23 used mitochondrial 

protein-coding sequence data from four newly discovered species of 

Xenoturbella (X. hollandorum, X. churro, X. monstrosa, and X. profunda) to 

infer the internal phylogeny of the Xenoturbellida. Furthermore, wider 

phylogenetic inference including mitochondrial proteins from these species 

placed Xenacoelomorpha with the deuterostomes, corroborating previous 

mitochondrial phylogenetic analysis of this phylum23,28,96    

 

In addition to protein-coding gene sequence data, other features of 

mitochondrial genomes can be used for reconstructing phylogenetic 

relationships. These include variation in mitochondrial genetic code97; a 

higher rate of sequence evolution than nuclear genomes98; and changes to 

the secondary structure of rRNAs and tRNAs99. Comparing the arrangement 

of genes within the mitochondrial genome of different species can also be a 

powerful tool in the analysis of phylogenetic relationships99. As described, 

mitochondrial gene content is largely invariant across the Metazoa. The order 

in which these genes are arranged is fairly stable, and have been conserved 

for up to hundreds of millions of years in some metazoan lineages. 

Rearrangement events, thought to occur via a model of 'duplication and 

deletion', whereby a portion of the mitochondrial genome is duplicated, and 

the original copy of the duplicated gene subsequently deleted, are rare99,100. 

The infrequency of such rearrangements, and the huge number of possible 

rearrangement scenarios, means that convergence on the same gene order 

in unrelated lineages is unlikely. Gene order is thus likely to retain 

evolutionary signals, with a common gene order being indicative of common 

ancestry and informative for the study of metazoan divergence101. 

Rearrangement of genes within the mitochondrial genome of different 

species can be a particularly powerful tool in the analysis of phylogenetic 

relationships, and may also indicate accelerated evolution in a taxon.  
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Despite these advantages, phylogenies based on mitochondrial protein-

coding gene sequences are prone to processes – such as compositional 

heterogeneity and accelerated substitution rates - that may lead to tree 

reconstruction artefacts and misleading phylogenetic signals if not properly 

accounted for102. Compositional heterogeneity in mtDNA arises most 

commonly as a result of the mtDNA repair system, which is inefficient at 

replacing adenine nucleotide insertions, resulting in a reduction of G/C 

nucleotides in comparison to A/T. Further heterogeneity may occur as a 

result of the asymmetrical replication mechanism of mtDNA103. During 

replication the lagging 'heavy' (H-) strand is left unpaired for a long time, 

leaving it vulnerable to deamination (A to G and C to T). This increases the 

proportion of G and T nucleotides present in the lagging strand, leaving the 

'light' (L-) strand with a greater number of A and C nucleotides, with the 

difference between the two described as GC- and AT- skew104. 

Compositional heterogeneity and GC- AT- skew should therefore be 

considered as potential limitations of direct mitochondrial sequence 

comparisons105,106. Accelerated substitution rates in mitochondrial DNA can 

also lead to misinformation owing to the clustering of rapidly evolving 

lineages (LBA)107. This is of particular relevance for phylogenetic inference of 

the Acoela, as acoel species demonstrate a very rapid rate of nucleotide 

substitution compared to other metazoans, leaving them vulnerable to LBA 

and incorrect clustering in a basal position15,108. 'Breaking' long branches is 

therefore important to minimise reconstruction artefacts. This can be 

achieved by: the broad sampling of taxa; selecting 'short branch' 

representative species; using models designed to overcome LBA artefact; 

and careful selection of outgroup species.  

 

3.1.4 Aims of Chapter 
 

The aim of this chapter was to sequence the mitochondrial genomes 

from three species of Acoela: P. rubra, I. pulchra, and Archaphanostoma 

ylvae (Figure 1.3). Adult specimens of all animals are approximately 1mm in 

length, and, as is typical for small acoel species, they occupy the littoral and 
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sub-littoral zones of marine ecosystems: P. rubra has been described across 

Europe and North America109,110; I. pulchra lives abundantly in the mud flats 

of Maine but has been maintained in long-term culture for a number of 

years70; and A. ylvae has been described from the West coast of Sweden111. 

All species move freely within the sediment by gliding on a multiciliated 

epidermis.  

 

First described by Rieger and Ott (1971) P. rubra is an elongate and 

flattened worm belonging to the family Paratomellidae109,110. A 9.7kb 

fragment of mitochondrial genome has previously been described from 

specimens of P. rubra collected on the Mediterranean coast of Spain20. I. 

pulchra belongs to the family Isodiametridae: no mitochondrial sequence 

data has been published for I. pulchra, but its role as a putative 'model acoel' 

makes this species particularly valuable for investigation72. A. ylvae also 

belongs to the family Isodiametridae family of acoels. Originally described by 

Kånneby et al. (2014), this species has not been the subject of extensive 

investigation: its cox1 gene has been sequenced and used for classification, 

but no further genes from its mitochondrial genome have been sequenced111.  

 

Sequencing the mitochondrial genomes of these three taxa should 

make a significant contribution to the amount of mitochondrial molecular data 

available for the Acoela. In addition, P. rubra represents a comparatively 

slowly evolving acoel species, making it less prone to LBA than other fast-

evolving acoel species. I aimed to analyse mitochondrial gene content and 

gene order in these three species in comparison to other metazoan species, 

and use protein-coding gene sequences to carry out phylogenetic analysis 

with sequence alignments from other mitochondrial protein-coding genes.  
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3.2 Results 

3.2.1 Genomic Composition 

3.2.1.1 Paratomella0rubra0

 

I was successful in assembling 14,954 base pairs of the P. rubra 

mitochondrial genome, from an initial starting point of three genome 

assembly fragments, and using Sanger sequencing of subsequent PCR 

fragments (see section 2.4 and Appendix 1). Although I was unable to close 

the circular genome of P. rubra, the final sequence contains all 13 protein-

coding genes, both ribosomal genes, and 22 putative tRNAs. Compared to 

the fragment of genome previously published, this analysis contributes four 

addition protein-coding genes and 12 addition tRNAs20. All genes are found 

exclusively on one strand of the sequence. Allowing for overlap between 

genes, protein-coding genes account for 74.79% of the genomic sequence; 

ribosomal genes 13.95%; tRNAs 9.10%, and non-coding DNA just 2.04%. 

One 'long' non-coding stretch of 156 nucleotides is found between cox2 and 

nad1 (Figure 3.1A; Table 1). 

  



 114 

Table 1: Organisation of the P. rubra 14.9kb mitochondrial genome 
sequence. All genes found on the 'plus' strand. 

  

Feature Strand Start Stop 
Length 

(bp) 
Length 

(AA) 
Start 

Codon 
Stop 

Codon 
Intergenic 

region 

trnH (gtg) + 368 426 59 
   

7 

trnP (tgg) + 434 495 62 
   

0 

cox1 + 496 2058 1563 521 ATA TAA 5 

trnT (tgt) + 2064 2123 60 
   

7 

nad2 + 2131 3105 975 325 ATT TAG -4 

nad6 + 3102 3563 462 154 ATA TAA -101 

rrnL + 3463 4819 1357 
   

-53 

trnL1 (tag) + 4767 4824 58 
   

4 

trnG (tcc) + 4829 4887 59 
   

0 

atp6 + 4888 5496 609 203 ATA TAG -10 

trnV (tac) + 5487 5553 67 
   

0 

atp8 + 5554 5730 177 59 ATT TA- 9 

cox2 + 5740 6402 663 221 ATT TAA 156 

nad1 + 6559 7602 1044 348 ATT TAA -104 

trnS2 (tga) + 7499 7568 70 
   

32 

trnD (gtc) + 7601 7662 62 
   

2 

trnI (gat) + 7665 7728 64 
   

0 

trnN (gtt) + 7729 7798 70 
   

-2 

trnF (gaa) + 7797 7856 60 
   

-39 

rrnS + 7818 8547 730 
   

-6 

trnR (tcg) + 8542 8608 67 
   

0 

trnM (cat) + 8609 8669 61 
   

68 

cox3 + 8738 9523 786 262 ATT TAA 3 

trnY (gta) + 9527 9585 59 
   

0 

cob + 9586 10668 1083 361 ATA TAA 8 

trnL2 (taa) + 10677 10737 61 
   

-2 

trnS1 (gct) + 10736 10799 64 
   

-6 

nad4 + 10794 12119 1326 442 ATC TAA 4 

trnA (tgc) + 12124 12181 58 
   

10 

nad3 + 12192 12551 360 120 ATT TAG 18 

trnC (gca) + 12570 12629 60 
   

6 

nad5 + 12636 14387 1752 584 ATA TAG 6 

trnQ (ttg) + 14394 14449 56 
   

1 

trnE (ttc) + 14451 14510 60 
   

0 

trnK (ttt) 
 

14511 14576 66 
   

-18 

nad4l + 14559 14867 309 103 ATA TAA 2 

trnW (tca) + 14870 14933 64 
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Figure 3.1. Overview of the mitochondrial genome sequences resolved 
for P. rubra, I. pulchra and A. ylvae. Genes not drawn to scale. Numbers 
beneath the sequence show intergenic spaces (positive values) or intergenic 
overlap (negative values). Protein-coding genes are denoted by three-letter 
abbreviations; ribosomal genes by four-letter abbreviations. tRNAs are 
shown by single uppercase letters. (A) P. rubra 14,957 bp sequence. All 
genes found on the 'plus' (forward) strand. Where genes, rRNAs or tRNAs 
are shown in orange, this is solely to demonstrate overlap with the adjacent 
genes, rRNAs or tRNAs. (B) I. pulchra 18,725 bp consensus sequence. 
Genes found on the 'plus' (forward) strand are shown in blue; genes on the 
'minus' (reverse) strand are shown in purple. (C) A. ylvae 16,619 bp 
mitochondrial genome. Genes found on the 'plus' (forward) strand are shown 
in blue; genes on the 'minus' (reverse) strand are shown in purple. Non-
coding regions greater than 100 nucleotides in length are shown in grey.  
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 In P. rubra, trnS2 is predicted entirely within the sequence coding for 

nad1, and the secondary structure of this sequence has deviated from the 

traditional 'cloverleaf' shape that is expected for tRNA. In addition, three of 

the other predicted tRNA sequences have minor overlaps with protein-coding 

genes: trnA with nad3 (20 nucleotides); trnK with nad4l (18 nucleotides); and 

trnS1 with nad4 (six nucleotides). All but five nucleotides of trnL1 are 

predicted within the same sequence as rrnL. With the exception of trnT, all 

predicted tRNAs have an amino-acyl acceptor stem composed of seven base 

pairs, and all predicted tRNAs apart from trnT and trnS2 have a five base 

pair anticodon stem (A,C,G,I,K,L1,L2,P,Q,R,T). All tRNAs have a DHU arm 

of three or four nucleotides. The structure of the TΨC arm shows greater 

variability, with a number of tRNAs having either a truncated stem, or the arm 

entirely lacking (Figure 3.2).  
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Figure 3.2. Predicted secondary structure of tRNAs from the 
mitochondrial genome sequence of P. rubra. Structures predicted by 
MiTFi in Mitos. 
  

trnA(Pr) trnC(Pr) trnD(Pr) trnE(Pr) trnF(Pr)

trnR(Pr)

trnG(Pr) trnL1(Pr)

trnL2(Pr)

trnS1(Pr) trnS2(Pr) trnT(Pr) trnV(Pr)

trnW(Pr)

trnH(Pr) trnI(Pr) trnK(Pr)

trnM(Pr) trnP(Pr) trnQ(Pr)

trnY(Pr)
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3.2.1.2 Isodiametra0pulchra0

 

 As an initial starting point for the I. pulchra genome, three contigs of 

mitochondrial sequence of lengths 13kb, 3.5kb, and 19kb, were recovered 

from transcriptome sequencing data. After aligning these sequences, I found 

that the entire 13kb contig, and 2.4kb of the 3.5kb contig were perfectly 

matching subsets of the longer 19kb sequence (Figure 3.3). I designed 

several sets of PCR primers to try and verify the sequence between the 3' 

end of the 13kb, and 5' end of the 3.5kb fragments also found on the long 

19kb sequence. However, despite trying numerous PCR primer combinations 

and different PCR protocols, no PCR amplification successfully bridged the 

sequence between the 13kb and 3.5kb fragment. I found that the last (3') 

300bp of the 13kb fragment was duplicated in the opposite orientation within 

the end (3') region of the 3.5kb fragment. Although the long 19kb fragment 

contained the repeated region between the 13kb and 3.5kb fragments, no 

PCR amplification strategy was successful in connecting sequences flanking 

the repeated region (Figure 3.3). Any Sanger sequencing fragments that did 

partially cover the repeated regions were ambiguous. Consequently, I 

focused instead on verifying the sequence of the two shorter 3.5kb and 13kb 

contigs and on amplifying and sequencing the region lying between them, 

instead of using the 19kb sequence as a 'template'. In doing this, I 

reconfirmed the majority of the 13kb fragment using PCR amplification and 

Sanger sequencing. I also amplified and sequenced fragments joining the 3' 

end of the 3.5kb fragment with the 5' end of a 1.3kb fragment containing the 

rrnL gene, which was identified using a BLAST query for this gene in the 

transcriptomic sequence data (Figure 3.3).  
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Figure 3.3 Overview of the initial transcriptome assembly fragments 
and PCR strategy for scaffolding the I. pulchra mitochondrial genome. 
1.3kb, 13kb and 3.5kb fragments aligned to a continuous 19kb fragment, with 
the location of the duplicated sequence in the 13kb and 3.5kb fragments 
shown by blue dashed lines. The 'start' and 'end' regions of the 13kb and 
3.5kb fragments are annotated by 5' (start) and 3' (end). The approximate 
location of cob and nad1 protein-coding sequence are shown for reference. 
Reliable PCR-amplicons are shown in orange; the green PCR fragment 
indicates successful joining of the 3' end of the 3.5kb fragment to the rrnL 
fragment, including the duplicated section. The 18,725 base-pair long 
sequence we resolve is indicated by the pink lines, from 'start' to 'end'. 
 

 From this re-focused analysis, I recovered the I. pulchra mitochondrial 

genome to be a minimal length of 18,725 base pairs, based on the 

transcriptomic data that could be validated by successful PCR amplification. 

This covers the region from the start of the 5' end of the 3.5kb sequence, 

linked through PCR fragments to the 5' end of the 13kb sequence, and up to 

the start of the duplicated sequence at the 3' end of the 13kb sequence 

(Figure 3.1). The region between the 3' end of the 13kb fragment and the 5' 

end of the 3.5kb fragment could not be spanned continuously by any PCR 

amplification, and so I was unable to confirm the validity of the duplicated 

sequences at this position, or completely close the circle of the mitochondrial 

genome. Therefore it is likely that the complete mitochondrial genome of I. 

pulchra is larger than the ~19kb sequence that could be verified by PCR, and 

may also include the duplicated sequence. Nonetheless, the verified 18,735 

base pair sequence contains both ribosomal genes, all tRNAs and 11 

protein-coding genes, found on both the plus and minus strands. No 

sequences resembling either atp8 or nad4l could be found in this sequence 

(Figure 3.1B, Table 2). 
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Within the 18.7kb sequence, protein-coding genes account for 

56.66%; ribosomal genes contribute 8.15% and tRNA genes 7.77%. 

Compared to the P. rubra and S. roscoffensis mitochondrial genomes, 

intergenic space in the I. pulchra sequence is unusually high: non-coding 

DNA accounts for 22.27% of the sequence, including 14 intergenic regions 

that are longer than 100 base pairs (Table 2). Predicted sequences for rrnS 

and trnI overlap by four base pairs, but no other overlap was found between 

any tRNAs or with any other protein-coding genes. All predicted tRNAs have 

an amino-acyl acceptor stem composed of seven base pairs and a five base 

pair anticodon stem, with the exception of trnE, trnF and trnS2, which have 

an anticodon stem composed of only four base pairs. The structure of the 

DHU and TΨC show greater variability, and are composed of either three or 

four, or between three and six, base pairs respectively, across the 22 tRNAs. 

Whilst the TΨC arm is missing entirely in trnQ, and very truncated in trnE, 

trnF, trnG and trnP, more of the predicted tRNAs fit the stereotypical 

'cloverleaf' secondary structure than has been found for other acoel species, 

including S. roscoffensis and P. rubra (Figure 3.4).  
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Table 2: Organisation of the I. pulchra 18.7kb mitochondrial genome. 
Only the sequence that could be verified by sequencing results is included 
for analysis. 

 

  

Feature Strand Start Stop 

Length 

(bp) 

Length 

(AA) Start Codon Stop Codon 

Intergenic 

region 

trnD (gtc) + 789 848 60       51 

nad1 - 900 1784 885 295 ATG TAA 277 

trnL1 (tag) - 2062 2130 69       1143 

trnN (gtt) - 3274 3339 66       717 

rrnL + 4057 4657 601       115 

rrnS + 4773 5698 926       -4 

trnI (gat) + 5695 5768 74       108 

trnP (tgg) + 5877 5939 63       108 

trnY (gta) + 6048 6111 64       1 

trnQ (ttg) - 6113 6173 61       125 

trnM (cat) - 6299 6360 62       115 

trnV (tac) - 6476 6543 68       22 

trnG (tcc) + 6566 6627 62       177 

trnF (gaa) + 6805 6873 69       196 

trnS2 (tga) - 7070 7139 70       58 

nad5 - 7198 8907 1710 570 ATG TAA 144 

trnW (tca) - 9052 9118 67       62 

nad2 - 9181 10233 1053 351 ATG TAA 58 

trnE (ttc) + 10292 10355 64       17 

trnR (tcg) - 10373 10439 67       32 

trnS1 (tct) + 10472 10539 68       11 

trnC (gca) + 10551 10613 63       48 

cox1 + 10662 12197 1536 512 ATA TAG 21 

trnL2 (taa) - 12219 12286 68       49 

nad6 + 12336 12811 476 159 ATG T-- 85 

trnT (tgt) + 12897 12963 67       14 

cox3 - 12978 13775 798 266 ATG TAA 250 

cox2 + 14026 14640 615 205 ATA TAA 14 

trnA (tgc) - 14655 14718 64       14 

nad3 - 14733 15110 378 126 ATG TAA 1 

trnK (ttt) + 15112 15178 67       94 

atp6 + 15273 15955 683 228 ATA TA- 21 

trnH (gtg) - 15977 16042 66       17 

nad4  + 16060 17403 1344 448 ATG TAA 86 

cob - 17490 18570 1081 361 ATA T-- 155 
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Figure 3.4. Predicted secondary structure of tRNAs from the 
mitochondrial genome sequence of I. pulchra. Structures predicted by 
MiTFi in Mitos. 
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3.2.1.3 Archaphanostoma0ylvae0

 

 The complete closed circular mitochondrial genome of A. ylvae was 

recovered from genome sequencing data of P. rubra specimens collected 

from Yorkshire, UK. Contamination of the P. rubra samples was confirmed 

using NCBI BLAST, which found a 99% similarity to the sequence published 

for A. ylvae cox1. The complete A. ylvae mitochondrial genome is 16,619 

nucleotides in length, containing 12 protein-coding genes, both rRNAs, and 

22 predicted tRNAs (Figure 3.1C, Table 3). As is convention, with cox1 at the 

start of the genome on the 'plus' strand, all other protein-coding genes apart 

from cox3 and nad2 are found on the 'minus' strand (Figure 3.1C). Both 

rRNAs are found on the plus strand, and tRNAs are distributed between the 

two. Accounting for a small amount of overlap between genes – found to total 

just 18 nucleotides across the whole genome – protein-coding genes make 

up 64.72% of the genome. tRNAs contribute 8.91%, and rRNAs 9.31%. As 

found for I. pulchra, non-coding DNA makes up a large amount of the 

genome, totalling 17.17%.  

 

 I identified putative sequences for all 22 mitochondrial tRNAs in the A. 

ylvae genome, although four of these (trnE, trnI, trnK and trnS1) have an e-

value prediction of greater than 0.0001, and are therefore treated with 

caution. All predicted secondary structures of the tRNAs in the A. ylvae 

mitochondrial genome have standard-length acceptor and anticodon stems, 

and the majority – with the exception of trnK, L1, L2, N, S2 and Y – have a 

four nucleotide long D-loop (Figure 3.5). As found in the mitochondrial 

genomes of P. rubra and I. pulchra, the greatest variability in structure is 

found in the TΨC arm, which is truncated in trnD, E, F, L1, P, V, W and Y, 

and missing entirely in trnQ (Figure 3.5). 
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Table 3: Organisation of the A. ylvae 16.6kb mitochondrial genome 

 

  

Feature Strand Start Stop Length (bp) Length (AA) Start Codon Stop Codon Intergenic 

cox1 + 1 1539 1539 513 ATA TAA 309 

nad4l - 1849 2133 285 95 ATG TAA 126 

nad6 - 2260 2727 468 156 ATG TAG 460 

nad4 - 3188 4531 1344 448 ATA TAA 424 

trnT (tgt) - 4956 5025 70       498 

cox2 - 5524 6171 648 216 ATA TAA 203 

nad3 - 6375 6743 369 123 ATG TAA 70 

trnV (tac) - 6814 6882 69       4 

trnY (gta) - 6887 6953 67       0 

trnP (tgg) + 6954 7022 69       9 

nad5 - 7032 8687 1656 552 ATG TAA 46 

cox3 + 8734 9519 786 262 ATG TAA 22 

trnK (ttt) + 9542 9611 70       17 

cob - 9629 10714 1086 362 ATT TAA 56 

trnW(tca) - 10771 10837 67       3 

trnR (tcg) - 10841 10908 68       4 

trnN (gtt) - 10913 10984 72       4 

nad2 + 10989 11990 1002 334 ATG TAA 12 

nad1 - 12003 12872 870 290 ATG TAA 19 

trnD (gtc) - 12892 12954 63       3 

trnL2 (taa) + 12958 13025 68       4 

atp6 - 13030 13731 702 234 ATA TAA 222 

trnS2 (tga) - 13954 14020 67       260 

rrnL + 14281 15089 809       -13 

rrnS + 15077 15814 738       3 

trnM (cat) + 15818 15879 62       -4 

trnH (gtg) + 15876 15945 70       2 

trnQ (ttg) - 15948 16007 60       6 

trnG (tcc) + 16014 16079 66       8 

trnS1 (tct) + 16088 16151 64       10 

trnI (gat) + 16162 16231 70       -1 

trnF (gaa) - 16231 16296 66       10 

trnA (tgc) + 16307 16373 67       10 

trnL1 (tag) - 16384 16450 67       6 

trnE (ttc) - 16457 16522 66       6 

trnC (gca) + 16529 16601 73       18 
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Figure 3.5. Predicted secondary structure of tRNAs from the 
mitochondrial genome sequence of A. ylvae. Structures predicted by 
MiTFi in Mitos. 
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3.2.1.4 Nucleotide0composition0of0Acoelomorpha0mitochondrial0genomes0

 

 The P. rubra genome is 78.15% A+T rich, with is higher than the A+T 

content calculated for the I. pulchra genomic sequence at 67.28%, and the A. 

ylvae complete genome at 74.70%. Overall nucleotide usage on the plus 

strand of P. rubra (containing all coding sequence) is A = 29.29%, T = 

48.86%, C = 6.77%, and G = 15.10%; GC-skew = 0.38 and absolute AT-

skew = 0.25. Overall nucleotide usage for I. pulchra is: A = 34.04%, T = 

33.24%, C = 16.45% and G = 16.27%; GC-skew = 0.006 and AT-skew = 

0.012. For A. ylvae, A = 40.41%, T = 34.29%, C = 12.82% and G = 12.47%; 

GC-skew = 0.014 and AT-skew = 0.082. GC-skew and AT-skew absolute 

values for P. rubra are much higher than that of S. roscoffensis, although the 

absolute values for I. pulchra and A. ylvae are comparatively low19. AT-skew 

value for the P. rubra sequence is just 0.01 different from that of the 

published P. rubra mitochondrial genome fragment; GC-skew is slightly 

higher (published P. rubra GC-skew = 0.32)20.  

 

3.2.2 Gene order and gene arrangement 
 

All thirteen protein-coding genes in P. rubra have complete initiation 

codons: ATA (x5) and ATT (x8) (Table 1). Five of the protein-coding genes 

that were previously published differ in the nucleotide sequence of their start 

codons: nad2, atp8, cox2 and cox3 all have ATA as an initiation codon in our 

analysis, compared to ATT found previously20. Twelve of the genes have full 

stop codons: TAA (x9) or TAG (x3) (Table 1). atp8 was found to have a 

truncated stop codon (TA-), which is assumed to be completed during post-

transcriptional modification. The eleven protein-coding genes found for I. 

pulchra also have full initiation codons: ATA (x4) and ATG (x7) (Table 2). 

Eight of the genes for this species have full stop codons: TAA (x7) and TAG 

(x1); nad6, atp6 and cob are inferred to have truncated stop codons (Table 

2). Initiation codons in A. ylvae are: ATA (x4), ATG (x7) and ATT (x1); all 

genes have TAA as stop codons, with the exception of nad6, which has TAG 

(Table 3). As in other invertebrate mitochondrial genomes, this analysis 
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indicates a deviation from the 'standard' genetic code, with ATA encoding the 

start codon methionine, M, instead of isoleucine, I.  

 

All P.rubra genes are found on the 'plus' strand. In I. pulchra, genes 

are distributed over both the plus and minus strands, with just two blocks of 

genes with the same transcriptional polarity clustered together (rrnL-rrnS-trnI-

trnP-trnY; trnS2-nad5-trnW-nad2). Similarly, in A. ylvae genes are distributed 

across the two strands, with two clustered 'blocks' of genes and tRNAs 

(nad4l-nad6-nad4-trnT-cox2-nad3-trnV-trnY; trnM-trnH-trnQ-trnG-trnS1-trnI-

trnF-trnA-trnL1-trnE-trnC) (Figure 3.1). Whilst the P. rubra mitochondrial 

sequence is condensed, with a large degree of overlap between adjacent 

genes, the opposite is true for I. pulchra and A. ylvae. Unlike other metazoan 

mitochondrial genomes, where genes are adjacent or overlapping and one or 

two larger non-coding regions are commonly found, I. pulchra non-coding 

sequence is found consistently between protein-coding genes and between 

tRNAs, ranging in length from twelve to 277 base pairs. In addition, three 

long non-coding regions of 788, 1143 and 717 base pairs are found at the 

start of the sequence; between trnL1 and trnN; and trnN and rrnL (Table 2). 

The A+T content of these three sections is 68.78%, 65.79% and 76.15% 

respectively. Of these regions, the compositional difference between the 717 

base pair non-coding sequence and the rest of the genome is statistically 

different (χ2 = 25.629, p<0.0001), with a higher A+T content indicating that it 

could function as a transcriptional control region. There is also a large portion 

of intergenic, non-coding sequence in the A. ylvae mitochondrial genome. 

Eight regions of non-coding sequence greater than 100 base pairs are 

distributed throughout the genome, with 24 additional smaller intergenic 

regions, ranging in size from three to 70 base pairs (Table 3). Of the larger 

non-coding sequences, three have an A+T content that is statistically higher 

than the entire sequence: 309 nucleotides between cox1 and nad4l (χ2 = 

3.944, p<0.1); 126 nucleotides between nad4l and nad6 (χ2 = 6.964, p<0.01) 

and 260 nucleotides between trnS2 and rrnL (χ2 = 9.654, p<0.01). The P. 

rubra sequence has just one longer non-coding sequence, of 196 base pairs.  
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 The gene arrangement in all three acoel mitochondrial genomes I 

analysed is unique amongst published metazoan mitochondrial genomes 

(Figure 3.6). The species analysed in this study share only the small 'block' 

of nad3-atp6-nad4-cob (I. pulchra) and cob-nad4-nad3 (P. rubra). However, 

the order is reversed between the two, and the genes are distributed across 

both strands in I. pulchra, and so it is perhaps unlikely that this represents a 

feature inherited from a common ancestor. To quantify the number of 

common gene arrangements between the species in this study and other 

mitochondrial genomes, I analysed protein-coding gene and ribosomal RNA 

gene order using CREx112 (compared to the acoel S. roscoffensis, 

Xenoturbella bocki and the metazoan mitochondrial 'ground plan', 

represented by L. polyphemus). tRNAs were not included in analysis owing 

to their more frequent translocation in mitochondrial genomes. Conserved 

gene 'blocks', defined as a common series of genes, regardless of their order 

within that grouping, were very infrequent between the species. Of the 

genomes compared, the highest number of common gene blocks was found 

between X. bocki and P. rubra, but this result was not significant, finding only 

16 common intervals out of a possible 150, and confirming the visual 

observation that gene order between these species is highly variable.  
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Figure 3.6. Comparison of gene orders in Acoela mitochondrial genome 
sequences. P. rubra, I. pulchra and A. ylvae genomes from my analysis 
compared to a published P. rubra fragment; the acoel S. roscoffensis; the 
xenoturbellid X. bocki; the nemertodermatid Nemertoderma westbladi and 
the metazoan mitochondrial 'ground plan' gene order, represented by 
Limulus polyphemus. Genes are not drawn to scale. Coloured genes chosen 
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to show 'anchors' and divergence from the ground plan order in other 
species.  
 

3.2.3 Phylogenetic analysis and population differentiation 
 

The new mitochondrial data from P. rubra, I. pulchra and A. ylvae was 

used to investigate the internal phylogeny of the acoels and to test support 

for an Acoela-Xenoturbellida Xenacoelomorpha affinity. First analyses 

showed that including the fast-evolving tunicates in phylogenetic inference 

led to a clustering of the tunicates and the acoels in an artificial long-

branched clade (Figure 3.7). When the tunicates were removed from 

analysis, both Bayesian phylogenetic inference and maximum likelihood 

approaches generated the same topology (Figure 3.8). The 

protostome/deuterostome split was correctly inferred and Xenacoelomorpha 

were found splitting off inside the Deuterostomia. P. rubra, I. pulchra and A. 

ylvae were all grouped inside Acoela, as would be expected. The 

Nemertodermatida species Nemertoderma westbladi, used to represent the 

nemertodermatids within the Acoelomorpha (=Acoela + Nemertodermatida) 

branched inside Mollusca, indicating that the limited mitochondrial data 

available for this species on GenBank is a contamination.  
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Figure 3.7. Initial Bayesian phylogenetic analysis of mitochondrial 
protein-coding genes from the Metazoa. Analysis includes initial data from 
P. rubra and I. pulchra, with posterior probabilities at relevant nodes. 
Analysis carried out by Philipp Schiffer (Telford lab) on a trimmed alignment 
using PhyloBayes. Branch length value shows number of substitutions per 
site. 
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Figure 3.8: Bayesian and maximum likelihood phylogenetic analysis of 
mitochondrial protein-coding genes from the Metazoa. Analysis includes 
all protein-coding genes from the P. rubra, I. pulchra and A. ylvae genomes 
sequenced in this analysis. Posterior probability and bootstrap support 
values, respectively, at relevant nodes. Analysis carried out on a trimmed 
alignment by Philipp Schiffer (Telford lab) with tunicates removed, using 
PhyloBayes and RAxML. Topology of both trees is identical. Branch length 
value shows number of substitutions per site. 
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The previously published 9.7kb fragment of P. rubra mitochondrial genome 

was derived from a population sampled near Barcelona (Spain). By 

comparing this sequence to the sequence generated from the individuals I 

sampled from Yorkshire (UK), the total sequence divergence could be 

estimated, and non-synonymous to synonymous substitutions for eight 

protein-coding genes compared. The overlapping 9.7kb sequence was only 

82.63% similar at the nucleotide level. The number of substitutions varied 

between, for example, 23 in the shortest gene alignment (atp8; 177 base 

pairs), to 161 in nad2 (972 base pairs), and 116 in the 1401 base pair long 

cox1 alignment. Interestingly, non-synonymous substitutions are frequent: 13 

in atp8, 104 in nad2, and 25 in cox1 (Table 4). Furthermore, similarity of the 

cox1 sequences at the nucleotide level is only 91% over 666 base pairs, 

which is lower than the 95-98% threshold used to distinguish species based 

on cox1 barcoding113.  

 

Table 4: Substitution pattern differences between P. rubra. 
Nine genes found on the published P. rubra mitochondrial genome 
(Barcelona, Spain) compared to samples from Yorkshire, UK. S-Sites and N-
Sites denote the number of possible substitution sites in the gene that will 
result in a synonymous or non-synonymous substitution, respectively. For 
each codon, non-synonymous sites are calculated as the total fraction of 
possible non-synonymous substitutions at each codon position (1, 2 or 3); 
synonymous sites are calculated as all possible substitution sites, minus the 
number of non-synonymous substitution sites. Of these possible substitution 
sites, S-substitutions and N-substitutions denote the observed substitutions 
between the two P. rubra genomes.  

 

Sequence 

Length 

(bp) S-Sites N-Sites 

Substituti

ons 

S-

Substitutions 

N-

Substitutions 

atp6 594 90.8602 503.14 70 40.9815 29.0185 

atp8 177 15.4355 161.565 23 10 13 

cob 795 113.09 681.91 89 63.9542 25.0458 

cox1 1401 158.705 1242.3 116 90.904 25.096 

cox2 660 116.441 543.559 81 50.9427 30.0573 

cox3 780 99.2387 680.761 87 60.5296 26.4704 

nad1 930 95.8574 834.143 103 63.3614 39.6386 

nad2 972 156.176 815.824 161 56.7858 104.214 

nad6 330 44.3145 285.685 52 31.121 20.879 
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3.3 Discussion 

3.3.1 Difficulties in resolving the complete circular genome of P. rubra 
and I. pulchra 

3.3.1.1 Problems0in0'closing0the0circle'0of0the0P.0rubra0mitochondrial0genome0

 

The 14.9kb sequence that I was successfully able to amplify and verify 

for P. rubra contains the full complement of 37 genes that are typical of 

metazoan mitochondrial DNA. A number of lab-based and computational 

efforts to close the circle of the mitochondrial genome were attempted, but 

none of these proved successful. From an experimental set-up perspective, I 

designed many different 'closing genome' primers within confirmed protein-

coding gene sequence to ensure sequence validity. These were tried in 

numerous forward and reverse primer combinations, with different 

polymerases; PCR cycling protocols, annealing temperatures; temperature 

'touchdown' strategies; and 'nested' PCRs, where previous PCR products 

were used as a template in subsequent reactions with primers designed 

within the sequence covered by the previous primers. Computationally, I 

mapped transcriptome reads at either end of the 14.9kb sequence in the 

hope of finding the same read mapping at both locations, but no sequencing 

data was able to resolve the missing region. It is possible that the difficulty 

found in trying to resolve the circular mitochondrial sequence could be 

attributed to the very AT-rich, repetitive sequence found at both ends of the 

fragment, which could have prevented successful PCR amplification. Similar 

regions have been shown as problematic in studies of other mitochondrial 

genomes114. As no stretch of long non-coding sequence was found for this 

species in our study, the missing sequence might represent its mitochondrial 

transcription control region, characterised by a high A+T content. However, 

the overall AT content of the P. rubra mitochondrial sequence (78.15%) is 

high even for mtDNA, and greater than the A+T content of the mitochondrial 

genome of the acoel S. roscoffensis (75.3%)19 and the published partial P. 

rubra genome (76.4%)20.  
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3.3.1.2 Investigating0possible0sequence0duplication0in0I.0pulchra0

 

The validity of the duplicated sequence found in the I. pulchra 

mitochondrial genome could not be confirmed by PCR or by any 

computational efforts to map short reads to resolve it. PCR set up using 

primers flanking the duplicated region were unsuccessful despite using 

polymerases and following protocols optimised for long-range amplification 

(>5kb). As no PCR amplicon was able to span the entire duplicated region, 

including sequence on both sides of the duplicate, it was more reliable to 

exclude this duplicated sequence from analysis (Figure 3.3). Nonetheless, 

duplications within mitochondrial genomes are not uncommon, and changes 

to mitochondrial gene order are widely thought to arise as the result of a 

sequence 'duplication and deletion' mechanism99,115,116. A number of 

mitochondrial genomes with duplicated sequences have been reported in 

species with a divergent mitochondrial gene order116-118. Given the highly 

unusual gene order of the I. pulchra mitochondrial genome, a genomic 

duplication could provide evidence for a genomic 'duplication and deletion' 

rearrangement of genes. The rearrangement and separation of protein-

coding genes in other mitochondrial genomes has been attributed to long, 

non-tandem, inverted repeats117 – and this could also be true for the I. 

pulchra mitochondrial genome. Furthermore, very long nematode 

mitochondrial genomes with variable duplicated regions have been described 

with a conserved region containing the majority of the protein-coding 

genes119. In I. pulchra, the protein-coding genes and tRNAs – with the 

exception of nad1, trnD and trnL1 – are found grouped together in one main 

block, outside of the duplicated section. Despite these factors providing a 

degree of evidence for the validity of the duplicated sequence, long, non-

coding duplications are most commonly found adjacent to tRNAs or 

alongside other sequences capable of forming stem-and-loop structures. 

This is not the case for the potential duplicate in I. pulchra. Furthermore, both 

occurrences of the duplicate are identical, nucleotide-by-nucleotide, and 

unless the duplication occurred exceptionally recently, it is more than likely 

that spontaneous mutations would result in nucleotide differences between 
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the two copies of the sequence – especially given the elevated mutation rate 

of mitochondrial genomes. It is also true that the locations of the duplicated 

sequences are at the start and end point of transcriptome assembly contigs, 

meaning that the duplicates could have arisen solely as a result of a 

sequencing and assembly error. Their existence is nonetheless supported by 

PCR products, which show an identical sequence being adjacent to both rrnL 

and cob. Validation of the presence of a duplicated sequence would be 

provided by PCR amplification spanning the length of and either sides of both 

duplicated sequences, but this was not possible, despite numerous PCR 

strategies. 

 

3.3.2 Divergent gene orders in Acoela mitochondrial genomes 
 

The 14.9kb mitochondrial genome of P. rubra, the 18.7kb sequence 

from I. pulchra, and the complete 1.6kb A. ylvae mitochondrial genome that I 

was successfully able to amplify and/or verify show no significant 

organisational similarity to any other published metazoan mitochondrial 

genome.  

 

The P. rubra sequence I report has an identical protein-coding and 

ribosomal gene order with the previously published 9.7kb P. rubra sequence, 

but has variation in tRNA order. As tRNAs are reported to show much more 

frequent gene translocation compared to larger genes120, this could account 

for this discrepancy. Nonetheless, the variation in tRNA location, along with 

the surprising difference at the nucleotide level between the two sequences, 

could indicate that P. rubra collected from Barcelona (Spain) and the animals 

collected for this analysis (Yorkshire, UK) should be regarded as cryptic 

species – and not just divergent populations. Given the largely unresolved 

diversity of benthic communities121, and the wider marine environment in 

general122, differentiation of P. rubra in different populations into cryptic 

species is perhaps not surprising. This finding also highlights the usefulness 

of studying mitochondrial genomes to understand hidden species diversity. 
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All three acoel species are unique in both the orientation and orders of 

their genes: P. rubra has genes transcribed exclusively in one orientation, on 

one strand whilst I. pulchra has an almost-equal distribution of genes across 

both strands (18 genes vs.17 genes).  With cox1 in a forward orientation at 

the start of the genome (as is convention for mitochondrial genomes), the 

majority of the protein-coding genes for A. ylvae are found on the minus 

strand (Figure 3.6). Genes in both I. pulchra and A. ylvae are not grouped 

together into long gene blocks of the same transcriptional orientation, but are 

found distributed as one or two genes on each strand. The unique order and 

distribution of genes for these species seems to be typical for the acoels: 

analysis of the complete S. roscoffensis mitochondrial genome found no 

gene order similarity to any other species published to date19. It is possible 

that the variability in mitochondrial gene order within the Acoela - and 

compared to other taxa - could be a consequence of the rapid rate of 

sequence change observed for this lineage. Although data for this group is 

limited to just four species, the uniqueness of acoel mitochondrial genomes 

analysed so far, and the absence of any characteristic 'gene blocks' means 

that gene order may not be phylogenetically informative for the Acoela. 

Further mitochondrial genome data from other members of the Acoela would 

no doubt aid in this comparative analysis. 

 

3.3.3 Gene overlap and non-coding DNA 
 

The mitochondrial genome of P. rubra shows frequent overlaps 

between protein-coding genes and tRNAs. tRNAs have been reported within 

protein-coding genes in other metazoan mitochondrial genomes123,124, and 

given that no other location could be predicted for these sequences, the 

observed overlap could represent the simultaneous coding for both tRNAs 

and protein-coding genes. Overlap in coding sequence could be the result of 

selection to reduce genome size, accompanied by a reduction in non-coding 

sequence124, and truncated tRNAs with incomplete secondary structure – 

both of which are also found for the P. rubra mitochondrial sequence.  
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Interestingly, the opposite is true for the I. pulchra and A. ylvae 

sequences. For I. pulchra, the sequence that I could confidently verify makes 

the minimal possible length of the I. pulchra mitochondrial genome 18,725 

nucleotides, and it is likely to be longer in the complete closed circular 

genome, whether the duplicated sequence is valid or not. As in other 'long' 

mitochondrial genomes, this increased length is largely due to an increase in 

non-coding stretches of DNA125. Indeed, the lengths of protein-coding genes 

inferred for I. pulchra are similar to those of other acoel species (Table 5), 

and two protein-coding genes have been lost from the genome, contributing 

to a reduced proportion of protein-coding gene sequence within the genome. 

The loss of atp8 is not unusual, and this has been reported in a number of 

unrelated taxa, as well as in S. roscoffensis and A. ylvae within the Acoela19. 

The absence of nad4l in I. pulchra is more unusual, and it is possible that this 

gene exists in a portion of the genome that I could not successfully sequence 

or verify.  Although non-coding sequence contributes a relatively large 

proportion of the A. ylvae mitochondrial genome (17.1% compared to 22.72% 

in the I. pulchra sequence), the total genome is not exceptionally long.  
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Table 5: Length of protein-coding genes in acoel mitochondrial 
genomes. All gene lengths in base pairs. 

 

 

3.3.4 Phylogenetic inference using mitochondrial data 
 

The internal phylogeny resolved for Acoela is in line with that 

proposed by Jondelius et al. (2011)126. I. pulchra and A. ylvae group together 

in the Isodiametridae; Isodiametridae groups with S. roscoffensis, Neochildia 

fusca and Convolutriloba longifissura (the latter two represented by cox1 

data only), which are all members of the Convolutidae; and P. rubra forms a 

separate branch outside the Convolutidae, representing the Paratomellidae. 

The initial grouping of the acoels and tunicates is likely to be a classical 

example of LBA, resulting from the fast sequence evolution of mitochondrial 

DNA and compounded by the long-branched acoel members (Figure 3.7).  

The accelerated substitution rates in mitochondrial DNA are also evidenced 

by the cryptic divergence we find in P. rubra, and may well lead to LBA in 

phylogenies derived from mitochondrial protein-coding genes, owing to the 

  
Isodiametra 
pulchra 

Paratomella 
rubra 

Symsagittifera 
roscoffensis 

Archaphanostoma 
ylvae 

cox1 1536 1563 1551 1539 

cox2 615 663 741 648 

cox3 798 786 792 786 

nad1 881 1053 870 870 

nad2 1053 1014 990 1002 

nad3 378 390 393 369 

nad4 1344 1326 1350 1344 

nad4l absent 309 270 285 

nad5 1710 1752 1776 1656 

nad6 476 462 480 468 

cob 1134 1083 1161 1086 

atp6 681 609 702 702 

atp8 absent 177 absent absent 
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clustering of rapidly evolving lineages. Again, this is of particular relevance 

for acoel species, which already demonstrate a very rapid rate of nucleotide 

substitution compared to other metazoans, leaving them even more 

vulnerable to LBA. When the Urochordata are excluded from analysis, 

Xenacoelomorpha are resolved as a branch within the deuterostomes 

(Figure 3.8), as has been found in other phylogenies derived from 

mitochondrial gene sequences23,127. Nonetheless, this analysis clearly 

emphasises the problematic placement of Xenacoelomorpha in molecular 

phylogenies. In particular, the long-branched Acoela are clearly drawn to the 

base of the tree in LBA when the urochordates are included in analysis, 

highlighting the problem of systematic error in phylogenies derived from 

these taxa. 

 

3.4 General conclusions 
 

Starting from genome assemble contigs, I was successful in 

sequencing and verifying one complete mitochondrial genome (A. ylvae), and 

two partial mitochondrial genomes (P. rubra and I. pulchra) from the Acoela. 

Despite being unable to close the circle of the mitochondrial genome for P. 

rubra and I. pulchra, the data from these species comprises all protein-

coding genes for P. rubra, and all eleven of the protein-coding genes that are 

likely to be found in the I. pulchra mitochondrial genome. The addition of 

mitochondrial genomes from these three species increases the relatively 

sparse molecular data available for the Acoela: prior to this work, only one 

complete mitochondrial genome had been published.  

 

It is known that the Acoela are long-branch, rapidly evolving taxa, and 

the divergent gene orders found in the mitochondrial genomes of these taxa 

could be a result of this. It is also evident that phylogenetic inference using 

molecular sequence data from the Acoela is likely to be hindered by LBA if 

not properly accounted for. Increased sampling from across the Acoela to 

identify more slowly evolving representatives (along with P. rubra) could go 

some way to help 'break' the long branch. Similarly, more data from 
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mitochondrial genomes of early branching taxa could help to better-inform 

phylogenetic inference.  
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4  Molecular markers of excretion: 
conservation of ultrafiltratory 
genes 

4.1 Introduction 

4.1.1 The Nephrozoa and Xenacoelomorpha 
 

As outlined in section 1.3, the simple organisation of the 

Xenacoelomorpha means that they are commonly assumed to lack any cells 

or systems specialised for an ultrafiltratory or excretory function (nephridia). 

This assumed absence of nephridia has been used as evidence for their 

exclusion from the main protostome and deuterostome grouping, which has, 

in consequence, been termed the Nephrozoa.  

 

Despite this widely held assumption, to date no structural or functional 

assays have been used to date to investigate excretion in any member of the 

Xenacoelomorpha. Given the disparity in form of nephridial systems found 

across the Bilateria, identifying common morphological or molecular 

characteristics of nephridia would be a useful approach for investigating the 

presence of such specialised structures in Xenoturbella or the Acoela.  

 

To better understand the homology of different nephridial systems, we 

can examine conservation between taxa within discrete regions of the overall 

system. In recent years, an increasing amount of investigation has focused 

on the site of ultrafiltration in different model taxa, namely the vertebrates, D. 

melanogaster, and S. mediterranea. In next two sections I outline the 

evidence for morphological and molecular conservation at the site of 

ultrafiltration in representatives from the three main bilaterian groupings: the 

Deuterostomia, Lophotrochozoa, and Ecdysozoa.  
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4.1.2 Morphological conservation at the site of ultrafiltration 
 

Investigation into the site of ultrafiltration in the vertebrate kidney and 

the D. melanogaster nephrocyte in recent years has provided evidence for 

conserved morphology: an initially surprising finding given that both 

structures appear at first glance to be unique examples of very modified 

metanephridia.  

 

4.1.2.1 The0vertebrate0podocyte0

 

In the glomerulus of the vertebrate kidney specialised foot-shaped 

epithelial cells (podocytes) derived from the intermediate mesoderm carry out 

ultrafiltration along with the glomerular basement membrane (Figure 4.1). 

The 'toes' (pedicels) of podocytes surround the adjacent glomerular capillary. 

Foot processes are separated by slits of 30-50nm in diameter, spanned by a 

so-called 'slit diaphragm' which lines up with the fenestrations in the 

underlying capillary endothelial cells128. The podocyte slit diaphragm and the 

glomerular basement membrane (GBM), an extracellular matrix component 

which lies between the endothelial cells and the podocyte epithelial cells, are 

the only barriers between blood in the glomerular capillary and the inside of 

the Bowman’s capsule. These two structures together act as a molecular 

filter: proteins larger than ~10kDa are excluded from passing into the 

Bowman’s capsule, but the passage of water, ionic compounds, sugars, 

amino acids, hormones and various nitrogenous waste products is permitted. 

Both the GBM and the podocyte foot processes are also negatively charged, 

preventing the passage of other negatively-charged molecules, including 

most plasma proteins129. 
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Figure 4.1. Ultrafiltration mediated by podocytes into the Bowman's 
capsule in the vertebrate glomerulus. Filtration occurs across three 
'barriers'. (1) Fenestrations of between 50-100nm in the capillary of the 
glomerulus (shown in purple) allow the passage of fluid, proteins and other 
plasma solutes. (2) Primary filtrate crosses the thick glomerular basement 
membrane (GBM, shown in blue). The 250-400nm thick negatively charged 
GBM functions to filter solutes on their size and charge. (3) Specialised 
epithelial cells called podocytes (grey) have cytoplasmic foot processes that 
enwrap the adjacent glomerular capillary. The space between foot processes 
is spanned by a slit diaphragm (red) – formed by a network of proteins – 
which functions as the final stage of ultrafiltration into the Bowman's capsule. 
Slit diaphragms are 30-50nm in diameter and prevent the passage of solutes 
larger than ~10kDa into the Bowman's capsule. Foot processes are also 
negatively charged, enhancing the charge-based filtration occurring across 
the GBM.  
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4.1.2.2 Drosophila0nephrocytes/

 

In D. melanogaster, ultrafiltration is facilitated by specialised cells called 

nephrocytes, which sequester and/or metabolise waste compounds from the 

haemolymph130 (Figure 4.2). Two types of nephrocytes are found in the larval 

D. melanogaster: pericardial nephrocytes, found in rows of 20-25 cells on 

either side of the heart, and garland-cell nephrocytes, present as a fused 

'necklace' around the oesophagus (Figure 4.2A)131,132. Most larval 

nephrocytes persist through metamorphosis into the adult D. melanogaster, 

where they are characterised as either thoracic or abdominal.  

 

As well as having the same ultrafiltratory function, there are a number of 

other striking similarities between D. melanogaster nephrocytes and 

vertebrate podocytes (Figure 4.2B) 130.   

 

1) Similar to the vertebrate podocyte, the plasma membrane of the fly 

nephrocyte is extensively infolded to form a series of lacunae, flanked 

on either side by nephrocyte foot-processes.  

2) In flies, as in vertebrates, the entrance to these channels is a slit of 

~30nm width, spanned in it’s entirety by a single or double filament 

(the nephrocyte diaphragm). 

3) The fly nephrocyte is enveloped by the negatively charged basement 

membrane, and this, along with the nephrocyte diaphragm, functions 

as a size- and charge-based filtration barrier to molecules in the 

haemolymph, preventing the passage of molecules larger than 

~10kDa133. 
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Figure 4.2. Ultrafiltration in the nephrocytes of D. melanogaster.  Figure 
adapted from Weavers et al. (2009)130 (A) Distribution of nephrocyte cells – 
the site of ultrafiltration in D. melanogaster. Pericardial nephrocytes (red) 
found in a row either side of the heart (blue). Garland cell nephrocytes 
(green) found as a 'necklace' around the oesophagus. Malpighian tubules, 
shown in yellow, are the site of osmoregulation and filtrate modification. They 
are found as two pairs of tubules, connected to the gut via ureters. (B) D. 
melanogaster nephrocyte. Left: haemolymph is filtered across the basement 
membrane (outer green border) and the nephrocyte diaphragm (red line 
between infoldings) and endocytosed. Filtered material is stored in vacuoles 
and/or metabolised and secreted back into the haemolymph. Right: detail of 
filtratory apparatus in the nephrocyte.  
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4.1.2.3 Ultrafiltration0in0the0flame0cells0of0protonephridia0

 

 In the platyhelminth S. mediterranea, ultrafiltration occurs in a 

scattered population of so-called 'flame cells' distributed across the body. 

Similar to the podocyte and nephrocyte, flame cells have foot processes 90-

150nm wide, between which there are slit-like fenestrations 35-40nm wide 

which, along with the ECM, function as the ultrafiltratory barrier37. Unlike 

vertebrates, planarians lack a circulatory system, and cannot rely on 

pressure-driven flow for fluid ultrafiltration. Instead, ultrafiltration in S. 

mediterranea is facilitated by a ciliary-mediated current: vigorous beating of 

cilia in the flame cells (resembling the flickering of a flame) draws body fluid 

across the terminal region of the protonephridia, where ultrafiltration occurs43 

(Figure 1.10). 

 

4.1.3 Molecular conservation at the site of ultrafiltration 
 

In addition to the apparent morphological conservation, there also 

appears to be molecular conservation of the structural and signalling proteins 

necessary to form the filtratory apparatus in diverse bilaterian taxa (Figure 

4.3). Given the diverse morphology of nephridial systems, the identification of 

shared molecular expression at the site of ultrafiltration is an important 

finding for understanding the evolutionary origin and homology of nephridial 

systems. 

 
In the vertebrate podocyte, two structural proteins have been shown to 

be necessary for the formation of the slit diaphragm: the cell-adhesion 

molecules (CAMs) Nephrin and Neph1, belonging to the Immunoglobulin 

superfamily of proteins (IgSF)134. Mutations to the genes coding for Nephrin 

and Neph1 proteins, NPHS1(/Nephrin) and NEPH1(/Neph1) respectively, are 

causal for a number of diseases relating to abnormal renal function in 

humans. Nephrin and Neph1 are co-expressed only in the podocytes, where 

their extracellular domains interact to make heterotypic (Nephrin-Neph1) and 

homotypic (Nephrin-Nephrin) dimers and multimers135. These structures form 
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the physical and molecular basis of the slit diaphragm itself, and determine 

the permeability of the slit diaphragm to molecules passing into the 

Bowman's capsule134-137.  

 

Figure 4.3. Formation of the podocyte slit diaphragm via the interaction 
of structural proteins. The formation of the slit diaphragm itself is 
dependent on homodimers and heterodimers formed between the structural 
proteins Nephrin and Neph1 (blue dashed and green dashed lines 
respectively). Neph1 binds ZO-1 (green circle) for protein organisation and 
signal transduction. CD2AP (purple circle) binds Nephrin and is necessary 
for structural maintenance of the slit diaphragm: CD2AP knockout mice die of 
renal failure at six or seven weeks. Podocin (pink oval) interacts with CD2AP 
and Nephrin for structural and functional support of the slit diaphragm. This is 
not an exhaustive overview of all structural proteins and signalling molecules 
involved in slit diaphragm formation; instead, those with a critical function and 
for which orthologues have been identified across the Bilateria are shown.  
 

 Two orthologues each of the genes NPHS1 and NEPH1 have been 

identified in D. melanogaster: sticks and stones (Sns) and hibris (Hbs) for 

NPHS1, and dumbfounded (Duf – also know as Kirre) and roughest (Rst) for 

NEPH1130. Of these, the proteins Sns and Duf are found in both garland and 

pericardial nephrocytes, and the onset of their expression (from mid-

embryogenesis in garland nephrocytes and from the first larval instar in 

pericardial nephrocytes) correlates with the timing of the first appearance of 

the nephrocyte diaphragm138. The only cell type in which Sns and Duf are co-

expressed is the nephrocyte, where they co-localise specifically to the 

nephrocyte diaphragm and form heterodimers in trans, mirroring the co-

expression of Nephrin and Neph1 in the vertebrate podocyte130,139. Sns and 
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Duf are mutually dependent on each other for stabilisation at the plasma 

membrane: knock-out of either protein results in the loss, reduced 

expression, or mis-expression of the other. In flies with mutated forms of Sns 

and/or Duf, the nephrocyte diaphragm fails to form, and the number of 

lacunal infoldings is reduced: where lacunae do form, the nephrocyte 

diaphragm is always missing130. Similarly, in knock-down experiments for 

Sns (Sns) and Duf (Duf), the number of nephrocyte diaphragms that form is 

dramatically reduced, and size-based filtration of molecules is impaired139. 

These phenotypes are the same as those observed in the mutation or 

absence of Nephrin and Neph1 in the vertebrate podocyte, indicating that the 

critical molecular components of ultrafiltration and the podocyte slit 

diaphragm/nephrocyte diaphragm are conserved between vertebrates and 

insects.  

 

 The interaction of Nephrin and Neph1 at the vertebrate slit diaphragm 

acts as a scaffold for a multi-protein complex involving at least three other 

proteins. Vertebrate Neph1 binds zonula occludens (ZO-1), a 

PSD95/Dig/ZO01 (PDZ) domain-containing protein, which is thought to 

organise Neph1 proteins and facilitate Neph1 signalling via the recruitment of 

signal transduction components to the slit diaphragm140. Similarly, CD2AP 

localises to the slit diaphragm of the foot processes and binds to 

Nephrin141,142. This is primarily to anchor Nephrin to the cytoskeleton, but the 

presence of CD2AP also appears to be necessary to maintain the structural 

integrity of the slit diaphragm: mice lacking CD2AP suffer proteinuria from 

two weeks of age and eventually die of renal failure by six or seven weeks142. 

Lastly, the hairpin-like protein Podocin is found exclusively in the slit 

diaphragm of the podocytes where it interacts with CD2AP and Nephrin to 

maintain the structure and filtratory function of the slit diaphragm, and to 

facilitate Nephrin signalling142-144. D. melanogaster has orthologues of all 

three molecular components (Pyd (ZO-1), CG31012 (CD2AP) and Mec2 

(Podocin), and in situ hybridization shows that all three of the genes for these 

proteins are expressed in fly nephrocytes130. More specifically, the 

intracellular domain of Sns (=Nephrin) has been shown to interact with Mec-2 

(=Podocin), and Duf (=NEPH1) to interact with Pyd (=ZO-1). These 
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interactions are the same as those occurring in the vertebrate podocyte slit 

diaphragm, providing further compelling evidence for the molecular and 

structural homology of the nephrocyte diaphragm and the podocyte slit 

diaphragm. 

 

 Recent analysis has also identified 7 Nephrin homologues and 3 

Neph1 homologues in the S. mediterranea genome: of these, one protein 

product of each - Smed-NPHS1-6 and Smed-NEPH-3 - localise to the flame 

cell, although interaction between the protein products of these genes is yet 

to be determined37. Nonetheless, RNAi targeting either gene results in the 

total absence of the filtration diaphragm, effacement of the lacunae, and the 

loss of filtratory capability as confirmed by dextran injection and visible 

bloating of the animal37. The apparent conservation between vertebrates, 

insects and flatworms of molecular components necessary for ultrafiltration is 

compelling evidence for the common origin of ultrafiltratory cells despite the 

very different structures and arrangements of their ultrafiltratory apparatuses 

on a larger organisational scale.  
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Figure 4.4. Interaction of orthologous proteins at the site of 
ultrafiltration. Vertebrate proteins shown in blue; D. melanogaster 
orthologous proteins shown in green and S. mediterranea orthologous 
proteins shown in purple. Dashed arrows between S. mediterranea 
orthologues represents the lack of experimental evidence for homodimer 
and/or heterodimer formation between the Smed-NPHS1-6 and Smed-
NEPH3 proteins in the flame cell.  
 

4.1.4 Objectives of chapter 
 

It is clear that all nephridial systems across the Bilateria can be 

defined by their function of ultrafiltration and osmoregulation. In 

protonephridia and metanephridia, we consistently find the same two 

homologous units: that is, a site of ultrafiltration and a tubule element 

required for filtrate modification and osmoregulation. Furthermore, it is now 

clear that homologous proteins (Neph1 and Nephrin) are required to facilitate 

ultrafiltration across the Bilateria. We can also find evidence for similarities in 

the molecular components of tubule reabsorption and osmoregulation (that 

is, aquaporins and solute carriers), but these will not be discussed in further 

detail36-38. 

 

Despite the main bilaterian grouping (of Protostomia and 

Deuterostomia) being described as the 'Nephrozoa', some taxa within this 

grouping lack what would traditionally be classified as nephridia (see 1.3.6). 

Further to this, if our definition of a 'nephridial system' requires both 

ultrafiltration and osmoregulation to be carried out, then the simple excretory 

systems present in both the tunicates and nematodes do not meet this 
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criterion. Consequently, the current grouping of Nephrozoa is perhaps 

misleading in its aim of encompassing all animals with filtratory and 

osmoregulatory capacity. 

 

As has been discussed, there are some bilaterian molecular markers 

of ultrafiltration and osmoregulation. Whilst osmoregulatory genes – namely 

aquaporins and solute carriers – are expressed in numerous organ systems 

and tubule elements throughout the Bilateria, the ultrafiltratory components of 

Neph1 and Nephrin proteins appear to be co-expressed exclusively at the 

site of ultrafiltration in vertebrates, D. melanogaster and S. mediterranea. We 

know that these genes function more widely in other roles, but whether they 

had an ancestral role in ultrafiltration, or if this is a 'co-opted' function in 

nephrozoan taxa remains to be confirmed.  

 

In this chapter, identification of orthologues of these genes in 

members of the Xenacoelomorpha was undertaken as an initial investigation 

into the identification of putative markers of ultrafiltration. More widely, I also 

searched for these genes in diploblasts and non-metazoans, and in 

bilaterians that are thought to lack any ultrafiltratory capacity, to better 

understand their distribution across the Eukaryota.  

 

4.2 Results and Discussion 
 

Transcriptomes from whole organism RNA-Seq data from 

Xenoturbella, P. rubra and I. pulchra were assembled using Trinity145; 

transcriptomic sequences from S. roscoffensis were provided by Pedro 

Martinez. BLAST queries were used to search these transcriptomes for 

putative orthologues of five ultrafiltratory-related genes (Neph1, Nephrin, 

Podocin, ZO-1 and CD2AP). Publicly available data for taxa from across the 

Eukaryota were also searched for orthologues of the same genes. For all 

genes-of-interest, orthologous sequences were aligned for maximum 

likelihood phylogenetic inference. Where no orthologous sequence was 

found for a given species, the best-hit sequences identified using BLAST 
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were included for analysis. Protein sequences from related protein families 

were also included as outgroups.  

 

The results of this transcriptome and genome mining are discussed as 

follows, with each protein or protein class addressed separately. The 

identification of orthologues, and the known function of each protein in the 

taxa in which they are found, are discussed therein. 

 

4.2.1 Neph1/Nephrin orthologues and gene function 

4.2.1.1 Neph10and0Nephrin0are0found0only0in0the0Bilateria0

 
Neph1 and Nephrin belong to the immunoglobulin superfamily (IgSF) 

of cell adhesion molecules (CAM). Both Neph and Nephrin proteins have 

been well conserved throughout evolution: all members share extracellular 

immunoglobulin-like domains and a short cytoplasmic tail that contains a 

number of signalling motifs146-148. More widely, IgSF proteins carry out a 

huge number of developmental processes via the formation of heterophilic 

and hemophilic interactions with other IgSF molecules. Along with Nephrin 

and Neph protein members, the IgSF CAM class of molecules also 

comprises neural cell adhesion molecules (NCAMs), plexins, integrins and 

neurexins, amongst others149,150.  

 

Annotated sequences for Neph1(=Duf) and Nephrin(=Sns) were 

available on NCBI for all bilaterian organisms investigated (see 2.6). No 

annotated orthologues of Neph1 or Nephrin were identified in any non-

bilaterian taxa, including diploblastic organisms and representatives from the 

Choanoflagellatae, Amoebozoa and Filasterea. The best-hit sequences 

identified in diploblastic organisms using Neph1 and Nephrin as a query were 

included for phylogenetic inference. These do not group with either Neph1 or 

Nephrin (Figure 4.5). Orthologues of both Neph1 and Nephrin were found in 

all representatives of the Xenacoelomorpha included in analysis (Figure 4.5). 

As shown in Figure 4.5, best hit sequences from Cnidaria (Acropora 

digitifera, Nematostella vectensis, Hydra vulgaris), Porifera (Amphimedon 
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queenslandica) and Ctenophora (Mnemiopsis leidyi) – which were commonly 

annotated as Hemicentin - group separately from Neph1 and Nephrin. The 

inclusion of the Nephrin sequence from Crassostrea gigas within this 

outgroup could suggest a mis-annotation of this protein on NCBI. 
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Figure 4.5. Maximum likelihood analysis of the CAM family proteins 
Neph1 and Nephrin. Xenacoelomorpha sequences shown in orange; D. 
melanogaster sequences in blue (Kirre/Duf (=Neph1) and Hibris and Sns 
(=two orthologues of Nephrin); H. sapiens sequences in purple; S. 
mediterranea in green. Phylogenetic inference carried out using RAxML. 
Branch length value shows number of substitutions per site.   
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4.2.1.2 Structure0and0function0of0Neph10in0the0Bilateria0

 
 Neph1 is a transmembrane protein characterised by five extracellular 

immunoglobulin-like domains (Ig-like) (Figure 4.6A). All Xenacoelomorpha 

orthologues of Neph1 have the same protein domain arrangement as found 

in vertebrate Neph1 sequences (Figure 4.6). These domains are well 

conserved in Neph1 protein sequences across the Bilateria. Immunoglobulin-

like domains from Neph1 orthologues in Xenoturbella, P. rubra, I. pulchra 

and S. roscoffensis were aligned to the H. sapiens and M. musculus protein 

sequences, and show high similarity to their respective vertebrate Ig-like 

domains (Figure 4.6B). In Ig-like domains 2-5, all sequences have the 

common feature of two conserved cysteine residues, separated by ~50 

amino acids. These cysteine residues form disulfide bonds within the Ig motif 

and are defining characteristics of Ig-like domains151. Of the four Ig-like 

domains shown in Figure 4.6B, Ig-like 2 appears to be the most divergent in 

the Xenacoelomorpha. In particular, in S. roscoffensis this domain is longer 

than those found in the vertebrates and other xenacoelomorphs, and has 

additional amino acids between conserved residues. Ig-like domain 1 was 

not well aligned for these species.  

 

Neph orthologues are found throughout the Bilateria – as 

demonstrated in this analysis - and functional investigation of proteins have 

been carried out in several bilaterian model organisms. Three Neph 

paralogues (NEPH1, NEPH2 and NEPH3) are found in the vertebrates, 

expressed as a number of different isoforms with a number of different roles. 

Diversification of the Neph family in vertebrates is thought to have occurred 

via duplication events just prior to or during the diversification of the early 

Vertebrata147. Both Neph1 and Neph2 proteins have been found expressed 

in the vertebrate podocyte147. The expression of Neph1 is critical for 

formation of the podocyte slit diaphragm, and deletion of Neph1 results in 

severely defective glomeruli and premature death in mice152. It appears that 

Neph2 also functions in podocyte structure and function, but its role has not 

been fully characterised, and does not appear to be as critical for 
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ultrafiltratory function147,153. D. melanogaster has two NEPH1 orthologues, 

Duf (also known as Kirre) and Roughest (Rst), which function in a number of 

different roles. Importantly, the expression of Duf is necessary for 

specification and function of the nephrocyte diaphragm, as is found for the 

vertebrate counterpart130. Similarly, NEPH1 orthologues in the platyhelminth 

S. mediterranea are expressed in protonephridia at the site of ultrafiltration. 

Interestingly, in the nematode C. elegans, the NEPH1 orthologue SYG-1 

functions exclusively in synaptic assembly154. No Neph orthologues have 

previously been identified in any non-bilaterian taxa, and in this analysis no 

Neph-like orthologues were found in any diploblast or non-metazoan taxa. 

Instead, the best-hit sequences from blast searches using Neph1 and 

Nephrin as query sequences against non-bilaterian taxa group outside of the 

Neph and Nephrin nodes.  
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Figure 4.6. Conserved domains in the bilaterian Neph1 sequence. (A) 
Structure of Neph1, comprising five immunoglobulin-like (Ig) domains in its 
extracellular region. Schematic based on published vertebrate Neph1 
sequences. All Xenacoelomorpha orthologues of Neph1 have the same 
protein domain arrangement as illustrated here. (B) Conservation of 
Immunoglobulin-like domains 2-5 between Xenacoelomorpha, H. sapiens 
and M. musculus. 
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4.2.1.3 Structure0and0function0of0Nephrin0in0the0Bilateria0

 

Nephrin (encoded by NPHS1) is a well characterised transmembrane 

protein containing eight extracellular immunoglobulin domains, a fibronectin 

type III-like repeat, and one short intracellular domain146,155 (Figure 4.7). All 

Xenacoelomorpha orthologues of Nephrin had the same protein domain 

arrangement as that illustrated by the vertebrate Nephrin sequence (Figure 

4.7). 

 
Figure 4.7. Schematic of conserved domains in the bilaterian Nephrin 
sequence. Domains comprise an intracellular region, a fibronectin III-like 
repeat and eight conserved Ig-like domains. Schematic based on published 
vertebrate Nephrin sequences. All Xenacoelomorpha orthologues of Nephrin 
identified in this analysis have the same protein domain arrangement as 
illustrated here. 
  

Fibronectin type III 
repeat igG-like domains 1-8

extracellular domain



 160 

The conserved immunoglobulin and fibronectin-like domains that 

characterise the bilaterian Nephrin protein sequence are also found in the 

Xenacoelomorpha sequences (Figure 4.8). As for the Neph1 Ig-like domains, 

Nephrin Ig domains 2-8 in the Xenacoelomorpha orthologues share two 

conserved cysteine residues in common with the H. sapiens and M. 

musculus sequences. The fibronectin-like domain is well conserved between 

H. sapiens, M. musculus, P. rubra and Xenoturbella, whilst the sequence 

from I. pulchra appears to contain three unconserved cysteine residues. The 

longest Nephrin transcript identified in S. roscoffensis appears to be 

truncated and did not include the fibronectin-like domain.  

 

Figure 4.8. Alignment of conserved domains in Nephrin 
orthologues.Immunoglobulin-like domains and a fibronectin III-like repeat in 
Nephrin orthologues identified in the Xenacoelomorpha. Xenacoelomorphs 
sequences aligned to human and mouse Nephrin sequences.  
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No Nephrin-like orthologues have been identified in any non-bilaterian 

taxa to date, and, as with Neph1 sequences, this was also confirmed in this 

analysis. Unlike the Neph group of proteins, vertebrate Nephrin is present as 

just two isoforms, both of which are reportedly expressed in the developing 

and newborn brain, and one of which localises to the podocyte slit 

diaphragm156. Two NPHS1 orthologues, Hibris (Hbs) and Sticks and Stones 

(Sns) are found in D. melanogaster. Much like Duf and Rst, Hbs and Sns 

have a number of roles in D. melanogaster, but the presence of Sns in the 

nephrocyte is again necessary for ultrafiltratory structure and function130. In 

S. mediterranea, one Nephrin orthologue, Smed-NPHS1-6, localises to the 

protonephridial flame cell37. In C. elegans, as shown for SYG-1, the only 

known expression of SYG-2 is in the synapses154.  

 

4.2.1.4 The0 presence0 of0 Neph1/Nephrin0 orthologues0 in0 Xenacoelomorpha0 and0

inferring0ancestral0function0

 

As described above, putative Nephrin and Neph1 sequences identified 

from Xenacoelomorpha transcriptomes group with their respective protein 

families (Figure 4.5) and have well conserved Ig-like domains (Figure 4.6B 

and Figure 4.8). The identification of both of these proteins in acoels and 

Xenoturbella supports previous suggestions that Neph and Nephrin proteins 

are bilaterian-specific.  

 

This analysis also included sequences identified from BLAST queries 

of bilaterian members which reportedly lack an ultrafiltratory capacity 

(Nematoda (=C. elegans) and Tunicata (=C. intestinalis). As discussed, both 

of these proteins carry out a diverse number of functions, and so the 

presence of orthologues for Neph and Nephrin in these taxa is perhaps not 

surprising. When these proteins adopted an ultrafiltratory function remains to 

be established, but it is clear that this role is conserved across a diverse 

number of bilaterian members, including representatives from the 

Deuterostomia, Lophotrochozoa and Ecdysozoa, and so a primitive 
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urbilaterian ultrafiltratory-specific function followed by loss in, for example C. 

elegans and C. intestinalis, is likely.  

 

As shown in Appendix 5, bootstrap support at the nodes splitting off 

sequences for Neph1 and Nephrin is low. A similarly low bootstrap support 

value was returned even when putative Xenacoelomorpha orthologues were 

excluded from the alignment. A possible explanation for this is the high 

conservation of Ig-like domains between the two sequences. As both protein 

sequences were included for orthology inference in the same alignment, the 

high similarity of these domains could result in low support for the respective 

groupings of Neph1 and Nephrin. Despite this, protein domain order and 

structure of both Neph1 and Nephrin is identical between published 

vertebrate sequences and Xenacoelomorpha orthologues. Similarly, 

conserved domains (Ig-like in both proteins, and a fibronectin III-like repeat in 

Nephrin) taken from the vertebrate and Xenacoelomorpha sequences are 

well aligned. Taken together, these provide further evidence for the orthology 

of the Neph1 and Nephrin sequences identified in the Xenacoelomorpha.   

 

4.2.2 Podocin orthologues and gene function 

4.2.2.1 Presence0and0absence0of0PodocinSlike0sequences0across0the0Eukaryota0

 

Annotated orthologues of Podocin from NCBI are listed only from 

vertebrate taxa. In non-vertebrate taxa, orthologues of Podocin are named 

variably on NCBI as stomatin-like protein, erythrocyte band 7 (EB7) protein 

or Mechanosensory protein 2 (Mec2). Consequently, the best-hit sequence 

annotated as one of these proteins was included for analysis. Podocin-like 

sequences were identified in all diploblastic and triploblastic organisms 

(Figure 4.9). No potential orthologue was identified in the Choanoflagellatae. 

Outgroup sequences were chosen to represent proteins within a wider group 

classified by a 'SPFH' (Stomatin, Prohibitin, Flotillin, HflK/HflC) domain – that 

is, other protein families (specifically Prohibitins and Flotillins) with a domain 

that is similar to the stomatin-domain but specifically characteristic of these 

separate classes of proteins157. 
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 The maximum likelihood tree of these sequences grouped together all 

Podocin, Stomatin (=EB7) and Mec2 sequences from across the Metazoa 

(Figure 4.9). Sequences identified from Xenacoelomorpha transcriptomes 

group with all other bilaterian Podocin/EB7/Mec2 sequences. The outgroup 

sequences, chosen as Prohibitin and Flotillin, group together in their 

separate protein families, as would be expected. The long-branched 

stomatin-like protein sequences (SLP) cluster within the main 

Podocin/EB7/Mec2 grouping. In addition, the best-hit EB7 sequences 

identified from non-metazoan members (C. owczarzaki and D. discoideum) 

do not cluster with the main Stomatin group, but are instead found as a 

branch with EB7 sequences from a platyhelminth (Echinococcus 

granulosus), and the arthropods Culex quinquefasciatus and Daphnia 

magna. This finding contradicts a previous analysis that suggested a 

Podocin-orthologous protein is present outside of the Metazoa (Andrikou et 

al. preprint)158. Whilst we can assign the sequences identified from C. 

owczarzaki and D. discoideum as belonging to the wider Stomatin family, 

their placement indicates that they are not orthologous to metazoan 

Podocin/EB7/Mec2.  
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Figure 4.9. Maximum likelihood analysis of Podocin/EB7/Mec2 proteins 
and related outgroups. Xenacoelomorpha sequences shown in orange; D. 
melanogaster sequences in blue; H. sapiens sequences in purple. 
Phylogenetic inference carried out using RAxML. Bootstrap support values 
shown at relevant nodes. Branch length value shows number of substitutions 
per site.  
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4.2.2.2 Function0of0Podocin0and0StomatinSlike0proteins0

 

Podocin belongs to the stomatin family of proteins, classified by the presence 

of a stereotypical and highly conserved region called the stomatin-domain157 

(Figure 4.10). Proteins with the stomatin-domain are numerous and found in 

all three classes of life, where they exhibit a remarkable degree of sequence 

conservation: homologs between bacteria and human have been found to 

share up to 50% amino acid similarity, and this degree of conservation is 

clear from the alignment of the stomatin-like domain in the diverse taxa 

included for phylogenetic analysis, including the Xenacoelomorpha (Figure 

4.10)159. Phylogenetic analysis of the stomatin family of proteins suggests 

that eukaryotic stomatin proteins have two separate prokaryotic origins, and 

have subsequently undergone a series of duplication events to give the 

diversity of stomatin proteins found in different metazoan lineages. Stomatin-

like-protein-3 (SLP-3/slipin-3) is purported to be vertebrate-specific, arising 

as a result of two gene duplication events, occurring before the 

teleost/tetrapod split159. Of the annotated vertebrate stomatin-domain 

proteins, Podocin is particularly 'long-branched', indicating a rapid rate of 

sequence evolution, and perhaps suggesting that the function of Podocin is 

quite different from the ancestral function of other stomatin proteins159.  

 

In vertebrates, Podocin (NPHS2) has kidney-specific expression, 

where it localises to the slit diaphragm of podocyte cells in the glomerular 

capillary wall160. Here, it co-localises with Nephrin and the actin cytoskeleton 

to act as a scaffolding protein and to maintain slit diaphragm integrity. 

Despite the kidney-specific function of Podocin, all mammalian stomatin-

domain proteins share between 40-84% sequence identity at the level of the 

stomatin domain (Figure 4.10), and the unique functions of different stomatin 

proteins are thought to depend on the unique characteristics of the non-

conserved N- and C- termini of the protein157. In D. melanogaster, the 

stomatin-domain protein Mec2 is said to be a homologue of mammalian 

Podocin. Much like Podocin expression in the vertebrate podocyte, Mec2 

localises to nephrocytes in D. melanogaster, and is thought to maintain 
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integrity of the nephrocyte diaphragm and aid ultrafiltration130. 

Podocin/EB7/Mec2–like proteins are found throughout the Bilateria, where 

they also function in other roles outside of an ultrafiltratory capacity161.  

 

Figure 4.10. Alignment of the stomatin domain in Podocin/EB7/Mec2 
sequences. Taxa used in phylogenetic inference, including Podocin-like 
orthologues identified in the Xenacoelomorpha. Vertebrate Podocin 
sequences are shown by a red asterisk; Xenacoelomorpha sequences are 
shown by a blue asterisk.  

4.2.2.3 PodocinSlike0sequences0in0the0Xenacoelomorpha0

 

Sequences identified from Xenacoelomorpha transcriptomes group 

with all other bilaterian Podocin/EB7/Mec2 sequences (Figure 4.9). It is clear 

that the stomatin-like proteins have a very deep and conserved evolutionary 

history, as evidenced by the identification of related proteins in the 

Amoebozoa and Filasterea, and it is also evident that these proteins have a 

diverse function. Although Podocin is known to be vertebrate-specific, the 

expression of a stomatin-domain protein with similarity to Podocin in the D. 

melanogaster nephrocyte does suggest an orthologous function.  

Podocin/EB7/Mec2 orthologues are present throughout the Metazoa – as 

demonstrated by the inclusion of sequences in this analysis from diploblastic 

representatives – and so an ultrafiltratory-specific function is likely to have 

Taxon  \  Character
Podocin_Mus_musculus
Podocin_Homo_sapien
Podocin_Xenoturbella_bocki
Podocin_Symsagittifera_roscoffensis
Podocin_Isodiametra_pulchra
Podocin_Paratomella_rubra
Podocin_Xenopus_tropicalis
Podocin_Xenopus_laevis
Podocin_Danio_rerio
Mec2_Drosophila_melanogaster
Mec2-like_Saccoglossus_kowalevskii
EB7_Strongylocentrotus_purpuratus
EB7_Crassostrea_gigas
EB7_Acropora digitifera
Mec2_Exaiptasia_pallida_1
Mec2_Exaiptasia_pallida_2
EB7/Mec2_Nematostella_vectensis
Mec2_Lingula_anatina
EB7_Lingula_anatina
EB7/Mec2_Lottia_gigantea
Band_7_Strongylocentrotus_purpuratus
Band_7_Daphnia_magna
Mec2_Hydra_vulgaris
Band_7_Hydra_vulgaris
Mec2_Caenorhabditis_elegans
Mec2_Caenorhabditis_elegans(2)
SLP_Caenorhabditis_elegans
EB7/Mec2_Branchiostoma_floridae
Stomatin_Branchiostoma_floridae
EB7_Ciona_intestinalis
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Stomatin_Homo_sapiens
Band_7_Homo_sapiens
Stomatin_Xenopus_laevis
EB7_Paraspadella_gotoi
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Mec2_Crassostrea_gigas_1
Mec2_Crassostrea_gigas_2
EB7/Mec2_Adineta_vaga
EB7_Amphimedon_queenslandica
Stomatin_Echinococcus_granulosus
EB7_Mnemiopsis_leidyi
Mec2_Mnemiopsis_leidyi
EB7_Pleurobrachia_bachei
Mec2_Schmidtea_mediterranea
Mec2_Echinococcus_granulosus
Mec2_Trichinella_spiralis
EB7/Mec2_Ophiothirx_spiculata
Stomatin_Caenorhabditis_elegans
Band_7_Clonorchis_sinensis
Band_7_Schistosoma_japonicum
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Stomatin_Daphnia_magna
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Band_7_Trichuris_trichuria

L R L Q T L E I P F H E V V T K D M F I M E I D A V C Y Y R M E N A S L L L S S L A H V S K A I Q F L V Q T T M K R L L A H R S L T E I L L E R K S I A Q D V K V A L D A V T C I W G I K V E R T E I K D V R L P A G L Q H S L A V E A E A Q R
L R L Q T L E I P F H E I V T K D M F I M E I D A I C Y Y R M E N A S L L L S S L A H V S K A V Q F L V Q T T M K R L L A H R S L T E I L L E R K S I A Q D A K V A L D S V T C I W G I K V E R I E I K D V R L P A G L Q H S L A V E A E A Q R
L R T V S F D V P P Q E I L T R D S V T V S V D A V V Y Y R V R N A T I S V A N V E N A H H S T R L L A Q T N L R N V L G T K N L A E I L S E R E V I S H M M Q S G L D T A T D P W G I Q V E R V E I K D V R L P M Q L Q R A M A A E A E A S R
L R T V S F D V P P Q E I L S K D S V T V A V D A V V Y Y R I S N P T I S V T N V E D A N R S T K L L A A T T L R N V L G T K N L S E I L A D R D T I S S T M Q S M L D E A T D P W G V K V E R V E I K D V R L P V Q L Q R A M A A E A E A G R
L R T V S F D V P P Q E I L S K D S V T V A V D A V V Y Y R I S N P T I S V T N V E D A N R S T K L L A Q T T L R N V L G T K N L S E I L A D R D T I S G T M Q S M L D E A T D P W G V K V E R V E I K D V R L P V Q L Q R A M A A E A E A G R
L R T V S F D V P P Q E I L S K D S V T V A V D A V V Y Y R I S N P T I S V T N V E D S N R S T K L L A Q T T L R N V L G T R N L S E I L S D R E A I S S T M Q H S L D E A T D P W G V Q V E R V E I K D V R ? - - - - - - - - - - - - - - - -
F R L K T F E V P F H Q I V T K D L V T L E I D V I C Y Y R L E N A C L F L T S V S S I S S A F Q L L V Q T T T K R L L A H R A F L D I L L E R K S I G E E V K V A L D A A T C H W G I K V E R T E I K D V K L P E E V K Q S M A V E A E A Q R
F R L K T F E V P F H Q I V T K D L V T L D I D V I C Y Y R L E N A C Q F L T S V S N I S S A F Q L L V Q T T T K R L L A H R A F L D I L L E R K S I G E E V K V A L D A A T C H W G I K V E R T E I K D V K L P E E V K Q S I A V E A E A Q R
I R L Q I L K I P P H M V V T K D L V C T E V T A V C Y Y R I E N V S V C Y S S F A S I P D V M Q A L T Q V S V R E I L A H H A F N D I L L D R K R I A Q E I Q V T L D S G T C R W G I K V E K A E I E E I N L P P E L Q H N F A V E A E A R R
L R T V T F N V P Q Q E M L T K D S V T V T V D A V V Y Y R I S D P L Y A V I Q V E D Y S M S T R L L A A T T L R N I V G T R N L S E L L T E R E T L A H N M Q A T L D E A T E P W G V M V E R V E I K D V S L P V S M Q R A M A A E A E A A R
L R T I S F D V P P Q E V L T K D S V T I S V D A V V Y Y R V N N A T I S V A N V E N A N H S T R L L A Q T T L R N V L G T R N L S E I L S D R E T I S H Q M Q T G L D E A T D P W G I K V E R V E I K D V R L P V Q L Q R A M A A E A E A A R
L R T I S F D I P P Q E I L T R D S L T I S V D A V V F Y R V K N A T I S I A N V E N A G N S T R L L A Q T T L R N V L G T K N L A E I L A E R E G I S N Y M Q S T L D Q D T D P W G I Q V E R V E I K D V R L P V Q L Q R A M A A E A E A S R
- - - - - - - - - - - Q I L T S D S V T V S V D A V V Y Y R V C N P T I S V A N V E N A H H A T R L L A Q T T L R N I L G T K S M S E I L T D R E S I S K A M Q S M L D E A T I H W G I K V E R V E I K D V R L P K Q L Q R A M A A E A E A S R
L R T V S F D V P P Q E I L T K D S V T V A V D A V V Y F R I H D A T T S I T N V E N A N R S T R L L A Q T T L R N V L G T K N L S E I L A D R E H I S H S M Q A S L D E A T D P W G V K V E R V E V K D V R L P Q Q L Q R A M A A E A E A S R
L R V V S F D V P P Q E I L T K D S V T V A V D A V V Y F R I Y N A T M S I T N V E D A N R S T R L L A Q T T L R N T L G T K N L S E I L T E R D N I S H L M Q S S L D E A T D P W G V K V E R V E V K D V R L P Q Q L Q R A M A A E A E A T R
L R V V S F D V P P Q E I L T K D S V T V A V D A V V Y F R I Y N A T I S I T N V A D A N R S T R L L A Q T T L R N V L G T K S L S E I L S E R D N I S H I M Q T S L D E A T D P W G V K V E R V E V K D V R L P Q Q L Q R A M A A E A E A T R
L R V V S F D V P P Q E I L T K D S V T V A V D A V V Y F R I A N A T M S I T N V E N A N A S T R L L A Q T T L R N T L G T K N L T E I L S Q R D E I S Q T M Q S S L D E A T D P W G V K V E R I E V K D V R L P Q Q L Q R A M A A E A E A T R
L R T V S F D V P P Q E I L T K D S V T V A V D A V V Y Y R V Q N A T I S I T N V E D A A R S T R L L A S T S L R N V L G T K N L S E L L T D R E H I S H T M Q T T L D E A T D P W G V K V E R V E I K D V R L P V Q L Q R A M A A E A E A S R
L R T V S F D V P P Q E I L T K D S V T V A V D A V V Y Y R V Q N A T I S I T N V E D A A R S T R L L A S T S L R N V L G T K N L S E L L T D R E H I S H T M Q L T L D E A T D P W G V K V E R V E I K D V R L P V Q L Q R A M A A E A E A S R
L R T V S F D V P P Q E V L T R D S V T V A V D A V V Y Y R V Q N A T M S I T N V E D A N R S T R L L A A T T L R N V L G T K N L A E I L S E R E A I S H N M Q S S L D E A T D P W G V K V E R V E V K D V R L P V Q L Q R A M A A E A E A A R
L R T V S F D V P P Q E V L S K D S V T V A V D A V V Y Y R V H N P T I S I T N V E N A Q R S T R L L A A T T L R N V L G T K T L G E M L T D R E S I S S Q M Q S V L D E A T D P W G V K V E R V E I K D V R L P V Q L Q R A M A A E A E A A R
L R T V S F D V P P Q E I L S R D S V T V A V D A V V Y Y R V Q N P T I A V S N V E N F S H S T R L L A A T T L R N V L G T K N L A E I L S E R E T I S H T M Q S S L D E A T D P W G V K V E R V E I K D V R L P V Q L Q R A M A A E A E A A R
L R V I S F D V P P Q E I L T R D S V T V S V D A V T Y F R I S N P I A S V C N V E D A S R S T K L L A Q T T L R N E L G T K N L S E V L M E R E N I S K N L Q H I L D H A T E P W G V K V E R V E I K D V R L P Q M L Q R A M A A E A E A S R
L R V I S F N V P P Q E I L T R D S V T V S V D A V T Y F R V S N P I A S V C N V E N A S L S T K L L A Q T T L C N E L G T K N L S E V L M E R E N I S K N L Q H I L D Q A T E P W G V K V E R V E I K D V R L P Q M L Q R A M A A E A E A S R
L R V L S F E V P P Q E I L S K D S V T V A V D A V V Y F R I S N A T I S V T N V E D A A R S T K L L A Q T T L R N I L G T K T L A E M L S D R E A I S H Q M Q T T L D E A T E P W G V K V E R V E V K D V R L P V Q L Q R A M A A E A E A A R
L R V L S F E V P P Q E I L S K D S V T V A V D A V V Y F R I S N A T I S V T N V E D A A R S T K L L A Q T T L R N I L G T K T L A E M L S D R E A I S H Q M Q T T L D E A T E P W G V K V E R V E V K D V R L P V Q L Q R A M A A E A E A A R
L R V L S F E V P P Q E I L S K D S V T V A V D A V V Y F R I S N A T I S V T N V E D A A R S T K L L A Q T T L R N I L G T K T L A E M L S D R E A I S H Q M Q T T L D E A T E P W G V K V E R V E V K D V R L P V Q L Q R A M A A E A E A A R
L R T V S F D V P P Q E I L S K D S V T V A V D A V V Y Y R V Q N A T I S V T N V E N A Q R S T R L L A A T T L R N V L G T K T L G E I L T E R E N I S H Q M Q T T L D D A T D A W G V K V E R V E I K D V R L P V Q L Q R A M A A E A E A T R
L R T V S F D V P P Q E I L S K D S V T V A V D A V V Y Y R V Q N A T I S V T N V E N A Q R S T R L L A A T T L R N V L G T K T L G E I L T E R E N I S H Q M Q T T L D D A T D A W G V K V E R V E I K D V R L P V Q L Q R A M A A E A E A T R
L R T V S F D V P P Q E I L T K D S V T I S V D A V V Y Y R V Q D A T M S I A N V E N A D G A T R L L A Q T T L R N M L G T K S L S E V L T D R E Y I S A G M Q S T L D E A T D P W G I K V E R V E I K D V R L P V Q L Q R A M A A E A E A A R
L R T V S F D V P P Q E I L S K D S V T V A V D A V V Y F R I F D P T M S V T N V A D A D R S T K L L A Q T T L R N V L G T K N L T E V L A D R E Q I S H Y M Q T T L D S A T D V W G V K V E R V E V K D V R L P V Q L Q R A M A A E A E A T R
M R T I S F D I P P Q E I L T K D S V T I S V D G V V Y Y R V Q N A T L A V A N I T N A D S A T R L L A Q T T L R N V L G T K N L S Q I L S D R E E I A H N M Q S T L D D A T D A W G I K V E R V E I K D V K L P V Q L Q R A M A A E A E A S R
M R T I S F D I P P Q E I L T K D S V T I S V D G V V Y Y R V Q N A T L A V A N I T N A D S A T R L L A Q T T L R N V L G T K N L S Q I L S D R E E I A H N M Q S T L D D A T D A W G I K V E R V E I K D V K L P V Q L Q R A M A A E A E A S R
I R T I S F D I P P Q E I L T K D S V T V S V D G V V Y Y R V N N A T L A V A N I T N A D S A T R L L A Q T T L R N V L G T K N L S Q I L S D R E E I A H N M Q A T L D L A T D D W G I K V E R V E I K D V K L P I Q L Q R A M A A E A E A A R
L R T V T F D V P P Q E I L T K D S V T V A V D A V V Y Y R T A N P T M S V T N V E D A A K S T K L L A A T T L R N V L G T K N L A E V L S D R D N I C H S M Q G S L D A A T D P W G I K V E R V E V K D V R L P V Q L Q R A M A A E A E A T R
L R T V S F D V P P Q E V L S R D S V T V N V D A V V F Y S V N H P I M A T N N V E D Y S H S T R L L A A T T L R N V L G T R N L A E I L S E R E A I S H T M Q S A L D E A T D P W G V K V E R V E M K D V R L P L Q L Q R A M A A E A E A A R
M R T L T Y D V P P Q E I L T K D S V T V A V D A V I Y I R I F D A T M A T V N V S D A Y Q S T R L L A A T T L R N V L G T R L M A E L L T D R E S I A S N M K V Q L D E A T D P W G V K V E R V E I K D V R L P I Q L Q R A M A A E A E A S R
L R V L S Y D V P P Q E I L T K D S V T V A V D A V V Y Y R I F D P I M S V C N V N D A F R S T Q L L A S T T L R N V L G T K A M S E V L S E R E S I S Q E M Q H I L D V S T D P W G M K V E R V E I K D V R L P I Q L Q R A M A A E A E A A R
M R T V S F D V P P Q E V L T R D S V T V A V D A V V Y Y R V F N P T V S V A N V E Y A Q E S T R L L A Q T S L R N V L G T R L L S E L L C D R G T V S K A M R I C L D E A T A N W G I K V E R V E I K D V R L P K M L Q R I M A A E A E A A R
L R T I S L D I P P Q E I L T K D S V T V R V D A V V F Y R V Y N P T M S I L N V E N V N S A T Y F V A Q T T L R N V L G T K K L S E L L T D R D A I G D E M Q Q I L D E A T D P W G V K V E R V E I K D V S L P Q Q L Q R A M A A E A E A S R
L R T I T F D I P P Q E I L T K D S V T V S V D A V I Y Y K V F D A M I S V A N V E N A H H S T R L L A Q T T L R N V L G T K R L S E I L S E R D V I S S S M Q S V L D D A T E A W G I K V E R V E I K D V R L P V Q L Q R A M A A E A E A T R
M R T I S F D V P P Q E I L T K D S V T V T V D A V V Y F R I Q D A V S S V C - V D N V K T A T R L L A Q T T L R N M L G T K S L S E I L S E R E E I S N S M Q Q T L D E A T D P W G V L V E R V E V K D V R L P Q N L Q R A M A A E A - A H R
M R T L S F A V P P Q E A L T R - S V T V S V D A A V Y F R I S S P I A S V C N V E D V E Q S S R L L A Q T T L R N I I G T R S L N E L L V E R E E I S N N M Q Q C L D T A T E P W G V - V E R V E I K D V R L P T T M Q R A M A A E A E A Y R
M R T - S F D V P P Q E I L T K D S V T I T V D A V V F F R I Q D A V S S V C N V D N V K L A T K L L A Q T T L R N M L G T K S L A E I L A D R E E I S M A M Q - I L D E A T D P W G V L V E R V E V K D V R L P Q N L Q R A M A A E A E A H R
L R T F T F N V P T Q E V L T K D S V T V A V D A V V Y Y R I F N P I M S V V N V E D A N R S T R L L A Q T T L R N V L G T V D L Y Q L L A E R E Q I A S N M Q G C L D T A T E T W G V K V E R V D I K D V R L P I Q L Q R A M A A E A E A A R
L R T F T F N V P T Q E V L T K D S V T V A V D A V V Y Y R I F D P V M S V V N V E D A N R S T R L L A Q T T L R N V L G T V D L Y Q L L T A R E Q I A H L M Q D C L D T A T E T W G V K V E R V D I K D V R L P I Q L Q R A M A A E A E A A R
L R V V S F D V P P Q E I L S K D S V T V A V D A V V Y S R I S N A T I S V I N V E D A M L S T K L L A Q T T L R N I L G T K T L T E I L C D R E V I S Q T M Q T S L D E A T D P W G V K V E R V E V K D V R L P V Q L Q R A M A A E A E A T R
- - - - - - - I F T L Q V L S K D S V T V A V D A V V Y Y R V H N P T I S I T N V E D A Q R S T R L L A A T T L R N V L G T K T L G E M L T D R E C I S N Q M Q S S L D E A T D P W G V K V E R V E M - - - - - - - - - - - - - - - - - - - - -
L R V A S Y N V P S Q E I L S R D S V T V S V D A V V Y F K V F D P I T S V V G V G N A T D S T K L L A Q T T L R T I L G T H T L S E I L S D R E K I S A D M K I S L D E A T E P W G I K V E R V E L R D V R L P S Q M Q R A M A A E A E A T R
M R T V T V N I P P Q D I L T K D S V T V A V D A L V Y M H V V D P A S A I L R V E N W Q M S T Q L L A V S I L R T V L G T Y D L A E L L T R R S E I D S Q L R S E L D R G T D P W G I K V E R V E I K D V S L P Q D M Q R A M A A E A Q A A R
L R T K T V N I P P Q E V L T S D A V T V S V D A V V F M R V I E P A A A L L R V E N A L K S A E L L A V T T L R S V L G T Y E L T Q L L T S R D Q I D S K L K E L L D D A T S Q W G I K I E R V E I K D V A L P Q D M Q R A M A A E A Q A D R
L R E R A V D I Q P Q E V L T K D S V S L R V D A V V Y Y E I F D P T V M I L G V E D A R V A T I Q T V A T N L R S S F S N Y S L S D V L E K Q Y E I Q Q M I L K L V D I A T D P W G I R V T R V E I K D L R L P F D I Q R S M A A E A E S S R
L K E I A I D V P Q Q S A I T L D N V T L S I D G V L Y L R I V D P Y K A S Y G V E D A E F A I T Q L A Q T T M R S E L G K I H L D S V F R E R E N L N L G I V E A I N K A S E A W G I A C L R Y E I R D I K L P A R V Q E A M Q M Q V E A E R
L K E I A I D V P K Q S A I T S D N V T L S I D G V L Y L R I L N P Y L A S Y G V E D P E F A I T Q L A Q T T M R S E L G K M S L D K V F R E R E S L N Y S I V E S I N K A S E A W G I T C L R Y E I R D I K L P S R V H E A M Q M Q V E A E R
I R E Q V A V V P N Q K Y V T K D A I T V G A S F V M R I K Q S N P Q L S I C T T M N Q I S L A Q T I A V E H L R L Q F Q A N R L E M F W R F R S A I L F A L K S H L N M E L E P F G L L I M Y V E L T N V S L P L Y L K E P L I K L V I E N R

* * 

* * * 

* * * * 



 167 

arisen in the lineage leading to the Bilateria. Investigating the expression and 

function of this protein in the Xenacoelomorpha could therefore be 

informative for understanding its role more widely within bilaterian members.  

 

4.2.3 CD2AP orthologues and gene function 

4.2.3.1 Presence0of0CD2AP0across0the0Eukaryota0

 

The annotation of CD2AP/SH3-domain proteins is not consistent on 

NCBI, but single copies of CD2AP-like genes are known to be found across 

the Metazoa, and putative CD2AP sequences were identified in all bilaterians 

and diploblastic taxa investigated (Figure 4.11). Potential CD2AP-like 

sequences were identified in the Amoebozoa and Filasterea, but these are 

resolved with unclear orthology in phylogenetic analyses (Figure 4.11). 

Xenacoelomorpha sequences did not cluster as expected in phylogenetic 

analysis. Whilst sequences for Xenoturbella and I. pulchra are found in the 

main CD2AP grouping, the P. rubra sequence groups with the CDC25 

outgroup sequences, and S. roscoffensis is found with the SH3-domain 

Intersectin outgroup (Figure 4.11). 
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Figure 4.11. Maximum likelihood analysis of the SH3-domain CD2AP 
protein and related outgroups. Xenacoelomorpha sequences shown in 
orange; D. melanogaster sequences in blue; H. sapiens sequences in purple. 
Phylogenetic inference carried out using RAxML. Branch length value shows 
number of substitutions per site. 
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4.2.3.2 Structure0of0CD2AP0

 

CD2AP is a multiple-SH3 domain protein, which, along with its 

paralogue CIN85, belongs to a protein family of adaptor molecules with roles 

in a number of cellular processes162. The presence of both CD2AP and 

CIN85 is unique to the vertebrates, and assumed to be the result of gene 

duplication after divergence from the invertebrates. Single copies of the gene 

are found in a number of other metazoan lineages162. In this analysis, 

CD2AP orthologues were identified in all bilaterian and diploblastic taxa 

investigated. 

 

CD2AP is characterised by three SH3 domains, a proline-rich region, 

and a coiled coil region, and this conserved protein domain structure was 

found in all xenacoelomorph orthologues (Figure 4.12). SH3 domains are 

well conserved across all proteins in which they are found, and the 

conserved amino acid alignments of SH3-domain proteins – including those 

selected as outgroup sequences – make reliable phylogenetic inference 

more difficult.  

Figure 4.12. Schematic structure of CD2AP protein domains. These 
comprise three SH3 domains; a proline-rich region, and a coiled coil region at 
the C-terminus. Putative CD2AP orthologues identified in the 
Xenacoelomorpha have the same protein domains structure as is illustrated 
here.  
  



 170 

SH3 domains taken from the Xenacoelomorpha sequences identified 

as putative orthologues of CD2AP were aligned with SH3 domains from the 

CD2AP sequences in H. sapiens and M. musculus (Figure 4.13). For all 

Acoela orthologues, transcriptome sequences appeared to be truncated – as 

such, no P. rubra SH3A domain and no S. roscoffensis or I. pulchra SH3C 

domains were included in alignment. It is evident from these alignments that 

SH3A and SH3B show the highest degree of conservation between H. 

sapiens, M. musculus and the Xenacoelomorpha sequences. However, the 

Xenoturbella sequence aligning to SH3B is very expanded between 

conserved blocks of residues, which appears to be unique compared to other 

SH3 domain proteins (Figure 4.13). It is possible that the difficulties in 

assigning orthology to the Xenacoelomorpha sequences could be a result of 

these sequence expansions and truncations. Both Xenoturbella and I. 

pulchra group with the other CD2AP sequences included for analysis in 

phylogenetic inference (Figure 4.11). Bootstrap support at the main CD2AP 

node is low (see Appendix 5), but the inclusion of other SH3-annotated 

protein sequences could have confounded confident phylogenetic inference. 

The conserved protein domain arrangement, and degree of alignment 

between SH3 domains taken from Xenoturbella and I. pulchra provide 

evidence for their orthology, but the unexpected placement of P. rubra and S. 

roscoffensis could be attributed to misidentification of the best-hit transcript 

from the CD2AP BLAST query. 
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Figure 4.13. SH3A, SH3B and SH3C domains from putative 
Xenacoelomorpha CD2AP orthologues. Domains aligned to sequences 
taken from H. sapiens and M. musculus CD2AP.  
 

4.2.3.3 Ancestral0function0of0CD2AP0

 

CD2AP is expressed in all vertebrate tissues, but its highest level of 

expression is in epithelial cells141. The primary purpose of proteins in the 

CD2AP/CIN85 family is proposed to be the downregulation of receptor 

tyrosine kinase activity during endocytosis, but it also functions in actin 

cytoskeleton regulation163.  As described in 4.1.3, CD2AP is expressed in the 

podocytes of the vertebrate kidney, where it interacts with Nephrin to 

maintain the structure and function of the slit diaphragm141.  

 
 The presence of CD2AP orthologues throughout the Metazoa means 

that this gene evolved prior to the evolution of ultrafiltratory specialisation 

within the Bilateria. CD2AP had broad expression in a number of different 

tissues in diverse taxa, where it is necessary for the binding of actin and cell 

adhesion molecules 163. Thus is it likely that the interaction with Nephrin and 

Podocin at the slit diaphragm is a co-opted function. 
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4.2.4 ZO-1 orthologues and gene function 

4.2.4.1 ZOS0sequences0in0the0Eukaryota0

 

ZO-1 (Zona Occludens 1) is a tight junction protein belonging to the 

scaffolding membrane associated guanylate kinases (MAGUK) protein 

superfamily. ZO-1 orthologues were identified in all taxa investigated (Figure 

4.14), with the exception of D. discoideum. Putative ZO-1 orthologues from 

the Xenacoelomorpha group with other ZO-1 proteins. 

 

Cnidarians, the placozoan Trichoplax adhaerans and all bilaterian taxa 

are known to have at least one homolog from one of the seven main classes 

of MAGUK, including ZO. Whilst Porifera have a smaller MAGUK 

complement and lack a reliable homologue for a ZO protein, they do have 

protein sequences resembling that of the larger disc-large (DLG) super class 

of proteins (which is part of the MAGUK family) but without clear assignment 

to any of the classes therein164. Similarly, both the choanoflagellates and 

filastereates have proteins belonging to the DLG class, but these cannot be 

confidently identified as ZO homologues. The 'best-hit' ZO sequence for C. 

owczarzaki found in this analysis places it with the other MAGUK outgroups, 

and not within the node representing ZO- sequences (Figure 4.14). No 

sequences resembling the SLG class could be identified in D. discoideum, 

representing the Amoebozoa, which supports the proposed theory that the 

SLG super class originated in the Holozoa164.  

  



 173 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Maximum likelihood analysis of the tight junction protein 
ZO-1 and related outgroups. Xenacoelomorpha sequences shown in 
orange; D. melanogaster sequences in blue; H. sapiens sequences in purple. 
Phylogenetic inference carried out using RAxML. Bootstrap support values 
shown at relevant nodes. Branch length value shows number of substitutions 
per site. 
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4.2.4.2 ZOS0protein0structure0

 

Proteins in the MAGUK superfamily are defined by an inclusion of 

PDZ, SH3 and Guanylate Kinase (GuK domains) (Figure 4.15A)165. Aligning 

the three PDZ domains and GuK domain from Xenoturbella, P. rubra, S. 

roscoffensis and I. pulchra against the corresponding H. sapiens and M. 

musculus domains shows a high level of conservation at these domains 

between taxa, but with some sequence expansion between conserved 

residues in the Xenacoelomorpha GuK domains (Figure 4.15B). 

4.2.4.3 Ancestral0function0of0ZOS0proteins0

 

The MAGUK class of proteins is evolutionary ancient, and can be 

broadly divided into eight monophyletic groups, plus one paraphyletic group, 

found throughout the Eukaryota164. They have a number of intercellular roles: 

ZO proteins function broadly as scaffolding proteins at cellular junctions, and 

also regulate cell growth and proliferation. As described in 4.1.3, ZO-1 

expression is necessary in vertebrates for establishing the podocyte filtration 

barrier166, and the expression of a ZO-1 orthologue in the nephrocytes of D. 

melanogaster is also required to mediate ultrafiltration130. 

 

Nonetheless, it is clear that ZO proteins, including ZO-1, have a broad 

expression pattern and carry out diverse functions associated with cell 

growth, proliferation, scaffolding, and intracellular signalling167. Whilst ZO-1 

plays a critical role in establishing the filtration barrier in podocytes and 

nephrocytes, the presence of this protein in non-bilaterian taxa, and its broad 

expression and function, means that this filtratory-specific expression was 

likely co-opted specifically within the Bilateria. Consequently, the 

identification of orthologous ZO-1 protein sequences in the 

Xenacoelomorpha does not imply an ultrafiltratory capacity.  
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Figure 4.15. Structure of ZO-1 conserved protein domains. (A) 
Schematic structure of the ZO-1 protein, comprising three PDZ domains, one 
SH3 domain and a Guanylate Kinase (GuK) domain, with a proline rich 
region at the C terminus. (B) PDZ1, PDZ2, PDZ3 and GuK domains from 
putative Xenacoelomorpha ZO-1 orthologues aligned against the 
corresponding domains in H. sapiens and M. musculus.  
 

4.3 General conclusions 
 

An overview of the presence and absence of ultrafiltratory-related 

genes in the Eukaryota as a result of the analysis described in the chapter is 

presented in Figure 4.16. 
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Figure 4.16. Presence and absence of ultrafiltratory-related genes in the 
Metazoa. Presence of orthologues indicated by green circles; genes of 
unclear orthology indicated by blue circles; absence indicated by orange 
circles. Transcriptome and genome mining in: Monosiga brevicollis 
(Choanoflagellatae); Dictyostelium discoideum (Amoebozoa); Capsaspora 
owczarzaki (Filasterea); Acropora digitifera, Nematostella vectensis, Hydra 
vulgaris (Cnidaria); Mnemiopsis leidyi, Pleurobrachia bachei (Ctenophora); 
Amphimedon queenslandica (Porifera); Trichoplax adhaerans (Placozoa); 
Homo sapiens, Mus musculus, Danio rerio, Xenopus laevis (Vertebrata); 
Botryllus schlosseri, Ciona intestinalis (Tunicata); Branchiostoma floridae 
(Cephalochordata); Saccoglossus kowalevskii (Hemichordata); Ophiothrix 
spiculata, Strongylocentrotus purpuratus (Echinodermata); D. melanogaster 
(Arthropoda); Caenorhabditis elegans (Nematoda); Echinococcus 
granulosus, Schmidtea mediterranea (Platyhelminth); Adineta vaga 
(Rotifera); Lottia gigantea, Crassostrea gigas (Mollusca); Xenoturbella bocki, 
Paratomella rubra, Symsagittifera roscoffensis, Isodiametra pulchra 
(Xenacoelomorpha). Type of nephridial system indicated by: M = 
metanephridia; P = protonephridia; ? = unclear or presumed absence; * = no 
nephridial or excretory system.  
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From transcriptome-mining and phylogenetic inference, it is clear that 

all five ultrafiltratory-related proteins investigated have orthologues within the 

Xenacoelomorpha. For Podocin/EB7/Mec2, CD2AP and ZO-1, the presence 

of these orthologues is expected, given their existence throughout metazoan 

and/or wider eukaryotic taxa. Although these proteins have been identified at 

the site of ultrafiltration in vertebrates and D. melanogaster, they also 

function widely in other diverse roles, and so their presence in the 

Xenacoelomorpha is not necessarily indicative of any ultrafiltratory capacity. 

However, the identification of Neph1 and Nephrin in the Xenacoelomorpha is 

perhaps a more interesting find, given their absence in any organisms 

outside of the Bilateria. The presence of Xenacoelomorpha orthologues of 

these sequences thus provides the opportunity for molecular investigation 

into the expression and function of these genes in a phylum that is thought to 

lack any ultrafiltratory capacity. Furthermore, the evolutionary origin and 

conservation of ultrafiltratory and excretory systems remains inconclusive.  

The intriguing phylogenetic position of the Xenacoelomorpha means that 

investigating the role of these genes – and of Neph1 and Nephrin in 

particular – could perhaps be informative for our understanding of the degree 

of conservation of these genes with regards to their role in ultrafiltration in the 

Bilateria.  
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5 Molecular approaches in 
Symsagittifera roscoffensis 

5.1 Introduction 

5.1.1 Ultrafiltration and excretory systems in the Acoela 
 

As is true for all acoels, Symsagittifera roscoffensis is a small marine 

worm with a simple body plan. One aspect of the simple morphology of 

acoels, and indeed, all taxa within the Xenacoelomorpha, is that they are 

commonly regarded to lack any structures relating to ultrafiltration or 

excretion (see section 1.4.1). Two alternate theories pervade regarding the 

placement of the Xenacoelomorpha within the Bilateria: either as sister group 

to the Ambulacraria within the deuterostomes, or at the base of the Bilateria, 

separate from the main protostome and deuterostome grouping. Reflecting 

this lack of nephrocytes, the proponents of positioning the xenacoelomorphs 

as an early branch refer to the protostome/deuterostome clade as the 

Nephrozoa: the absence of nephrocyte-like structures is seen as a significant 

criterion for the exclusion of the Xenacoelomorpha from this grouping. I have 

shown in Chapter 4 that the xenacoelomorphs possess five of the genes that 

are co-expressed at the site of ultrafiltration in other bilaterians. In this 

chapter, I aim to use in situ hybridisation and antibody staining to establish 

the expression domains of purported ultrafiltratory-related genes in the acoel 

S. roscoffensis.  

 

5.1.2 Selecting molecular markers of ultrafiltration 
 

As discussed in 4.1.3 many lines of evidence suggest that the 

expression of five structural proteins (Neph1, Nephrin, Podocin, ZO-1, and 

CD2AP) is conserved at the site of ultrafiltration in the three main bilaterian 

lineages: Deuterostomia (investigated in vertebrates)136; Ecdysozoa (D. 

melanogaster)130; and Lophotrochozoa (S. mediterranea)37. Of these 
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proteins, it is the co-expression of Neph1 and Nephrin to form heterodimers 

and homodimers (specifically Nephrin-Nephrin) that are critical for the 

formation and function of the ultrafiltratory diaphragm. Although these 

proteins function more widely in a number of different processes, the co-

localisation of these proteins in the same cell is likely to be a marker of 

ultrafiltration.   

 

Podocin is a protein that is found exclusively in the vertebrate podocyte 

diaphragm. Although assigning orthology to Podocin/EB7/Mec2 sequences 

found outside of the vertebrates is not straightforward, expression and 

function of a Podocin-like sequence (=EB7/Mec2) in the nephrocytes of D. 

melanogaster suggests that the ultrafiltratory function of this protein is 

conserved in the Bilateria130. Given the uncertain position of 

xenacoelomorphs within the Bilateria, investigating the expression of 

transcribed gene sequences identified as potential orthologues of Podocin – 

and whether they co-localise with Neph1 and/or Nephrin – may be 

informative for our understanding of the historic function of this gene.  

 

Although CD2AP and ZO-1 are also known to have a role in 

ultrafiltration, they also function much more broadly in a number of different 

roles, and so the primary focus of this analysis was on understanding the 

expression pattern of Podocin, Neph1 and Nephrin.  

 

5.1.3 Symsagittifera roscoffensis: morphology and use for molecular 
lab approaches 

 

As we have seen in section 4.1.3, BLAST searches of members of the 

Acoelomorpha (S. roscoffensis, I. pulchra, and P. rubra) identified putatively 

orthologous sequences of these three genes-of-interest. P. rubra specimens 

can be collected from sand in the inter-tidal zone in Yorkshire. Very little is 

known about their habitat and ecology and P. rubra has not been established 

in culture in any lab to date, making it a poor choice for any long-term 

molecular lab work. I. pulchra, along with H. miamia, is as close to a 'model' 
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acoel as is currently established. It can be maintained in culture with varying 

degrees of success, but is prone to population crashes and severe ciliate 

contamination, which results in reduced egg laying and a rapid decline in 

population health.  

 

Although S. roscoffensis cannot be maintained long-term in culture, it 

has previously been used for experimental lab work168-170, and offers an 

alternative experimental acoel species to I. pulchra, without the problems 

associated with maintaining cultures. S. roscoffensis lives abundantly in huge 

colonies in the intertidal regions across Northern European coasts, and can 

be easily collected in significant quantities at low tide (Figure 5.1). Adults are 

bright green owing to their endosymbiotic relationship with the algal species 

Tetraselmis convolutae, and once in the lab, can be kept in incubators on a 

12-hour light/dark cycle for a number of weeks171. Adults lay numerous eggs 

in the first few days following collection in the breeding season of September 

to June: up to 30 eggs are laid per individual, enclosed as multiple eggs 

within a single cocoon. In the lab, embryonic development takes up to four 

days, at which point animals hatch as colourless, free-living juveniles. 

Without the presence of the symbiont, juveniles do not live longer than ~20 

days, but can be fixed as healthy individuals at different developmental 

stages prior to this point.  

 

 S. roscoffensis is a hermaphroditic, soft-bodied animal (Figure 5.1). 

Juvenile animals up to approximately seven days old grow up to 2mm in 

length and are teardrop shaped, with a broad anterior portion narrowing 

towards the posterior. Adults are up to 4mm in length, and more vermiform, 

losing the teardrop shape found in juveniles. The body wall comprises multi-

ciliated epidermal cells interspersed with muscle cells and gland openings of 

1µm diameter172. The mouth is found in the centre of the body axis in juvenile 

animals, and in the anterior third of the body in adults. Anterior to the mouth, 

both adult and juvenile animals are grooved along the longitudinal axis, 

formed by the ventral bending of the lateral edges of the animal: in juveniles 

this gives animals a cup-like appearance. The male gonopore is found at the 

very posterior of the animal, and the female gonopore is found at the 
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anterior-most third172. A synapomorphy of the taxon Sagittiferidae – to which 

S. roscoffensis belongs - is the presence of sagittocysts – capsules 

containing a protrusible needle-like structure, thought to function with the 

male and female copulatory organs.  

 

 
Figure 5.1. The ecology and morphology of Symsagittifera roscoffensis. 
(A) photograph taken from http://biologie.ens-
lyon.fr/ressources/Biodiversite/Documents/image-de-la-
semaine/2011/semaine-46-14-11-2011 showing an abundance of S. 
roscoffensis living in the intertidal region. (B) the simple morphology of the 
adult S. roscoffensis, anterior to the left. The animal is green owing to the 
symbiotic relationship with Tetraselmis convolutae; navigational statocyst 
indicated by black arrow; arrowheads showing muscle striation.  
 

Some gene visualisation protocols have been published for S. 

roscoffensis, and techniques for immunohistochemistry and in situ 

hybridisation have been successful in informing our knowledge of the acoel 

nervous system and the expression of various muscle genes168-170. 

Nevertheless, these protocols have not been consistently successful: 

published gene expression studies are largely limited to juvenile animals (up 

to one week old), and the symbiotic relationship with T. convolutae poses a 

problem for background auto-fluorescence in adult immunohistochemistry 

experiments with fluorescent signal. Consequently, establishing and fine-

tuning experimental procedures in S. roscoffensis is an ongoing challenge.  
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5.1.4 Objectives of Chapter 
 

The objective of the work described in this chapter was to look for 

evidence of nephrocytes in the Acoelomorpha by investigating the 

expression patterns of genes with a role in ultrafiltration, using S. 

roscoffensis as an experimental species.  It is known from studies in other 

animals that the five core ultrafiltratory related genes are expressed and 

function outside of the ultrafiltratory apparatus, but looking for cells in which 

these genes are co-expressed would likely be a marker of ultrafiltratory 

capacity in a taxon that is widely believed to lack any specialised filtratory or 

excretory system. Sequences orthologous to Neph1, Nephrin and Podocin 

were identified in the transcriptome of S. roscoffensis and will subsequently 

be referred to as SrNeph1, SrNephrin and SrPodocin-like. 

 

The acoels remain a difficult group to investigate experimentally, and S. 

roscoffensis is not well established as a model taxon. Consequently, a 

significant objective of this chapter was to develop and troubleshoot gene 

visualisation protocols in this animal at different developmental stages. 

Establishing more reliable experimental protocols for this animal will be 

beneficial not only for the objectives of this chapter, but also for wider 

investigations into the morphology and genetics of this species.  

 

5.2 Results and Discussion 
 

Owing to the difficulties encountered with gene visualisation 

approaches in S. roscoffensis, results and discussion are presented together 

in this chapter as a compound section. Whilst some details of experimental 

protocols are outlined below, detailed methods are described in sections 2.8 

and 2.9 
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5.2.1  In situ hybridisation in adult S. roscoffensis 

5.2.1.1 SrTroponin0I0positive0control00

 

In order to establish a working in situ hybridisation protocol in S. 

roscoffensis, I designed a probe for SrTroponin I, a commonly used muscle 

marker with known domains of expression in the Acoela. Using the PBS-

based protocol described by Chiodin et al. (2011)170 (based on the original 

protocol published by Semmler et al. (2010)168), I was able to recapitulate the 

expression of SrTroponin I in whole-mount and sectioned adult animals 

(Figure 5.2). SrTroponin I in adults is expressed in the posterior part of the 

animal; in the male gonopore; in a longitudinal band anterior to it through the 

midline of the animal; and in the sagittocysts at the posterior tip and two 

longitudinal bands near to the epidermis along the left and right sides of the 

animal (Figures 5.2A and 5.2B). This expression of SrTroponin I was 

observed in all in situ hybridisation protocols using both whole mount and 

sectioned adult S. roscoffensis.  
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Figure 5.2. Control in situ hybridisation experiments for SrTroponin I in 
S. roscoffensis. Anterior is to the left in all aspects. (A) SrTroponin I in 
whole-mount adult using a PBS-based in situ hybridisation protocol. 
Expression is highest in the male gonopore at the posterior (asterisk), in a 
longitudinal band directly behind it, and in two bands down the length of the 
animal (arrow heads). (B) Detail of SrTroponin I expression in the male 
gonopore, from a PBS-based in situ hybridisation protocol (asterisk). (C) 
SrTroponin I expression in sectioned adult animal, using the protocol 
established for sectioned Xenoturbella: expression recapitulates that 
observed in (A). (D) SrTroponin I expression in whole-mount juvenile using a 
MABT-based protocol. Expression is scattered, with highest region of 
expression in the posterior of the animal.  Scale bars in A.B,C: 100µm; D: 
50µm. 
 

5.2.1.2 SrNeph10and0SrNephrin0expression0in0adult0S.0roscoffensis0

 

Having succeeded with the control PBS-based in situ hybridisation 

protocol in adult S. roscoffensis, I used the same approach to investigate 

expression of the ultrafiltratory genes-of-interest. Probes were synthesised 

as outlined in sections 2.6.3 - 2.6.5. For probe length and approximate 

location in the complete sequence see Appendix 4. Initial repeats of the 

protocol using RNA probes for SrNeph1 and SrNephrin gave inconclusive 

results in S. roscoffensis adults, and a number of experimental variations 

were therefore tried to troubleshoot the protocol. These included varying 

probe concentration from 0.01ng/µl to 10ng/µl; varying hybridisation 

temperature from 65°C (with the hope of high specificity reducing background 

staining) and at various lower temperatures down to 50°C (with the hope of 

lower stringency increasing the likelihood of signal); varying duration of 

hybridisation (from overnight to one week); and varying the concentration of 

NBT/BCIP in AP buffer used in the final signal development stage (see 

section 1.2). Nonetheless, results remained inconsistent between different 

rounds of experiments, with either no discernible signal at all; the same 
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expression pattern for all three genes and corresponding sense probes; or 

high background expression. 

 

Of all rounds of in situ hybridisation using the PBS-based protocol, a 

possible expression pattern for SrNeph1 and SrNephrin was achieved using 

probes at a concentration of 2ng/µl and incubating for three days at 60°C 
(Figure 5.3). Both genes appear to be expressed in a feathered expression in 

longitudinal bands either side of the midline of the animal. For SrNeph1, 

expression is constrained more closely to the midline, with much more 

enhanced staining in the posterior region of the animal (Figure 5.3A). A 

similar pattern is seen for SrNephrin, but with more broad bands of 

expression extending further away from the midline of the animal (Figure 

5.3B). However, the difficulties associated with implementing in situ 

hybridisation for these probes means that I am not confident in the validity of 

these domains of expression for SrNeph1 and SrNephrin. 
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Figure 5.3. Expression of SrNeph1 and SrNephrin in whole-mount adult 
S. roscoffensis using a PBS-based in situ hybridisation protocol. 
Anterior is to the left in all aspects. (A) SrNeph1 (B) SrNephrin. Expression of 
both genes appears to be in longitudinal feathered bands either side of the 
gut. Scale bars in all aspects: 100µm.  
 

Changing in situ protocols entirely, I used a maleic acid based method 

to see if an alternative buffer might generate better results. Whilst this 

approach worked well for the SrTroponin I control probe, the ultrafiltratory 

gene RNA probes gave a great deal of dark NBT/BCIP background staining, 

with little difference between sense and anti-sense probes, even when the 

hybridisation temperature was increased with the aim of increased 

hybridisation stringency (Figure 5.4). A possible explanation for the 

ubiquitous staining across the animal is the abridged preparatory steps used 

in the maleic acid in situ protocol. In the PBS-based protocol I used 

triethanolamine and acetic anhydride washes as an acetylation step to 

reduce non-specific binding and therefore reduce NBT/BCIP background 

staining during probe visualisation. In the maleic acid protocol, specimens 

were washed straight from rehydration gradient MeOH:DEPC-H2O washes 

into maleic acid washes into hybridisation buffer, with no additional steps to 
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reduce non-specific binding. This could have caused the dark background 

staining which developed very quickly (within 30 minutes) across the animal. 

In addition, this protocol omitted digestion with Proteinase K. Adult S. 

roscoffensis have a ciliated epidermis scattered with gland cells: brief 

treatment with Proteinase K is thought to be sufficient to permeabilise the 

epidermis for probe binding, but without causing over-digestion. The low 

Tween-20 concentration in the MABT solution, and the absence of a 

Proteinase K step in this protocol, could have prevented penetration of the 

probe, causing background staining across the epidermis of the animal. 
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Figure 5.4. Expression of SrNeph1 and SrNephrin in whole-mount adult 
S. roscoffensis using a MABT-based in situ hybridisation protocol. 
Anterior is to the left in all aspects.  (A) SrNeph1 anti-sense probe;  (A') 
SrNeph1 sense probe; (B) SrNephrin anti-sense probe; (B') SrNephrin sense 
probe. All probes show dark background staining and enhanced expression 
in longitudinal bands running the length of the animal, indicative of non-
specific binding. Scale bars in all aspects: 100µm.  
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5.2.1.3 SrPodocinSlike0expression0in0adult0S.0roscoffensis0

 

Using the PBS-based protocol for SrPodocin-like revealed less broad 

domains of expression, with signal localised to channels extending 

perpendicular to the length of the animal (Figure 5.5). This pattern is 

reminiscent of that seen for SrNeph1 and SrNephrin. Nonetheless, given the 

difficulties in revealing any in situ hybridisation signal using this protocol, I am 

again skeptical of the validity of this result.  

 

 

 

 

 

 

 

 

Figure 5.5. Expression of SrPodocin-like in whole-mount adult S. 
roscoffensis using a PBS-based in situ hybridisation protocol. Anterior 
is to the left. Expression appears to be in longitudinal feathered bands either 
side of the gut and is reminiscent of that seen for SrNeph1 and SrNephrin. 
Scale bar: 100µm.  
 

 Using the same MABT protocol as used for SrNeph1 and SrNephrin 

also resulted in ubiquitous background staining for both the SrPodocin-like 

sense and anti-sense probe (Figure 5.6).  
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Figure 5.6. Expression of SrPodocin-like in whole-mount adult S. 
roscoffensis using a MABT-based in situ hybridisation protocol. Anterior 
is to the left in all aspects. (A) SrPodocin-like anti-sense probe (B) 
SrPodocin-like sense probe. As seen for SrNeph1 and SrNephrin, both 
probes show dark background staining and expression in longitudinal stripes 
running the length of the animal, indicative of non-specific binding. Scale 
bars in all aspects: 100µm.  
 

Finally, I used the in situ protocol developed for sectioned 

Xenoturbella specimens (see 2.8.1), on sectioned adult S. roscoffensis, with 

the hope that this might aid probe penetration without the risk of over-

digestion. This gave a reliable result for the control SrTroponin I probe 

(Figure 5.2C), but no obvious signal could be seen for SrNeph1 or 

SrNephrin. Successive sections appear to show a signal for SrPodocin-like at 

the anterior tip of the animal and in two lateral stripes running parallel to the 

midline of the animal (Figure 5.7). Given the absence of background staining, 

and the consistent domains of expression for SrPodocin-like seen moving 

through progressive sections of the animal, I suspect that this result is more 

likely to be a true expression pattern compared to those observed using 

different protocols.  
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Figure 5.7. Expression of SrPodocin-like in sectioned adult S. 
roscoffensis. From left to right sections move from close to the epidermis 
(A), through to the gut (A''). Anterior to the left. Expression localises to two 
longitudinal bands of cells flanking the gut, with the strongest expression 
seen in A'. Scale bar: 100µm.  
 

5.2.2 In situ hybridisation in juvenile S. roscoffensis 

 

After the largely inconclusive and/or unsuccessful outcomes for the 

ultrafiltratory genes-of-interest in adult animals, I repeated in situ 

hybridisation using both protocols for SrTroponin I, SrNeph1, SrNephrin and 

SrPodocin-like on fixed juvenile (3 to 7 day-old) animals.  

 

In whole-mount juvenile animals, the control probe for SrTroponin I 

successfully recapitulated results described by Chiodin et al. (2011)170. 

Expression is widespread throughout the juvenile animal, but enhanced at 

the posterior end and in the mouth region in the centre of the animal (Figure 

5.2D).  

 

5.2.2.1 SrNeph10expression0in0juvenile0S.0roscoffensis0

 

SrNeph1 expression in juvenile animals appeared to be consistent in 

both in situ hybridisation protocols (Figure 5.8A and 5.8B). More background 

staining is evident in the original PBS protocol. SrNeph1 appears to be 

expressed in two thin lateral stripes in the peripheral parenchyma on either 

side of the central gut, starting posteriorly to the statocyst and continuing until 

the last third of the body. At the start of these two bands is a strong region of 

expression running perpendicular to the two bands to join them across the 
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midsection of the animal. Expression is also found in the anterior region of 

the animal, with a degree of low-level expression appearing as a web across 

the epidermis of the animal, although this is more enhanced in the PBS-

based protocol.  

 

 

Figure 5.8. Expression of SrNeph1 in whole-mount juvenile S. 
roscoffensis. Anterior is to the left in all aspects. (A) SrNeph1 PBS protocol; 
(B) SrNeph1 MABT protocol. Expression using both protocols identified in the 
parenchyma flanking the gut and in a lateral band across the midline of the 
animal, posterior to the statocyst. Scale bars in A and B: 50µm. 
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5.2.2.2 SrNephrin0expression0in0juvenile0S.0roscoffensis0

 

SrNephrin results are less consistent, but appear to show expression 

across the epidermis of the animal (Figure 5.9A and 5.9B). In addition, 

expression is enhanced in the centre of the juvenile, although signal is more 

ubiquitous than that observed for SrNeph1, especially using the MABT-based 

protocol.  

 

 
Figure 5.9. Expression of SrNephrin in whole-mount juvenile S. 
roscoffensis. Anterior is to the left in all aspects. (A) SrNephrin PBS 
protocol; (B) SrNephrin MABT protocol. The MABT protocol shows a lot of 
unspecific background staining, but expression appears to be enhanced in 
the centre of the juvenile. Scale bars in A and B: 50µm. 
 

 

5.2.2.3 SrPodocinSlike0expression0in0S.0roscoffensis0

 

SrPodocin-like expression is also found across the epidermis of the 

animal, but with strongest expression in the centre of the animal, in the 

anterior portion of the ventral groove, and in the statocyst and the region 

directly posterior to the statocyst (Figures 5.10A and 5.10B). In the MABT 

protocol, SrPodocin-like shows a lot of background staining: expression 

domains for this probe are less consistent than those for SrNeph1 and 

SrNephrin. Interestingly, SrPodocin-like is always detected very strongly in 

the statocyst (Figure 5.10). 
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Figure 5.10. Expression of SrPodocin-like in whole-mount juvenile S. 
roscoffensis. Anterior is to the left in all aspects. (A) SrPodocin-like PBS 
protocol; (B) SrPodocin-like MABT protocol, hindered by a high level of 
ubiquitous background staining. Scale bars in A and B: 50µm. 
 

 

 in situ hybridisation experiments using juvenile S. roscoffensis 

revealed more consistent expression patterns than those found in the adult. 

SrNeph1 is found in the parenchymal region; SrNephrin and SrPodocin-like 

show a more ubiquitous expression, but both probes show strongest 

expression in the central gut region of the adult. These results suggest broad 

domains of expression for these ultrafiltratory genes in the juvenile animal, 

but with strongest domains of expression in or close to the central syncytial 

gut. 

5.2.3 Immunohistochemistry: commercial antibody expression in S. 

roscoffensis 
 

5.2.3.1 Selection0of0commercial0antibodies0for0use0in0S.0roscoffensis0

 

As an alternative visualisation approach, commercial antibodies raised 

against vertebrate for Nephrin, Neph1 and Podocin were used in adult and 

juvenile specimens. Numerous commercial antibodies against Neph1 (anti-

Kirrel), Nephrin (anti-NPHS1) and Podocin (anti-NPHS2) are available, most 

commonly designed to investigate renal disease in humans. The antigens of 

these antibodies are against the human proteins. Selection of an appropriate 

antibody was based on two criteria: 
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1. For each antibody (against Neph1, Nephrin or Podocin), the 

published antigen sequence from each company was aligned to 

the translated sequences identified from the S. roscoffensis 

transcriptome for the appropriate gene. The antigen sequence that 

had the greatest similarity to that of S. roscoffensis was, where 

possible, chosen as a possible antibody. 

 

2. As co-localisation of the proteins was an important consideration 

for investigating gene expression, the host animal for antibody 

production for Nephrin needed to be different from the host used 

for Neph1 and Podocin. As the vast majority of commercial 

antibodies against these genes are raised in rabbit, very few 

alternative options were available for Nephrin. Only one 

appropriate antibody, raised in sheep, was identified for this gene.  

 

All commercial antibodies tried were polyclonal, giving them the 

possible advantage of being able to identify homologous proteins outside of 

the species from which the antigen was taken. Nonetheless, it is 

acknowledged that despite using polyclonal antibodies, similarity between 

the human antigen and the S. roscoffensis protein-of-interest may not be 

high enough for any protein detection. Similarly, it is true that whilst cross-

reactivity with human antibodies could help localise protein expression in S. 

roscoffensis, this does not mean that the antibodies are binding proteins that 

are true orthologues.  
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5.2.3.2 AntiSNephrin0and0antiSNeph10signal0

 

 No discernible signal was detected using commercial anti-Nephrin 

(anti-NPHS1, Novus Biologicals, AF4269) and anti-Neph1 antibodies (anti-

Kirrel, Atlas Antibodies HPA030458), despite varying the concentration of 

primary antibodies (for protocol detail see section 2.9; Figure 5.11). It is clear 

from these images that endosymbiotic T. convolutae poses a problem in 

adult S. roscoffensis for non-specific fluorescent signal (Figures 5.11A and 

5.11B). In juveniles, no signal was detected for anti-Neph1; anti-Nephrin 

signal appears to localise to a punctated pattern along the open 'edge' of the 

cup-shaped juvenile (Figure 5.11C).  

 

Figure 5.11. Immunohistochemistry using commercial antibodies 
against ultrafiltratory proteins on whole-mount S. roscoffensis. Anterior 
to the top of the panel in A and B, and to the left in C. Cyan or blue signal is 
DAPI. (A) anti-Nephrin in the adult; (B) anti-Neph1 in the adult. Magenta 
signal in both is autofluorescence from the endosymbiont T. convolutae. (C) 
anti-Nephrin in the juvenile, ventral surface at the top of the image. Signal 
appears to localise to the open cup of the ventral surface of the juvenile. 
Scale bars A and B: 100µm; scale bar in C: 50µm. 
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5.2.3.3 antiSPodocin0signal0

 

The commercial anti-Podocin antibody (anti-NPHS2, Atlas Antibodies 

HPA049486) appears to localise to two ladder-like bands of cells running in 

longitudinal stripes down the length of the adult animal (Figures 5.12A and 

5.12C). This domain, in parenchymal cells flanking the midline of the gut, is 

comparable to that seen in in situ hybridisation experiments using sectioned 

adult S. roscoffensis. In juveniles, anti-Podocin signal is detected across the 

epidermis of the animal, with enhanced regions of signal along the lateral 

edges (Figure 5.12B). The very broad expression of anti-Podocin across the 

epidermis of the animal is likely to be non-specific signal, owing to the very 

conserved domains between Podocin/EB7/Mec2 and other stomatin-like 

proteins, as discussed in 5.2.5.  

 

Figure 5.12. Immunohistochemistry using commercial antibodies 
against vertebrate Podocin in whole-mount S. roscoffensis. Anterior to 
the top in A; anterior to the left in B; cyan or blue signal counterstaining with 
DAPI. (A) anti-Podocin signal close to the midline of the animal presents as 
two longitudinal ladder-like bands of cells, on either side of the gut. (B) anti-
Podocin in the juvenile: positive signal across the epidermis of the animal. 
(C) Context of anti-Podocin signal in the adult: anterior to top of schematic; 
statocyst represented by circle; location of anti-Podocin signal in grey. Scale 
bar in A: 100µm; scale bar in B: 50µm. 
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5.2.4 Immunohistochemistry: custom polyclonal antibody expression 
in S. roscoffensis 

 

Given the inconclusive results using commercial antibody stainings in 

adult and juvenile S. roscoffensis, I hoped to gain a better understanding of 

the localisation of SrNeph1, SrNephrin and SrPodocin-like proteins by using 

specific polyclonal antibodies. Custom polyclonal antibodies were ordered 

from GenScript as described in 2.9.1.  

 

5.2.4.1 AntiSSrNeph10and0antiSSrNephrin0signal0

 

Signal from anti-SrNeph1 and anti-SrNephrin was consistent in all 

experimental repeats. Signal from both antibodies appears to localise to the 

epidermal surface of the animal, in a net-like pattern (Figures 5.13A, 5.13B, 

5.13F). From confocal Z-stacks, it is clear that this signal is localised to the 

epidermis of the animal; no specific signal for either antibody could be found 

in progressive Z-stacks through the dorso-ventral axis of the animal (Figure 

5.13D and 5.13E). Double immunohistochemistry labelling found an 

overlapping signal for both anti-SrNeph1 and anti-SrNephrin in the epidermis 

(Figure 5.13C).  
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Figure 5.13. Signal from custom anti-SrNeph1 and anti-SrNephrin 
antibodies in the epidermal surface of whole-mount adult S. 
roscoffensis. Image taken from the anterior region of the animal (anterior tip 
in bottom left-hand corner of each panel). (A) anti-SrNephrin; (B) anti-
SrNeph1; (C) Co-localisation of anti-SrNeph1 (green) and anti-SrNephrin 
(red). (D) and (E) Signal from custom anti-SrNeph1 and anti-SrNephrin 
antibodies in progressive Z-stacks through the dorso-ventral axis of whole-
mount S. roscoffensis, image taken from the same anterior region of the 
same animal shown in figures A-C. (D) anti-SrNeph1 and (E) anti-SrNephrin. 
Scale bar in all aspects: 20µm. (F) context of anterior region shown in panels 
A-E, statocyst indicated by asterisk, signal from anti-SrNeph1 and anti-
SrNephrin represented in grey. 
 

 

In juvenile animals, anti-SrNephrin localises to the anterior-most 

section in the midline of the animal, with a broadening range of signal moving 

more posteriorly into the cup-shaped portion (Figure 5.14A). anti-SrNeph1 

localises to the parenchymal region, running in longitudinal bands on either 

side of the animal, and in a lateral band across the midline of the animal, in 

the anterior-most third (Figure 5.14B). Double antibody stainings in juveniles 

show co-localisation across the epidermis, much like in adults, and with a 

possible co-localisation across the lateral band – although this is detected 

more strongly for anti-SrNeph1 (Figure 5.14C). 
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Figure 5.14. Signal from custom polyclonal antibodies anti-SrNeph1 and 
anti-SrNephrin in whole-mount juvenile S. roscoffensis. Anterior to the 
top in all aspects. (A) anti-SrNephrin. Signal at the anterior of the animal, with 
a broadening domain of signal moving posteriorly. (B) anti-SrNeph1, signal 
found in the parenchyma on either side of the gut, and in a lateral band 
across the midsection of the animal (C) co-localisation of anti-SrNeph1 
(magenta) and anti-SrNephrin (cyan). Scale bar: 50µm. 
 

5.2.4.2 AntiSSrPodocinSlike0signal00

 

In both adults and juveniles, anti-SrPodocin-like gave a surprising 

signal in the early (juvenile) and fully-developed (adult) nervous system 

(Figure 5.15). Of all S. roscoffensis immunohistochemistry experiments, the 

signal from anti-SrPodocin-like was remarkably clear - and very consistent - 

across all experimental repeats. In juveniles, the antibody also localised to a 

punctated pattern around the edges of the animal, in the sagittocysts (Figure 

5.15B).  
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Figure 5.15. Signal from custom polyclonal antibody anti-SrPodocin-like 
in whole-mount S. roscoffensis. (A) Adult whole-mount; (B) Juvenile 
whole-mount. In A and B, signal localises to the nervous system. Anterior to 
the top in all aspects. Cyan signal in (A) is DAPI counter-staining. Scale bar 
in A: 100µm; B: 50µm. 
 

5.2.5 Understanding expression patterns of ultrafiltratory genes in S. 

roscoffensis 

 
It is clear that investigating the expression patterns of these three 

markers of ultrafiltration in the acoel S. roscoffensis was not straightforward. 

Both in situ hybridisation protocols used at both ages of fixed animal worked 

consistently to visualise the expression of SrTroponin I. This indicates that 

the difficulties encountered with SrNeph1, SrNephrin and SrPodocin-like 

probes were not owing to a protocol problem, but were specific to the RNA 

probes for the genes-of-interest. As there is no quantitative gene expression 

data for this species, the level these genes are transcribed at is not known in 

either the adult or the juvenile animal. It is therefore difficult to dismiss high 

levels of background staining in adult specimens as non-specific probe 

binding – particularly when antibody stainings indicate that SrNeph1 and 

SrNephrin could be expressed broadly across the epidermis of the animal 

(Figure 5.13).  
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5.2.5.1 Problems0with0in0situ0hybridisation0in0S.0roscoffensis0and0interpreting0the0

validity0of0expression0patterns0

 

From expression patterns observed in juvenile specimens, in situ 

hybridisation experiments hint at the presence of ultrafiltration-related genes 

in broad expression domains in S. roscoffensis, including the parenchyma, 

gut, anterior and posterior regions. In situ hybridisation experiments in the 

nemertodermatid Meara stichopi and the acoel I. pulchra (Andrikou et al. 

preprint158, Figure 5.16) have also found a diverse and inconsistent 

expression pattern for excretory system related genes: a result that is clearly 

evident for S. roscoffensis. Such broad expression could be indicative of a 

broad, non-filtratory specific function of these genes in Acoelomorpha 

members, but could also suggest non-specific probe binding as a result of 

the very conserved domains of CAM and stomatin-related proteins. In situ 

hybridisation in juvenile S. roscoffensis and the sectioned adult animal did 

consistently find expression of SrNeph1 and SrPodocin-like, respectively, in 

parenchymal regions and close to the gut. When considered within the 

context of excretory systems, the presence of ultrafiltratory genes in 

parenchymal cells and the gut could be indicative of cells with a filtratory 

capacity contributing to excretion via the gut. Nonetheless, the problems 

encountered with in situ hybridisation experiments in S. roscoffensis makes 

this an unreliable result, and the data I present are not enough to inform our 

understanding of the roles of these genes in the Acoelomorpha.  
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Figure 5.16. Expression of orthologues of ultrafiltratory-related genes in 
the acoel Isodiametra pulchra and nemertodermatid M. stichopi. Figure 
adapted from Andrikou et al. (preprint)158 (A-C) Nephrin expression in I. 
pulchra; (A'-C') Nephrin expression in M. stichopi; (D-F) Podocin-like 
expression in I. pulchra; (D'-F') Podocin-like expression in M. stichopi. Scale 
bars A-C and A'-C': 50µm; D-F and D'-F': 100µm. 
 

5.2.5.2 Signal0from0custom0polyclonal0antibodies0

 

Using custom polyclonal antibodies in S. roscoffensis gave consistent 

and reproducible results. In adults, anti-SrNeph1 and anti-SrNephrin localise 

to a net-like structure across the epidermis of the animal (Figure 5.13). This 

signal is reminiscent of that previously described for a voltage-dependent 

anion-selective channel (VDAC) antibody used in S. roscoffensis, thought to 

show channels connecting monociliated sensory receptors172. In juveniles, 

different signal domains are observed in Z-stacks deeper into the dorso-

ventral axis of the animal (Figure 5.14). anti-SrPodocin-like consistently 

localises to the nervous system (Figure 5.15). 

 

As discussed in section 4.2.1, both Neph1 and Nephrin are 

evolutionarily conserved proteins found exclusively in the Bilateria. Outside of 
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filtratory diaphragm formation, both Neph1 and Nephrin have been found to 

have a number of other developmental roles, including neuronal 

development and central nervous system patterning135,173. In C. elegans, 

orthologues of Neph1 (SYG1) and Nephrin (SYG2) are expressed 

exclusively at the synapses154. Other members of the IgSF CAM family of 

proteins are also expressed in various neuron types in bilaterians174. 

Although Podocin is expressed exclusively at the podocyte slit diaphragm in 

vertebrates, the related stomatin proteins in mammals are also expressed in 

sensory neurons175. More widely in the Bilateria, Mec2 and other stomatin 

members are commonly expressed in mechanosensory and touch 

receptors176. 

 

The expression of all three genes in neuronal cells of bilaterian 

organisms could explain the signal in S. roscoffensis using custom 

antibodies. However, the IgSF CAM family of proteins is very conserved at 

the level of their Ig-like extracellular protein domains (see section 4.2.1) and 

it is therefore possible that this signal is a result of cross-reactivity with other 

CAM proteins that are present in these cells. This would not rule out the 

potential true signal from SrNeph1 and SrNephrin in other non-neuronal cell 

types. Certainly for anti-SrNeph1 in juveniles, non-epidermal signal localises 

to cells found around the gut, in a pattern reminiscent of the expression of 

SrNeph1 in in situ hybridisation. Similarly, Podocin/EB7/Mec2 proteins have 

exceptionally conserved domains with other stomatin family proteins, with 

consequences for both assigning orthology and for the likely cross-reactivity 

of anti-SrPodocin-like with other related proteins (see section 4.2.2). Whilst I 

consistently observed a strong nervous system signal for this antibody, the 

likelihood of detecting signal from related proteins for this antibody is high, 

and so the consistent nervous system signal can perhaps not be confidently 

assigned to SrPodocin-like.  
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5.3 General conclusions 
 

S. roscoffensis has not been used extensively as a species for gene 

visualisation techniques. Where protocols have been used successively to 

date, these have predominantly been in juvenile specimens, and the 

problems I encountered in working with adult animals could be reflective of 

this trend. Of all adult in situ hybridisation results, the expression of 

SrPodocin-like in sectioned adult animals is likely to be the most reliable. 

This expression, in two longitudinal stripes along the midline of the animal, is 

reminiscent of the signal seen using the anti-Podocin commercial antibody. 

Whilst this expression could be from a paralogous gene, it is consistent 

between the two different visualisation approaches. 

 

In situ hybridisation in juvenile S. roscoffensis gave more consistent 

results than those found using whole-mount adults. It appears that 

SrNephrin, SrNeph1 and SrPodocin-like have broad domains of expression 

in juvenile animals, including the gut, parenchymal cells, and anterior and 

posterior regions. These genes are known to have a number of functions 

across the Bilateria (see section 4.2), and so broad expression domains 

would perhaps be likely. The common expression in the syncytial gut and 

parenchymal cells surrounding the gut could be indicative of an excretory 

function related to the gut and digestive cells. However the difficulties 

associated with implementing in situ hybridisation in this animal means that 

any expression patterns for the genes-of-interest should be interpreted with 

caution, and are not sufficient to draw conclusions regarding the ancestral 

roles of these genes or their function in acoels. Whilst the use of custom 

antibodies in immunohistochemistry gave consistent and reproducible 

results, the epidermal signal observed for anti-SrNeph1 and anti-SrNephrin 

could be attributed to cross-reactivity with related proteins. Signal from anti-

SrNeph1 appears to correlate with that observed in in situ hybridisation 

experiments, and provides a degree of evidence for the expression of this 

gene in the gut and parenchymal cells in acoels. However, as discussed, 
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these results alone do not support the presence of specific nephrocyte-like 

cells with an ultrafiltratory capacity in S. roscoffensis.  

 

It is evident that using in situ hybridisation and immunohistochemistry 

are not the best approaches to investigate the presence of cells with a 

putative ultrafiltratory function in S. roscoffensis. Instead, a functional 

approach could be preferable: RNAi has been used in the acoels H. miamia 

and I. pulchra29,177. In the flatworm S. mediterranea, RNAi of developmental 

transcription factors necessary for protonephridial patterning and 

maintenance resulted in visible bloating of the animal as a result of an 

inability to filter and excrete waste34. RNAi against Neph1, Nephrin and 

Podocin orthologues in acoels could therefore be used to investigate 

ultrafiltratory function of these genes with an easily scalable phenotype.  
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6  Xenoturbella bocki molecular 

protocols 

6.1 Introduction 

6.1.1 Visualising ultrafiltratory markers in Xenoturbella bocki 
 

As described in section 4.1.3, identifying co-expression of Neph1, 

Nephrin and Podocin-like genes in the same cells is a likely indicator of 

ultrafiltratory function. Following the inconclusive in situ hybridisation and 

immunohistochemistry results for S. roscoffensis, I designed probes for the 

same three genes for use in in situ hybridisation in Xenoturbella bocki 

(subsequently referred to as XbNeph1, XbNephrin and XbPodocin-like 

respectively). The simple morphology of Xenoturbella means that it is 

commonly assumed that they lack any cells or structures involved in 

ultrafiltration and excretion. Identifying cells that co-express these 

ultrafiltratory genes in Xenoturbella would therefore be an important novel 

finding, with consequences for our understanding of the origins of 

ultrafiltration and nephridia, and of the degree of cellular specialisation in 

Xenoturbella.  

 

Nephridial systems in the Bilateria can broadly be divided into two 

classifications primarily determined by the presence (metanephridia) or 

absence (protonephridia) of the coelomic cavity for temporary filtrate 

storage40. Despite the structural variation in nephridial systems therein, the 

process of ultrafiltration is always mediated by the ECM (or basement 

membrane) prior to filtration by specialised epithelial cells in metanephridia or 

terminal cells in protonephridia. Consequently, in looking for cells in 

Xenoturbella that express genes associated with ultrafiltration, a location 

adjacent to the ECM might also be indicative of an ultrafiltratory role. In 

addition, a source of external or internally induced pressure is necessary to 

mediate ultrafiltration. In the vertebrate nephron filtration is driven by blood 
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pressure, and in protonephridia, internally-induced negative pressure is 

brought about by the beating of cilia within the terminal region, drawing fluid 

across the filtratory slits. In D. melanogaster, the source of filtratory pressure 

is more ambiguous, but appears to be reliant on the attachment of 

nephrocytes to peristaltic tissues such as the heart and gut130. 

 

6.1.2 Overview of Xenoturbella bocki morphology 
 

First, I want to provide the morphological context necessary to interpret 

any positive results from in situ hybridisation or immunohistochemistry, 

included, as discussed, the location of the ECM. 

 

All morphological and histological studies of Xenoturbella bocki provide 

evidence for a simple body plan. As originally described by Westblad 

(1949)22, and supported by subsequent analyses, Xenoturbella comprise a 

small number of identifiable cell types, organised as layers through the body. 

These include a thick, ciliated epidermis - which includes the nervous system 

as a basiepithelial nerve net; an layer of extracellular matrix (ECM) 

underlying the epidermis; below this a muscle layer; a parenchymal layer; 

another thin ECM layer; and in the centre of the body, a gastrodermis 

surrounding the gut lumen178 (Zakrzewski et al., unpublished) (Figure 6.1). 

Beyond the basic organisation described above, coming from descriptive 

histological studies, little more is known regarding the possible variety of 

cellular subtypes or the diversity of gene expression (genetic fingerprints) 

that may allow us to characterise such cell or tissue type complexity in 

Xenoturbella.  
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Figure 6.1. Masson's Trichrome staining of a horizontal cross section of 
Xenoturbella bocki. Section taken from the dorsal region of the animal 
(image Anne Zakrzewski, Telford lab). Outer ciliated epidermal layer shown 
by black arrow; thick epidermal layer encompassing the ciliated epithelia 
through to the turquoise ECM shown by white lines. The epidermis is a thick 
structure, comprising a number of different cell types. The outermost portion 
of the epidermis, shown by white dashed lines, is a monolayer, composed of 
cells up to 300µm in length and interspersed with gland, sensory, supportive, 
secretory and pigment cells. Underlying this portion of the epidermis is the 
nerve plexus (in grey), shown by black dashed lines. The cell bodies of 
neuron cells lie in the portion between the bulk of the nerve plexus and the 
epidermal monolayer. Underlying the nerve plexus, and in the most basal 
portion of the epidermis, is the extracellular matrix (ECM), stained bright 
turquoise and shown with the first white arrow. Unique to Xenoturbella and its 
close relatives (Xenoturbellida), a major part of the ECM is part of the 
subepidermal membrane complex (SMC): a thick layer of filaments 
surrounded by outer and inner basal laminae. The muscle layer itself is 
composed of three muscle types in distinct layers: the outer circular muscle, 
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the underlying longitudinal muscle layer, and a final transverse muscle layer 
which traverses the parenchymal space between the outer muscle layers and 
the gastrodermis. Muscle is stained red and annotated with a white asterisk. 
The parenchymal space itself (shown by black lines) is delimited on both 
sides by ECM – a thicker layer above the musculature, and a thinner inner 
layer shown by the second white arrow. This thinner layer of ECM is found 
adjacent to the gastrodermis – the cell layer found lining the large gut lumen, 
present as a sac in the middle of the animal (black asterisk).  The two white 
stars opposite each other on the outside of the animal show the position of 
the ventral ring furrow. Scale bar: 200µm. 
 

6.1.3 Objectives of chapter 
 

In this chapter I will describe in situ hybridisation and 

immunohistochemistry experiments on sectioned adult Xenoturbella with the 

aim of visualising the expression of the three ultrafiltratory-related genes-of-

interest described in section 4.1.3.  

 

First, I describe the expression of a control probe for Elav (embryonic 

lethal, abnormal vision), a gene consistently associated with neuronal cell 

types across the Metazoa, from animals as diverse as vertebrates, D. 

melanogaster and the diploblast Nematostella vectensis179-181, and for which 

a verified orthologue could be identified in Xenoturbella transcriptomic data 

(XbElav henceforth) by BLAST and subsequent phylogenetic analysis. A 

diffuse basiepithelial nerve net has been described from histological studies 

of Xenoturbella, and I therefore anticipated that this probe would localise to 

the nerve net, and act as reliable in situ hybridisation positive control gene 

during protocol establishment.  
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6.2 Results 

6.2.1 Establishing the in situ hybridisation protocol with a test probe 
 

Animals were sectioned along all three different body axes in order to 

optimise the interpretation of gene expression patterns across the whole 

animal (Figure 6.2): 

 

1. Cross-sections, cutting vertically along the anteroposterior axis; 

2. Sagittal sections, cutting vertically from left to right; 

3. Horizontal sections, cutting along the dorsoventral axis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Sectioning orientations of whole-mount Xenoturbella bocki. 
Cross section and sagittal section viewed dorsally; horizontal section viewed 
laterally.  
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An initial round of in situ hybridisation on sagittal sections was carried 

out with a protocol modified from that originally used by Etchevers (2001)182, 

using an RNA probe for XbElav (Figure 6.3). XbElav appears to show 

expression in the basiepithelial nerve net that is enhanced in intensity in the 

anterior region of the animal, similar to that observed in sagittal sections of 

the hemichordate Saccoglossus kowalevskii.  

 

 
 

Figure 6.3. Test in situ hybridisation using a probe for XbElav on a 
sagitally orientated section of adult Xenoturbella bocki. (Experimental 
protocol and imaging in collaboration with Anne Zakrzewski, Telford lab). (A) 
Expression of XbElav appears to localise to the basiepithelial nerve net 
(corresponding to the cell layer indicated by the black dashed line in Figure 
6.1). Anterior of animal to the left; large 'bulge' at the top of the image is a 
fixation artefact. Expression is strongest in the anterior-most region of the 
animal. (B) Detail of region indicated by black box. Expression of XbElav 
localises to the basiepithelial nerve net. Scale bar: 50µm.  
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6.2.2 Visualising expression of ultrafiltratory genes in Xenoturbella 

bocki 
 

Owing to the lack of knowledge regarding distribution of cell types in 

Xenoturbella, in situ hybridisation experiments using probes for ultrafiltratory 

markers were first carried out on sections taken from all three sectioning 

orientations. Probes were synthesised as outlined in sections 2.6.3 - 2.6.5. 

For probe length and approximate location in sequence see Appendix 4. 

 

6.2.2.1 XbNeph10expression0in0the0epidermis0and0posterior0parenchyma0

 
An initial set of in situ hybridisation experiments using a probe for 

XbNeph1 showed a degree of expression across the thick epidermal layer, 

the muscle layer and the apical section of the gastrodermis (Figure 6.4A).  

 

Despite the comparatively broad expression of XbNeph1, particularly 

strong expression was found in discrete cells at the border of the 

parenchyma with the gastrodermis (Figures 6.4B and 6.4C). These cells are 

clearly seen in the horizontally orientated section, where they appear to be 

settled on the ECM layer which overlays the basal portion of the 

gastrodermis (Figure 6.4C).  
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Figure 6.4. Expression of XbNeph1 in differently orientated sections of 
Xenoturbella bocki. (A) Cross section showing the anterior-most region of 
the animal, expression of XbNeph1 across the epidermal layer, in the muscle 
layer and in the gastrodermis; (B) Horizontal section, expression of XbNeph1 
strongest in the posteriorly located cells settling on the ECM; (C) Horizontal 
section showing detail of cells shown in (B); (D) schematic representation of 
Xenoturbella, with anterior to the left of the diagram. Dark grey represents 
the epidermal layer; two ECM layers shown in green; musculature shown in 
pink; gastrodermis in light grey; cells of interest lying adjacent to the 
gastrodermis shown at posterior of diagram. Red box to show region in panel 
A; black box to show regions in panels B and C. ep = epidermis, ga = 
gastrodermis, pa = parenchyma. Scale bars: A and B: 100µm; C: 50µm.  
 

6.2.2.2 Specific0XbNephrin0expression0in0cells0found0in0the0posterior0parenchymal0

region00

 

Compared to XbNeph1, expression of XbNephrin is much less broad 

in the epidermal and gastrodermal cell layers. Some background staining can 

be seen in the basal-most portion of the gastrodermis and in the apical-most 

portion of the epidermis, but this expression is not seen in all sectioning 

orientations (Figures 6.5A and 6.5B).  
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Most interestingly, the strongest expression of XbNephrin is in specific 

parenchymal cells overlying the gastrodermal ECM, found at the posterior of 

the animal (Figure 6.5C). It is clear that XbNephrin has a degree less 

ubiquitous expression than XbNeph1 in all orientations, and expression in 

these parenchymal cells is very localised.  

 

 

Figure 6.5. Expression of XbNephrin in differently orientated sections of 
Xenoturbella bocki. (A) Cross section showing the anterior-most region of 
the animal, faint expression of XbNephrin in the basal-most portion of the 
gastrodermis and the apical portion of the epidermis; (B) Horizontal section, 
faint expression of XbNephrin in the epidermis; (C) Horizontal section, 
strongest expression of XbNephrin in the posteriorly located cells settling on 
the ECM); (D) schematic representation of Xenoturbella, with anterior to the 
left of the diagram. Dark grey represents the epidermal layer; two ECM 
layers shown in green; musculature shown in pink; gastrodermis in light grey; 
cells of interest lying adjacent to the gastrodermis shown at posterior of 
diagram. Red box to show region in panel A and B; black box to show region 
in panel C. ep = epidermis, ga = gastrodermis, pa = parenchyma. Scale bars: 
A: 100µm; B and C: 50µm. 
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6.2.2.3 XbPodocinSlike0expression0in0the0epidermis,0gastrodermis0and0cells0found0

in0the0parenchyma00

 

Expression of XbPodocin-like across the epidermis and gastrodermis 

is weaker than that seen for XbNeph1. In cross section, some background 

staining can be seen in the basal region of the epidermal layer, lying apically 

to the nerve plexus but absent from the nerve plexus itself (Figure 6.6C). 

Expression can also be seen in the gastrodermal layer, surrounding the gut 

lumen, and in the parenchyma. 

 

 Compared to this background staining, the strongest expression of 

XbPodocin-like specifically localises to parenchymal cells settling on the 

ECM, overlying the gastrodermis (Figure 6.6A and 6.6B). Although there is a 

degree of XbPodocin-like expression in other parenchymal cells, it is evident 

that the highest level of expression is found in these cells, adjacent to the 

ECM, in the posterior region of the animal (Figures 6.6A and 6.6B). 

Importantly, these cells appear to be in the same location as the 

parenchymal cells that were found to positively express both XbNeph1 and 

XbNephrin.  
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Figure 6.6. Expression of XbPodocin-like in differently orientated 
sections of Xenoturbella bocki. (A) Horizontal section showing expression 
of XbPodocin-like in cells found in the posterior region of the animal, settling 
on the gastrodermal ECM; (B) detail of cells shown in A (C) Cross section, 
showing faint XbPodocin-like expression in the epidermis and gastrodermal 
layer (D) schematic representation of Xenoturbella, with anterior to the left of 
the diagram. Dark grey represents the epidermal layer; two ECM layers 
shown in green; musculature shown in pink; gastrodermis in light grey; cells 
of interest lying adjacent to the gastrodermis shown at posterior of diagram. 
Black box to show regions in panel A and B; red box to show region in panel 
C. ep = epidermis, ga = gastrodermis, pa = parenchyma. Scale bars: A: 
200µm; B and C: 50µm. 
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6.2.2.4 Expression0of0XbNeph1,0XbNephrin0and0XbPodocinSlike0from0initial0in0situ0

hybridisation0experiments0

 
 Initial in situ hybridisation results using probes for XbNeph1, 

XbNephrin and XbPodocin-like found expression for all three genes in 

different domains within the epidermal layer. However, the expression of all 

three genes in cells in the parenchyma, settling on the thin ECM layer 

overlying the gut, is a particularly interesting finding that I wanted to 

investigate further. As these cells were most commonly identified using 

horizontally orientated sections of Xenoturbella, in situ hybridisation was 

repeated using the same three probes on horizontally orientated sections 

only.  

 

6.2.3 Repeated in situ hybridisation on horizontal sections 
 
 As was evident from the first set of in situ hybridisation experiments, 

the expression of XbNephrin, XbNeph1 and XbPodocin-like in the 

parenchyma is localised to specific cells that were consistently located in the 

posterior region of the animal. The horizontal sections used in this first set of 

experiments were taken from across the dorsoventral (DV) axis of 

Xenoturbella. Although the cells were observed for all three genes, this does 

not provide any specific information regarding the degree of distribution of 

these cells across the DV axis. To optimise the likelihood of identifying these 

cells in repeated in situ hybridisation experiments, a number of different 

successive horizontal sections were used for each probe, taken from across 

the DV axis.  

 

6.2.3.1 XbNeph1,0 XbNephrin0 and0 XbPodocinSlike0 are0 expressed0 in0 discrete0 cells0

overlying0the0gastrodermal0ECM0

 

 Again, expression for all three genes was found to localise to distinct 

parenchymal cells, settling in the ECM overlying the gastrodermis, at the 
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posterior region of the animal (Figure 6.7). However, these cells are far less 

numerous in their distribution compared to the first set of in situ hybridisation 

experiments. Of the horizontal sections used for in situ hybridisation, a few 

cells with positive expression for each probe were found in sections taken 

from just one region of the DV axis, approximately ~3mm from the dorsal-

most region of the animal, covering a total of ~140µm. Consequently, it 

appears that these cells-of-interest are possibly found as distinct clusters 

within the DV axis of this individual.  

Figure 6.7. Expression of XbNeph1, XbNephrin and XbPodocin-like in 
posteriorly located cells overlaying the ECM on the basal side of the 
gastrodermis. Cells-of-interest indicated by black arrows. (A) XbNeph1, (B) 
XbNephrin (C) XbPodocin-like. Scale bars in all aspects 50µm. (D) 
Schematic representation of the location of these cells, with anterior to the 
left of the diagram. Dark grey represents the epidermal layer; two ECM 
layers shown in green; musculature shown in pink; gastrodermis in light grey; 
cells of interest lying adjacent to the gastrodermis shown at posterior of 
diagram. ga = gastrodermis; pa = parenchyma. Scale bars: 50µm in all 
panels.  
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6.2.3.2 Expression0of0 XbNeph1,0 XbNephrin0 and0XbPodocinSlike0 in0 the0 epidermal0

layer0

 

 Repeated in situ hybridisation experiments focusing on horizontally 

orientated sections also recapitulated the expression pattern previously 

found in the epidermal layer. However, in this repeat, expression of all three 

genes in the epidermal layer is strongest at the location of the lateral sense 

furrow. XbNeph1 expression is diffuse throughout the epidermal layer (Figure 

6.8A), but strongest at the base of the epidermal monolayer, in cell bodies 

lying apically to the nerve plexus. Expression is particularly strong at the 

lateral sense furrow. No expression of XbNeph1 is found in the basiepithelial 

nerve net itself. XbPodocin-like expression is seen strongly throughout the 

epidermal layer, but is most highly expressed at the base of the epidermal 

layer, apical to the nerve plexus (Figure 6.8C). XbPodocin-like expression is 

absent from the nerve plexus itself. XbNephrin expression is seen in the 

apical-most portion of the epidermis (Figure 6.8B), but is expressed very 

strongly in the cell bodies of the nerve plexus at the location of the lateral 

furrows.  
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Figure 6.8. Expression of XbNeph1, XbNephrin and XbPodocin-like in 
lateral sense furrows at the anterior of Xenoturbella. (A) XbNeph1, (B) 
XbNephrin (C) XbPodocin-like. (D) Schematic representation of the location 
of the lateral sense furrow, with anterior to the left of the diagram. Dark grey 
represents the epidermal layer; two ECM layers shown in green; musculature 
shown in pink; gastrodermis in light grey; location of sense furrows shown in 
panels A, B and C indicated by black box. ga = gastrodermis; pa = 
parenchyma; mu = muscle. Scale bars: A and C: 50µm; B: 100µm.  
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6.2.4 Immunohistochemistry against ultrafiltratory proteins in 
Xenoturbella 

 

 Having used antibodies against Neph1, Nephrin and Podocin in S. 

roscoffensis, commercially made antibodies (anti-Neph1, anti-Nephrin and 

anti-Podocin, see section 5.2.3) and custom polyclonal antibodies raised 

against S. roscoffensis (anti-SrNeph1, anti-SrNephrin, anti-SrPodocin-like) 

were available for use in Xenoturbella. 

 

    Antibody stainings for the corresponding proteins-of-interest were 

carried out on sections already used for in situ hybridisation to look for co-

localisation. Epitope sequences of commercial and the Symsagittifera 

roscoffensis custom polyclonal antibodies were compared to the inferred 

amino acid sequence for each of the three Xenoturbella genes, in order to 

choose the antibody that had closest similarity to the Xenoturbella sequence 

(XbNephrin: anti-NPHS1, Novus Biologicals, AF4269; XbNeph1 and 

XbPodocin-like: Sr-custom antibody). However, as outlined in section 5.2.3, 

conservation between the respective antibodies and Xenoturbella sequences 

does not guarantee localisation of the polyclonal antibodies to a true 

orthologue in Xenoturbella bocki. Furthermore, as protein domains in 

Podocin and in Neph1 and Nephrin are well conserved with other Stomatin-

like and CAM proteins, respectively, the possibility of cross-reactivity of these 

antibodies to other proteins is high (see sections 4.2.1 and 4.2.2). 

Consequently, the signal described for these antibodies in Xenoturbella bocki 

are not conclusive evidence for the presence of the protein-of-interest.  

 

 In situ hybridisation identified expression of XbNeph1, XbNephrin and 

XbPodocin-like in specific cells found settling on the ECM in the posterior 

parenchymal region of the animal. No signal for any antibody against the 

corresponding protein-of-interest was detected in cells in this location. 

However, all three antibodies (anti-SrNeph1, anti-Nephrin and anti-

SrPodocin-like) appear to have domains of signal in the epidermis of 

Xenoturbella. 
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Signal from anti-SrNeph1 in Xenoturbella localises to cells in the 

upper-third of the epidermis, above the dense cluster of nuclei of nerve cell 

bodies indicated by DAPI staining (Figure 6.9A). Anti-Nephrin also localises 

to the epidermal layer, but the strongest signal is seen in the middle of the 

epidermal monolayer (Figure 6.9B). Anti-SrPodocin has two clear signal 

domains in the epidermis: a strong narrow band of signal in the ciliated cells 

at the apical-most portion of the epidermis, and diffuse signal throughout the 

basiepithelial nerve net (Figure 6.9C).  

 

Figure 6.9. Antibody stainings using anti-SrNeph1, anti-Nephrin and 
anti-SrPodocin on horizontally orientated sections of adult 
Xenoturbella. Sections previously used for in situ hybridisation. In all 
aspects, epidermis is on the left of the panel, moving from left to right through 
the basiepidermal nerve net and into the gastrodermis and gut. A, B, C 
denote fluorescent signal from antibody stainings (magenta), counter-stained 
with DAPI (cyan); A', B', C' denote the same region overlaid with a DIC image 
to capture in situ hybridisation expression patterns. (A, A'): anti-SrNeph1 in 
Xenoturbella; (B, B'): commercial anti-Nephrin in Xenoturbella; (C, C'): anti-
SrPodocin-like in Xenoturbella. Scale bars in all aspects: 100µm.  
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6.3 Discussion 
 

6.3.1 Reliability of the Xenoturbella in situ hybridisation protocol 
 

The in situ hybridisation protocol established on sections of adult 

Xenoturbella appears to give consistent results. The expression of the 

positive-control XbElav within the basiepithelial nerve net, and enhanced in 

the anterior-most region, is in line with that expected for Elav as a metazoan 

pan-neuronal marker179-181. Furthermore, in situ hybridisation using RNA 

probes against a number of putative cell-type specific genes, identified in the 

Xenoturbella single cell sequencing protocol and described in Chapter 7, 

show specific expressions in expected cell or tissue types. Consequently, I 

am confident that the expression patterns found for ultrafiltratory-related 

genes in Xenoturbella are showing expression for specific RNA probes. 

Conversely, the non-specificity of the antibodies used in 

immunohistochemistry mean that the signal seen from anti-Nephrin, anti-

SrNeph1 and anti-Podocin in Xenoturbella is less reliable. 

 

6.3.2 Ultrafiltratory gene expression in posteriorly located cells 
overlying the gastrodermis 

 

Probes for all three genes-of-interest show expression in cells in the 

posterior lateral side of the animal, in close proximity to the ECM lining the 

gastrodermis. These are individual cells that appear to be settled on the ECM 

(Figure 6.7). XbNeph1, XbNephrin and XbPodocin-like all appear to be 

expressed in these cells despite a degree of background staining in the 

gastrodermal layer, which is particularly evident for XbNeph1 and 

XbPodocin-like. As described in section 4.1.3, the common cellular 

expression of Neph1, Nephrin and Podocin is widely accepted to be a marker 

of ultrafiltratory function. In the vertebrate kidney, molecular interactions 

between adjacent podocyte cells (Nephrin-Nephrin homodimers and Neph1-

Nephrin heterodimers) are necessary for the formation of the ultrafiltratory 
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diaphragm135. Ultrafiltration in D. melanogaster is carried out in discrete 

nephrocyte cells, with infoldings within the nephrocyte cell itself leading to the 

physical formation of the ultrafiltratory nephrocyte diaphragm130. Filtered 

waste material is subsequently sequestered within the nephrocyte cells, prior 

to metabolism or excretion via the Malpighian tubules. 

 

 The expression of these three ultrafiltratory genes in discrete cells 

lying adjacent to the gastrodermis in Xenoturbella bocki could be indicative of 

an ultrafiltratory function for these cells in an organism that is widely-

regarded to lack ultrafiltratory or excretory specialisation. In all bilaterian 

excretory systems, the ECM acts as a primary filtratory barrier: the presence 

of these cells adjacent to the ECM also provides a degree of evidence for a 

possible ultrafiltratory role. Furthermore, the ECM layer underlying these 

cells is found basal to the epithelial gastrodermis - the cellular layer lining the 

large central gut lumen of Xenoturbella. In the absence of a coelomic cavity, 

the presence of ultrafiltratory cells directly overlying the gut is not unlikely: 

the position of these cells lying in close proximity to the ECM of the 

gastrodermis would imply that if such cells did function in ultrafiltration, then 

filtration would occur moving out of the gut and through the ECM, before 

being sequestered within these cells.  
 

Whilst in situ hybridisation experiments appear to show an intriguing 

common expression of XbNeph1, XbNephrin and XbPodocin-like in these 

posteriorly positioned cells, this result needs further verification as evidence 

for the presence of nephrocyte-like cells or cells with an ultrafiltratory 

capacity in Xenoturbella bocki. Sections taken from just two different adult 

Xenoturbella were used for in situ hybridisation, but it appears that these 

cells are variable in number across the DV axis of the animal and between 

individuals. Given their sparse distribution, in situ hybridisation on further 

sections is needed to confirm their presence. Nonetheless, the lack of 

knowledge regarding specific cell types in Xenoturbella bocki means that the 

identification of these cells is an intriguing finding. Alternative approaches for 

investigation into their gene expression and distribution – for example, using 

TEM in conjunction with immunogold labelling, which would necessitate 
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species-specific antibodies - may also help to shed light on their function. 

Furthermore, as has been described, the nephrocyte cells in D. 

melanogaster are found attached to peristaltic tissue, necessary for the 

induction of ultrafiltration. Xenoturbella possesses a simple blind gut, but 

muscle fibres have been found to traverse the parenchymal region and 

attach to the gut epithelium (Figure 6.1). To what degree these muscle fibres 

could mediate pressure for filtration is unclear, but elucidating a source of 

ultrafiltratory pressure would be an important consideration for their function. 

 

6.3.3 Epidermal and neuronal expression of putative ultrafiltratory 
genes in Xenoturbella bocki 

 

The epidermis in Xenoturbella is a thick cell layer comprising a 

number of different cell types, with histological studies indicating that it is a 

more complex structure than it appears at first glance (Zakrzewski et al., 

unpublished). All three probes of interest localise to the epidermal layer 

(Figure 6.8), with strongest epidermal expression in the location of the 

anteriorly positioned lateral furrows. Whilst these furrows have previously 

been described as sensory related furrows (Zakrzewski et al., unpublished), 

their sensory function remains to be confirmed. Nonetheless, DAPI staining 

at the location of the lateral furrows shows a very dense cluster of nuclei 

lying apically to the basiepithelial nerve net (Figures 6.9A and 6.9C), in what 

is thought to be the cell bodies of the nerve plexus (Figure 6.1). The 

presence of more nerve plexus cell bodies, pertaining to more axons at this 

location, could therefore provide a degree of support for a sensory or 

neuronal-related function at these anterior furrows. As described in section 

5.2.5, Neph1, Nephrin and Podocin/Stomatin-like genes are known to have 

roles in neuronal/nerve function and patterning135,154,173,175,176, and so the 

expression of these genes in this putative neuron-rich location could be 

indicative of a conserved neuronal cell function.  

 

Polyclonal antibodies also appear to give an epidermal signal (Figure 

6.9). For XbNeph1 and XbPodocin-like, the epitope of the respective 
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Symsagittifera roscoffensis custom polyclonal antibody was more similar to 

the inferred Xenoturbella protein sequence; for XbNephrin, the commercial 

antibody sequence (anti-NPHS1, Novus Biologicals, AF4269) was more 

similar. Nonetheless, as outlined in section 6.2.2, using polyclonal antibodies 

raised against different species does not guarantee the identification of an 

orthologous protein. 

 

When overlaid with the corresponding DIC image, there appears to be 

a degree of co-localisation of anti-SrNeph1 signal with XbNeph1 expression 

in the cell body layer overlying the nerve plexus (Figures 6.9A and 6.9A'). 

However, signal from anti-SrNeph1 is also strongly detected in the apical-

most portion of the epidermis, which was not found for the XbNeph1 probe. 

This fluorescent signal is clearly localised to cells that have been 

hypothesised to function as gland or secretory cells, and which stain 

red/orange in in situ hybridisation images as a result of the in situ 

hybridisation protocol (for example Figure 6.9A). This signal is not seen as 

strongly for anti-Nephrin or anti-SrPodocin-like antibodies, and could 

therefore be signal from a CAM-protein member.  

 

The strongest anti-Nephrin signal is found in the mid-section of the 

epidermal cell layer (Figure 6.9B), in the same region corresponding to 

XbNephrin in situ hybridisation expression, most clearly visible in Figure 

6.8B. Some anti-Nephrin signal is also found in the apical-most portion of the 

epidermal layer, but in fewer cells than that found for anti-SrNeph1. This 

does not correlate with that observed in in situ hybridisation: in the DIC 

image (Figure 6.9B'), dark staining in the apical region of the epidermal layer 

instead corresponds to the red/orange colouration of putative gland cells.  

 

Signal from anti-SrPodocin-like in Xenoturbella bocki is most different 

from that found for the XbPodocin-like RNA probe. Anti-SrPodocin localises 

most strongly to the basiepithelial nerve net itself (Figure 6.9C), with reduced 

signal in the neural cell body layer. Strong signal from anti-SrPodocin-like is 

also evident in the cilia of the epidermis. Xenoturbella bocki is known to 

move by gliding on motile cilia, but the possibility presence of primary 
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sensory cilia, also on the epidermis, remains to be investigated. Mec2, the C. 

elegans orthologue of Podocin/EB7 functions in mechanosensory cells176, 

and it is possible that a Podocin-like gene could similarly function in 

mechanosensation in Xenoturbella, but this cannot be concluded from the 

SrPodocin-like signal seen here. 

 

6.4 General conclusions 
 

Using XbElav as a positive-control neuronal probe shows clearly that in 

situ hybridisation has been established successfully for the first time in 

Xenoturbella bocki. In addition, immunohistochemistry has been 

implemented on slides previously used in in situ hybridisation. As so little is 

known regarding gene expression domains in Xenoturbella, these gene 

visualisation approaches are valuable tools for contributing to our 

understanding of their morphology and organisation. 

 

Investigating the expression domains of XbNeph1, XbNephrin and 

XbPodocin-like found intriguing results, which although not conclusive, hint at 

newly discovered cell types in Xenoturbella. RNA probes for XbNeph1, 

XbNephrin and XbPodocin-like appear to show common expression in 

discrete cells overlying the gastrodermis at the posterior of the animal. As 

outlined in section 6.3.2, this is far from conclusive evidence for an 

ultrafiltratory cell specialisation, but it does identify unique cell types that will 

prove informative for further investigation. Furthermore, their location, settling 

on the ECM overlying the gastrodermis, is consistent with an ultrafiltratory 

function. 

 

In addition, the epidermal and neuronal expression of RNA probes for 

these genes and signal from corresponding polyclonal antibodies are 

comparative to the anti-SrNeph1, anti-SrNephrin and anti-SrPodocin-like 

signal seen in Symsagittifera roscoffensis (see section 5.2.4). Although 

cross-reactivity of antibodies between species does not guarantee 

identification of true orthologues, these findings do suggest that signal from 
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antibodies against the proteins-of-interest localises to the epidermis and 

putative neuronal cells in the Xenacoelomorpha: a finding that is supported 

by the function of all three genes in neuronal cell types in other bilaterian 

organisms135,154,173.  

 

Whilst these results could suggest a conserved neural function of 

Neph1, Nephrin and Podocin-like genes in xenacoelomorphs, the 

identification of discrete cells in the parenchyma that appear to express 

XbNeph1, XbNephrin, and XbPodocin-like is a more interesting finding. 

Owing to protocol establishment for single in situ hybridisation in 

Xenoturbella, the co-expression of these genes has yet to be confirmed with 

a double staining protocol, but this would certainly be informative for 

localising expression in the same cell. It would also be beneficial to carry out 

future in situ hybridisation experiments on sections taken from more 

individuals of different sizes, to better understand how the number and 

distribution of cells varies between animals. 

 

Alternative microscopy approaches such as TEM could also help to 

elucidate the structure of these cells, and contribute to our interpretation of 

them as potential ultrafiltratory structures: a finding that would have 

implications for our classification of the Nephrozoa and the origin of filtratory 

and excretory systems.  
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7 Single cell sequencing 
7.1 Introduction 

7.1.1 Gene expression in Xenoturbella bocki 

7.1.1.1 Using0in0situ/hybridisation0to0identify0putative0cell0types0

 

As detailed in Chapter 6, I have been successful in establishing and 

implementing in situ hybridisation and immunohistochemistry protocols on 

sectioned Xenoturbella. This means that, for the first time, we can investigate 

the expression patterns of genes that are associated with a specific function 

or cell type, or genes that are known to have stereotypical expression across 

the Bilateria183. In the context of searching for nephrocyte-like cells in 

Xenoturbella, I have used in situ hybridisation to identify the expression of 

three ultrafiltratory-related genes (XbNeph1, XbNephrin and XbPodocin-like) 

in cells positioned on the gastrodermal ECM at the posterior of the animal. 

More broadly, in situ hybridisation could be used to visualise the expression 

of genes in Xenoturbella that can help us to understand more about cell type 

complexity in the animal, and where different cell types might be distributed 

across the body.  

 

Whilst in situ hybridisation is a valuable approach to have established, 

the huge number of potential genes for investigation and the very little we 

currently know about Xenoturbella body organisation means that selecting 

the best candidate marker genes for in situ hybridisation can be problematic. 

As samples are a limiting factor for Xenoturbella, selecting the most 

appropriate genes for investigation is essential in order to optimise use of the 

sections that are available. In situ hybridisation experiments are time-

consuming and in particular they are difficult to scale-up to investigate more 

than two genes simultaneously in the same section.  
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7.1.1.2 Characterising0 cell0 types0 by0 their0 transcriptional0 profiles0 (single0 cell0

sequencing)0

 

Another recently developed approach to achieve the same goal – and 

much more besides - is to characterise individual cells by their transcribed 

genes, to identify subsets of cells with closely matching transcriptional states 

(cell types, for example, nephrocyte, muscle, and nerve cells) and 

subsequently to use limited in situ hybridisation to locate these cells in the 

animal. Because the cell types have been deeply characterised in terms of 

transcriptional state, a single in situ hybridisation can provide context for 

many of the genes expressed in the identified cells. 

 

Single-cell RNA sequencing (scRNA-seq) is a high-throughput, 

quantitative method to assess cell state specific transcriptomes. In single cell 

sequencing, RNA-Seq libraries are prepared from dissociated cells taken 

from either a specific tissue184-186 or from across the whole organism187. 

Computational clustering approaches are then applied to the single cell 

libraries to group cells together into meta-clusters based on a common 

transcriptional profile. By identifying highly expressed genes within the meta-

clusters, putative identities can be assigned to these cells. As I will show, this 

information can then be used to identify optimal markers to enable in situ 

hybridisation to locate these cells within the animal. 

 

As described, I have used in situ hybridisation to identify putative cells 

that appear to co-express genes that are commonly associated with 

ultrafiltration. Using single cell sequencing in Xenoturbella could be used to 

identify cells that are enriched for these genes – and in this way to identify 

molecular markers of ultrafiltration – as validation of my current in situ 

hybridisation results, and as a way of deeply characterising these cells or 

identifying other specific and highly expressed markers. More broadly, whole 

organism single cell sequencing in Xenoturbella presents a high-throughput 

technique for understanding gene co-expression and identifying distinct cell 

states in the animal.  
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In the following section I outline how transcriptional profiles can be used 

to identify putative cell or tissue types. I then describe how single cell 

sequencing could be used in Xenoturbella to complement current 

nephrocyte-related in situ hybridisation results, and how clustering single cell 

libraries can contribute to what is currently known regarding cell type 

complexity and gene expression in Xenoturbella.  

 

7.1.2 Cell types and the specification of tissues 

7.1.2.1 Cell0types0across0the0Metazoa0

 

Multicellular organisms (Metazoa) are characterised by the presence of 

more than one cell type, defined as any cell with unique physiological or 

structural characteristics188. Animals comprise different cells specialised for 

discrete functions: non-bilaterians including the cnidarians, ctenophores and 

poriferans have historically been considered to have relatively few cell types, 

and cell type number has commonly been used as a marker for organism 

complexity. Different cell types themselves have also been used as a tool to 

infer evolutionary relatedness. For example, the presence of ultrafiltratory 

and excretory related cell types in the so-called Nephrozoa (and their 

assumed absence in the Xenacoelomorpha) has been used to provide a 

degree of evidence for the position of the Xenacoelomorpha outside of the 

main bilaterian Nephrozoa grouping (see section 1.3).  

 

7.1.2.2 Physiological0and0molecular0identifiers0of0cell0types00

 

Traditionally, identifying shared cell types between different lineages was 

based on cell morphology189. Cellular characteristics were compared using 

microscopy-based approaches: a strategy that was helpful in identifying 

homologous cell types between closely related species, but more ambiguous 

when applied to distinct animal phyla188.  A more reliable marker of cellular 

homology comes from comparing cellular characteristics at the molecular 
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level. Cell types can be defined – be that structurally or physiologically - by a 

unique combination of expressed differentiation genes and regulatory 

transcription factors. Transcriptional profiles can thus be compared across 

species to identify putatively closely related cell types in different 

lineages188,190,191.  

 

In nephridial systems, as we have seen, a number of genes have been 

identified that are commonly expressed at the site of ultrafiltration in diverse 

bilaterian taxa (see section 4.1.3). Consequently, identifying cells based on 

their transcriptional profile that co-express all or a combination of these 

genes (Neph1, Nephrin, Podocin, CD2AP, ZO-1) is a likely indicator of 

ultrafiltratory specialisation. More broadly, cells that comprise specific tissue 

types are characterised by the common expression of known genes – for 

example, actin and myosin in muscle cells. By comparing the transcriptional 

profiles of different cells within the same tissue type, we can even begin to 

identify heterogeneity or diversity within a broader cell-type grouping. For 

example, identifying striated muscle cells based on the specific expression of 

troponin members, or smooth muscle cells based on calponin expression. 

Identifying cells that are characterised by these conserved molecular 

markers across diverse organisms can inform our understanding of how the 

diversity of cell types evolved, and allow us to infer which cell types might be 

evolutionarily ancient, or present in eumetazoan or bilaterian ancestors.  

 

7.1.3 RNA-Seq and single cell sequencing (scRNA-Seq) 

7.1.3.1 Using0scRNASSeq0to0identify0cell0and0tissue0types0

 

The identification of distinct cell types has been significantly aided by 

recent developments in single cell sequencing technology. The most widely 

used single cell assay approach is RNA-Seq, which measures gene 

expression by reverse transcribing RNA into cDNA and sequencing these 

molecules: the number of reads originating from each gene gives a measure 

of its level of expression in a given cell or tissue. RNA-Seq was originally 

developed for investigating multi-cellular populations191 (individual cells have 
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very little mRNA). However, assigning cell type identity based on bulk cell 

analysis is confounded by a number of problems. Cells are dynamic entities, 

and so even cells taken from the same population are likely to have varied 

transcriptional states. Unless a truly homogenous and synchronised cell 

population is sequenced, bulk measurements averaged across the 

population will hinder the reconstruction of a cell state specific transcriptional 

profile191. In order to derive a meaningful molecular fingerprint of a cell type, 

it is necessary to sequence the RNA complement of individual cells. 

Implementing RNA-Seq and generating cDNA libraries from picograms of 

RNA has required significant technical refinements, but has been 

successfully applied to tissues derived from model organisms. This has 

provided insight into, for example, defined cell types in the mouse brain185; in 

the developing midbrain of human and mouse184; and in mouse retinal 

neurons186, amongst others.  

 

7.1.3.2 Whole0organism0single0cell0sequencing0in0Xenoturbella0

 

The first applications of whole organism single cell sequencing have 

been carried out in the cnidarian Nematostella vectensis (Sebé-Pedrós et al., 

in review)192, using a single cell protocol and analysis pipeline called MARS-

Seq88, and in the well characterised model organism C. elegans187. For non-

model organisms such as Xenoturbella, single cell sequencing presents a 

powerful tool for investigating cell type complexity in animals which have not 

been extensively studied, and for which relatively little is known about their 

body organisation. Applying whole organism single cell RNA-Seq to 

Xenoturbella presents a high-throughput approach to look for cells that co-

express the ultrafiltratory genes-of-interest, but also to group cells together 

into putative cell or tissue types, based on common gene expression profiles.  

 

7.1.4 Objectives of chapter 
 

The objective of this chapter was to apply the MARS-Seq single cell 

sequencing protocol88 to whole Xenoturbella adults. Based on the single cell 



 235 

libraries, I hoped to identify cell types based on common transcriptional 

profiles. With this in mind, I aimed to group cells together into meta-clusters 

based on common gene expression patterns. By identifying highly expressed 

genes within these clusters, I hoped to assign putative identities to these cell 

states. Based on this, I aimed to use in situ hybridisation experiments to 

validate the single cell sequence approach and assign a spatial profile for 

each of the cell populations identified. In addition, I hoped to identify cells in 

the single cell libraries that co-expressed the ultrafiltratory related genes-of-

interest as a complementary approach to the in situ hybridisation results 

outlined in Chapter 6.  

 

7.2 Results 
 

Single cell sequencing of Xenoturbella was carried out during 

collaborative visits with Heather Marlow and lab members at the Pasteur 

Institute, Paris. For methodological detail regarding cell sorting and library 

preparation see sections 2.10.1 and 2.10.2, and for computational analysis of 

the single cell libraries see section 2.10.5. Computational analysis of the data 

was predominantly carried out in collaboration with Yann Loe Mie (Marlow 

lab, Pasteur Institute).  

 

7.2.1 Success of the single cell pipeline in Xenoturbella bocki 

 

Using the MARS-Seq sequencing and analysis pipeline originally 

established to study red blood cell transcriptomes88, single cell sequencing 

was successfully implemented in Xenoturbella. A total of 6080 single cell 

libraries were prepared, made from RNA extracted from 3040 cells from each 

of two adult animals (8x 384 well plates per animal, with four empty control 

wells per plate).  

 

Unlike previous tissue-specific applications of single cell sequencing, 

whole organism approaches result in much greater transcriptional variation 
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between cell types. The sequencing library data from Xenoturbella showed a 

broad variability in cell size and total RNA-content between individual cells 

(Figure 7.1A). Furthermore, there was a very wide variation in the number of 

Unique Molecular Identifiers (UMIs) contributed by individual genes. By 

including a UMI as a random DNA sequence label, each molecule in the final 

cDNA library is made unique. After sequencing, each UMI might be observed 

multiple times, but the original number of DNA molecules can be inferred by 

grouping identical UMIs together and counting this as a single instance of the 

read. This gives a reliable method for identifying unique transcripts. When 

the amount of starting RNA is small (as with single cell sequencing), UMIs 

can also be used to infer the relative starting size of different samples. Whilst 

some UMIs in the single cell libraries mapped only once to a given gene 

model, the most highly expressed gene, actin gamma 1-like (ACG1-like) 

contributed >8000 UMIs to the dataset (Figure 7.1B).  

 
 

Figure 7.1. Wide distribution of number of unique transcripts (UMIs) per 
cell and per gene in Xenoturbella. (A) Distribution of log10 UMIs per cell.  
(B) Distribution of log10 UMIs per gene. 
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7.2.2 Searching the single cell libraries for cells that co-express the 
ultrafiltratory genes-of-interest  

 
Primarily, I investigated the single cell data for cells that might 

commonly express the ultrafiltratory genes-of-interest. All 6080 single-cell 

libraries were searched for expression of the ultrafiltratory genes described in 

section 4.1.3 (XbNeph1, XbNephrin, XbPodocin-like, XbCD2AP and XbZO-

1). From this, just nine cells were identified as expressing XbNeph1, and 45 

cells as expressing XbNephrin (Figure 7.2). The expression of XbCD2AP, 

XbZO-1 and XbPodocin-like was higher, in 140, 48 and 356 cells, 

respectively. No cells were found to co-express all five ultrafiltratory markers, 

but cells were identified as co-expressing different combinations of the 

ultrafiltratory genes (for example, five cells co-expressing XbPodocin-like and 

XbNephrin, and two cells co-expressing XbPodocin-like, XbNephrin and 

XbCD2AP, Figure 7.2).  
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Figure 7.2: Venn diagram showing limited overlapping cell-specific 
expression of ultrafiltratory related genes. Diagram shows expression of 
XbNeph1, XbNephrin, XbCD2AP, XbPodocin-like and XbZO-1 from all 6080 
Xenoturbella single cell libraries.  
 

7.2.3 Clustering the single cell libraries using Seurat 
 

My second objective of single cell sequencing in Xenoturbella was to 

identify as many putative cell types as possible (to go well beyond the search 

for nephrocytes) in the single cell libraries. This can be done without a priori 

specification of which cell types to look for. In order to identify groups of cells 

that are characterised by a common transcriptional signature – that is, 

enriched expression of the same genes - the Seurat89 pipeline for clustering 

single cell data was used on the Xenoturbella single cell libraries. Seurat is 

an unsupervised machine-learning approach to cell clustering: single cell 

libraries are grouped by common transcriptional signatures, and not by a 

priori specification of the assumed diversity of the data. For detail of the 

Seurat clustering protocol see section 2.10.5. 
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The Seurat cell clustering output is visualised as a tSNE plot (t-

Distributed Stochastic Neighbor Embedding). tSNE is a machine learning 

algorithm for interpreting complex, high-dimensional data in two or three 

dimensions, the results of which can be represented on a scatter plot. For the 

Xenoturbella single cell libraries, Seurat tSNE analysis was constructed 

based on 15 dimensions of variance in the data. In the tSNE plot, cells of the 

same colour (where one circle represents one cell) are grouped together 

based on a common transcriptional profile. As can be seen on the tSNE plot, 

Seurat grouped cells into 16 transcriptionally distinct populations, but with a 

degree of overlap within the four clusters found at the centre of the plot 

(Figure 7.3). This indicates a degree of common gene expression found 

between cells in these clusters. 
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Figure 7.3. tSNE plot generated using Seurat, showing spatial 
distribution of cell meta-clusters. Meta-cluster identity assigned to 
epithelial (ep); muscle (mu); gland (gl); sensory epithelium (se); pigmented 
epithelium (pe); and neural (ne) cell populations, based on transcriptional 
profiles described in section 7.2.4. Unassigned meta-clusters indicated by 
dashed lines and numbers 1-6.  
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7.2.4 Identification of meta-clusters in the single cell data 
 

Using the Seurat clustering pipeline, 16 different meta-clusters of cells 

were identified, grouped together based on commonly expressed genes. In 

order to assign putative identities to each of the meta-clusters, blastx queries 

were used to identify highly expressed genes within each meta-cluster. 

Where the highest similarity on NCBI was to an uncharacterised or 

hypothetical protein, genes were assigned as uncharacterised; if no 

sequence similarity could be found, genes were assigned as not annotated 

(NA).  

 

For ten of the meta-clusters, highly expressed genes were identified 

that have well conserved, cell-type specific expression in diverse metazoan 

taxa. Based on the expression of these annotated genes, six transcriptional 

profiles were assigned, associated with epithelial cells, digestive/secretory 

glands, muscle, neurons, sensory/neural epithelia and pigmented epithelia. 

For example, the muscle meta-cluster was assigned based on enrichment for 

myosin and troponin members; the neural meta-cluster identified by 

upregulation of Neurotrophin and Synaptotagmin 1-like; and putative 

digestive gland cells identified based on the expression of Chymotrypsin-like 

genes and various proteases, amongst others. 

 

As is clear from the tSNE plot, some of these putative cell-types are 

represented by more than one meta-cluster (Figure 7.3). Muscle, epithelial, 

sensory epithelial and neuronal cell meta-clusters are represented only once, 

whilst putative gland and pigmented epithelial cells are represented by three 

meta-clusters (Figure 7.3). This indicates a degree of transcriptional 

heterogeneity across these cell-type classifications. Confident cell-type 

identity could not be assigned to the four diffuse clusters of cells represented 

in the centre of the tSNE plot (Clusters 1-4, Figure 7.3), or to clusters labelled 

as 5 and 6 in the tSNE plot (Figure 7.3). 
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7.2.5 Diversity within meta-clusters  
 

Genes that were enriched in specific meta-clusters were visualised on 

the tSNE plot. For some meta-clusters, cell-specific expression of genes 

revealed diversity within a broader cell-type classification. For example, in 

the neural meta-cluster, mapping the expression of different genes onto the 

cells in the tSNE plot revealed a potential diversity in neural types. Some 

genes, including Synaptotagmin 1-like and Secretagogin have a diffuse and 

broad expression across the neural meta-cluster, with a degree of 

upregulation of Synaptotagmin 1-like also seen in the sensory epithelial 

cluster (Figure 7.4). Others, including a Xenoturbella-specific gene, are found 

only in certain cells within the broader neural meta-cluster (red 'NA' gene in 

Figure 7.4). This could be indicative of a degree of neural cell type diversity. 

Similarly, expression of digestive-related enzymes, including Chymotrypsin-

like and a protease gene is seen in cells within one of the gland cell meta-

clusters. A Xenoturbella-specific gene (blue 'NA' gene in Figure 7.4) is 

expressed in two different gland cell meta-clusters, which suggests possible 

heterogeneous functions across the gland cell groupings.  

 

Conversely, the muscle meta-cluster appears to be largely 

homogenous for the upregulation of muscle-related genes, such as troponin 

and myosin (Figure 7.5). Genes that have upregulated expression in the 

epithelial cell meta-cluster commonly also have broader expression across 

other meta-cluster cell-types (for example, Innexin and Olfactomedin, Figure 

7.5). 
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Figure 7.4. Mapping of selected genes expressed in the neural and 
gland cell meta-clusters onto the Seurat tSNE plot. Synaptotagmin 1-like, 
Secretagogin and an uncharacterised Xenoturbella-specific gene (in red) 
(putative neural identity). Chymotrypsin-like, a protease member and a 
different uncharacterised Xenoturbella-specific gene (in blue) (putative gland 
cells). 
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Figure 7.5. Mapping of selected genes expressed in the muscle and 
epithelial cell meta-clusters onto the Seurat tSNE plot. Troponin (muscle 
meta-cluster); Innexin and Olfactomedin (putative epithelial cells).  
 

For all meta-clusters, unannotated, Xenoturbella-specific genes (NA 

genes) were amongst those with the most specific meta-cluster expression. 
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7.2.6 In situ hybridisation validation of putative meta-clusters 
 

To validate the classifications assigned to six of the putative cell meta-

cluster types, in situ hybridisation using probes for genes with specific meta-

cluster enrichment were carried out on horizontally sectioned adult 

Xenoturbella.  

 

Primarily, in situ hybridisation was carried out using probes for muscle 

genes (troponin members). Prior morphological and histological analysis 

shows that muscle cells in Xenoturbella are found in a defined layer lying 

basally to the epidermal nerve net and underlying ECM. Identifying the 

expression of these known muscle markers strongly and specifically in this 

defined cell layer therefore acted us a promising positive control for single 

cell data validation (Figure 7.6).  

 

Subsequent in situ hybridisation experiments focused on other known 

meta-cluster specific markers. Chymotrypsin-like, identified as a gland-

specific gene, is found expressed in cells of the gastrodermis, providing 

evidence for a digestive-specific function (Figures 7.7A and 7.7B, see 

Appendix 8 for orthology assignment). Tyrosinase-like 1 is expressed 

uniquely in cells found in the epidermal layer, which, given the prominent 

pigment spots seen across the body of Xenoturbella, is a likely domain of 

expression for putative pigmented cells (Figure 7.7C). For the epithelial 

meta-cluster, a probe for Innexin showed strong expression throughout the 

basiepithelial nerve net (Figure 7.7D). 
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Figure 7.6. In situ hybridisation validation of Troponin T and Troponin C 
expression in the muscle cells of Xenoturbella bocki (A) Overview of 
Troponin T expression in a horizontal section of adult Xenoturbella. Anterior 
at the top of the panel; (B) Detail of expression of Troponin T in the circular 
and longitudinal muscle; (C) Detail of Troponin T expression in the muscle 
layer, underlying the epidermis and epithelial nerve net; (D) Detail of 
Troponin C expression. Scale bars: A: 200µm; B,C,D: 50µm. 
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Figure 7.7. In situ hybridisation validation of annotated genes in 
Xenoturbella bocki single cell libraries. (A) Overview of Chymotrypsin-like 
expression in a horizontal section of adult Xenoturbella. Expression is 
localised to the gastrodermis of the gut. Anterior at the top of the image, 
section taken from the dorsal side of the animal, on the edge of the 
gastrodermis; gut lumen in the centre of the animal. (B) Detail of 
Chymotrypsin-like expression in the gastrodermis. (C) Tyrosinase-like 1 
expression in the pigmented cells of the epidermis (D) Innexin expression in 
the basiepithelial nerve net. Scale bars: A: 200µm; B, C: 50µm; D: 100µm. 
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Most interestingly, in situ hybridisation using a probe against a 

Xenoturbella-specific gene hypothesised to be expressed within a subset of 

the neuronal cells (expression on the tSNE plot shown as the red NA gene in 

Figure 7.4) showed expression in discrete cell bodies found uniquely in the 

anterior epidermal region of the animal (Figure 7.8). The localised expression 

of this gene in these anteriorly located cells provides spatial context for an 

interesting neural-related gene, and demonstrates the benefits of using 

single cell sequencing results to guide probe selection for in situ 

hybridisation.  

 

 

Figure 7.8. In situ hybridisation validation of a Xenoturbella-specific 
gene in putative neural cells. Expression in cells found uniquely at the 
anterior region of the animal. Anterior at the top in both panels. (A) and (B) 
Overview of expression in cells at the anterior-most region of the animal, 
location of cells shown by black arrows; (C) Detail of expression in sensory 
cells embedded in the epidermis; (D) Schematic overview of location (black 
box) of these cells (represented by black circles) in Xenoturbella, anterior to 
the left of the diagram.  Dark grey represents the epidermal layer; two ECM 
layers shown in green; musculature shown in pink; gastrodermis in light grey. 
Scale bars: A: 200µm; B: 100µm; C: 50µm.  
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Overall, in situ hybridisation verification provided remarkably strong 

support for the putative meta-cluster identities based on the single cell 

libraries.  

 

7.2.7 Meta-cluster specific expression of transcription factors 
 

The identification of putative meta-clusters in Xenoturbella can be 

further investigated by analysing the regulatory mechanisms that underlie 

common transcriptional states. Whilst comprehensive analysis of differential 

transcription factor expression across the single cell libraries remains to be 

carried out, it is clear that some annotated transcription factors are 

specifically enriched in one or two meta-clusters. For example, ISL1 – which 

is known to specify motor neuron identity193 - is upregulated in the meta-

cluster assigned a neural-type identity (Figure 7.9).  
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Figure 7.9. Mapping of selected transcription factors onto the Seurat 
tSNE plot. c-Myc (uncharacterised meta-cluster); FOXA2 (pigmented 
epithelial); heart and neural crest derivatives-expressed protein 1 (HAND1, 
muscle cells); dorsal switch protein 1 (DSP1, uncharacterised meta-cluster); 
SOXB2 (sensory epithelial and putative pigmented epithelial); insulin gene 
enhancer 1 (ISL1, neural cells).  
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7.3 Discussion 

7.3.1 Ultrafiltratory-related gene expression 
 

Using the Seurat clustering pipeline, no cell clusters were identified that 

showed the common upregulation of the five ultrafiltratory genes-of-interest 

(XbNeph1, XbNephrin, XbPodocin-like, XbCD2AP and XbZO-1). Across the 

individual single cell libraries, reads for XbNeph1 were found in just nine 

cells, although the number of cells expressing XbNephrin, and XbPodocin-

like, XbCD2AP and XbZO-1 in particular, were more numerous. 

 

Some co-expression of the ultrafiltratory-related genes was found 

across the single cell libraries. XbPodocin-like and XbCD2AP are co-

expressed in 21 cells; and XbNephrin is co-expressed with combinations of 

XbPodocin-like, XbZO-1 and XbCD2AP across the single cell libraries. 

Although very few cells expressing XbNeph1 were identified, three of these 

also express XbPodocin-like, and one expresses both XbPodocin-like and 

XbZO-1. This is more than would be expected by chance (0.5 cells out of 

6008 to co-express XbNeph1 and XbPodocin-like and 0.037 to co-express 

XbNeph1, XbPodocin-like and XbZO-1). Although cells co-expressing 

different combinations of these genes were not found in the same cell-type 

clusters, it is known that Podocin, ZO-1 and CD2AP have roles across 

multiple tissue types (see section 4.2). Thus, it is likely that cells expressing 

these genes might be assigned to different meta-clusters based on the up-

regulation of other cell-type specific genes.  

 

In situ hybridisation results using probes for XbPodocin-like, XbNeph1 

and XbNephrin show that the cells of interest in the posterior parenchymal 

region that appear to express these genes are few in number – although this 

was variable between sections and individuals (see section 6.3.2). It is 

therefore likely that the very few cells identified as expressing XbNeph1 and 

XbNephrin in the single cell libraries could be reflective of the sparse 

distribution of these cells in the animal.  
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An alternative explanation for the low number of cells that were 

identified as expressing XbNeph1 is the inadequate gene models that are 

currently in place for Xenoturbella. The genome of Xenoturbella is not fully 

annotated, and the 3' preferential sequencing of cells prepared in the MARS-

Seq pipeline mean that reads will often be from the 3' UTR region. XbNeph1 

proved particularly problematic to annotate, and so it is possible that more 

cells do transcribe this gene, but that these have not been identified in the 

current analysis. As described in Chapter 8, successful mapping to gene 

models also posed a problem in the Xenoturbella Tomoseq protocol, and so 

further refinement of gene models and 3' extension could help to uncover 

further reads from these respective libraries.  

 

7.3.2 Meta-cluster identity and diversity 
 

From the Seurat single cell clustering approach, six meta-clusters of 

cells were identified in the Xenoturbella bocki single cell libraries, with 

identities pertaining to muscle, neuron, gland, epithelium, pigment, and 

sensory epithelial cell states. The identities of these meta-clusters support 

what has been proposed by morphological and histological studies of 

Xenoturbella, but the single cell data I present contributes much more than 

was previously known regarding gene expression and diversity within these 

cell-types.  

 

7.3.3 Characterisation of clusters using well conserved genes  

7.3.3.1 Muscle0cells0

 

Of all the meta-clusters, that pertaining to a muscle cell-type identity is 

particularly well characterised by the presence of genes that are conserved 

across the Metazoa. Organisation of the musculature in Xenoturbella bocki 

has been confidently described from histological analyses: it possesses a 

well developed body wall musculature with outer circular muscles; a layer of 

inner longitudinal muscles lying basally to the circular layer; and radial 
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muscles that extend from the muscle layer to the gastrodermis (see section 

6.1.2, Figure 6.1)194. A number of muscle-related genes were found to be 

enriched in the Xenoturbella meta-cluster, including collagen IV, two myosin 

light chain orthologues, all three troponin orthologues (Troponin C, I, T), 

Calponin, and a myosin heavy chain orthologue (Figure 7.4). In situ 

hybridisation for two troponin orthologues (Troponin C and Troponin T, for 

troponin phylogeny see Appendix 8) show strong localised expression in the 

muscle layer (Figure 7.6). The troponin complex is necessary to mediate 

contraction in striated muscle in bilaterians; in smooth muscle, contraction is 

mediated by Calponin. Although no in situ hybridisation was carried out with 

a probe for Calponin, the presence of orthologues for both Calponin and the 

troponin complex in the muscle meta-cluster indicates that Xenoturbella 

possesses both smooth and striated muscle195. 

7.3.3.2 Neural0cells0

 

As found for the muscle meta-cluster, the meta-cluster of neural cells 

shows upregulated expression of a number of well-conserved neural genes. 

Synaptotagmin 1-like, Neurotrophin, ISL1 and a cholinergic receptor, 

amongst others, are strongly expressed in the putative neural cell cluster 

(Figures 7.4 and 7.9). These genes are confidently associated with neural 

cell types in the Bilateria196-199. Interestingly, ISL1 is strongly associated with 

motor neuron identity and function193, and its enrichment in a subset of cells 

within the neural meta-cluster is a possible indicator of the presence of cell 

types with a motor neuron identity in Xenoturbella. Furthermore, a number of 

genes that are enriched in the neural meta-cluster are also upregulated in the 

sensory-epithelial meta-cluster (including Elav-like and Synaptotagmin 1-

like). This is an interesting finding suggesting a degree of overlap between 

the nerve plexus and sensory-related cells found in the epidermal layer. 

Whilst the tSNE plot of Synaptotagmin 1-like expression (Figure 7.4) shows 

upregulation in the neuronal and sensory epithelial meta-clusters, it is clear 

that Synaptotagmin 1-like is also enriched in cell clusters across the dataset. 

Given that Synaptotagmin 1-like is known to function widely in calcium-
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mediated vesicle exocytosis, this broad expression pattern is not 

unexpected199. 

7.3.3.3 Gland0cells00

 

Lastly, identity of the meta-clusters representing gland cells and 

putative pigment cells are also correlated with known cell-type specific 

genes. Putative gland cells are represented in the tSNE plot as three distinct 

meta-clusters (Figure 7.3), and mapping gland-specific enriched genes onto 

the tSNE plot reveals the separation of the gland cell cluster into putative 

digestive glands (enriched for Chymotrypsin-like and proteases), and another 

gland cell population characterised by the expression of Xenoturbella-specific 

genes. In situ hybridisation using a probe for Chymotrypsin-like revealed 

specific expression within the gastrodermis, providing support for the identity 

of digestive gland cells. Subsequent in situ hybridisation using a probe for the 

Xenoturbella-specific gene could help identify a novel population of secretory 

or gland cells with a non-digestive function.  

 

7.3.3.4 Putative0pigment0cells0and0phylogeny0of0TyrosinaseSlike0genes0

 

The putative pigment cell meta-cluster is characterised by the unique 

expression of tyrosinase-related orthologues. Tyrosinases are well correlated 

with pigment cell identity: tyrosinase is necessary for the biosynthesis of 

melanin, and tyrosinase-like sequences are found throughout the Bilateria 

and in some diploblasts (cnidarians and sponges) although they are absent 

in some protostome and deuterostome members (echinoderms, annelids, 

arthropods)200. Tyrosinase sequences have been found to show phylum-

specific expansions: phylogenetic analysis of tyrosinases and tyrosinase-like 

sequences from across the Metazoa has identified four main groups of 

proteins: cnidarian and protostome tyrosinases; cephalochordate and 

hemichordate specific tyrosinase-like proteins; chordate 'canonical' 

tyrosinases; and chordate tyrosinase-related proteins200. In assigning identity 

to the Xenoturbella tyrosinase orthologues identified in the pigment meta-
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cluster, they were found to group with the cephalochordate and 

hemichordate specific tyrosinase-like proteins: an interesting finding given 

the hypotheses regarding the placement of the Xenacoelomorpha as either a 

basal bilaterian, or as the sister phylum to the Ambulacraria (comprising the 

hemichordates and echinoderms) (Figure 7.10). In situ hybridisation using a 

probe against one of these Tyrosinase-like sequences confirmed expression 

in cells found in the epidermis, thought to be pigment cells.  
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Figure 7.10. Maximum likelihood phylogenetic analysis of tyrosinase-
like sequences from across the Metazoa. Cnidarian and protostome 
tyrosinases (tyr) in green. Cephalochordate and hemichordate specific 
tyrosinase-like proteins (tyr-like) in purple – including two orthologous 
sequences identified in the Xenoturbella bocki single cell libraries. Chordate 
canonical tyrosinases in blue; chordate tyrosinase-related proteins (tyrp) in 
orange. Values at nodes are bootstrap support. Pr = Protostome; Di = 
Diploblast; Se = Deuterostome. Phylogenetic inference carried out using 
RAxML. Branch length value shows number of substitutions per site. 
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7.3.3.5 Sensory0epithelial0 cells0and0evidence0 for0 the0presence0of0primary0cilia0 in0

Xenoturbella0

 

 Interestingly, the meta-cluster identified as sensory-epithelial cells is 

enriched for the expression of a cilia and flagella- associated gene. Antibody 

stainings against SrPodocin-like in Xenoturbella found strong signal in the 

ciliated, apical-most portion of the epidermis. In C. elegans, the orthologue of 

Podocin, Mec2, is known to have a mechanosensory role. The identification 

of cilia-related genes in a putative sensory cell meta-cluster, along with the 

possible localisation in ciliated cells of a protein with roles in sensory cells in 

other taxa, could provide a degree of evidence for the presence of both 

primary and motile cilia in the Xenoturbella epidermis. Furthermore, as was 

previously outlined, some neural genes are also enriched in the sensory 

epithelial cluster (Synaptotagmin 1-like and XbElav), along with a number of 

Xenoturbella-specific genes. This suggests the presence of a Xenoturbella-

specific group of cells that are involved in neural-like functions but found 

outside of the main basiepithelial nerve net.  

 

7.3.4 Xenoturbella-specific gene expression (Xenoturbella orphan 

genes) in meta-clusters 
 
 As well as identifying genes with known functions, the unique 

transcriptional signatures of each meta-cluster were enriched for 

Xenoturbella-specific genes, for which no similarity could be found with 

publicly available protein or nucleotide sequences. This was particularly true 

for the neural cell, sensory epithelial, and putative pigment cell meta-clusters.  

 

 The presence of unique, species-specific genes is far from unique to 

Xenoturbella. So-called orphan genes – that is, genes that lack homologues 

in other lineages, and whose evolutionary origin is frequently poorly 

understood – have been found to represent up to one-third of the genes in all 

genomes in all Metazoa201. Such genes are hypothesised to arise via a 

number of different mechanisms, including duplication followed by rapid and 
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extreme sequence divergence; or de novo emergence, where randomly 

emerging sequence combinations form functional sites, and co-opt or recruit 

an enhancer to their regulatory region to become active201. In general, genes 

that are phylogenetically old have been found to have low divergence rates, 

whereas younger, new genes – such as orphan genes - tend to have faster 

rates of divergence202,203. It is also true that slowly-evolving genes are more 

highly expressed than younger, fast-evolving genes, and are often implicated 

in more general functions, or expressed across a broader range of tissues 

and developmental stages204. 

 

Most interestingly, Xenoturbella orphan genes are amongst those with 

the most specific meta-cluster enrichment. One of the genes with the most 

specific neural-cluster expression is a Xenoturbella-specific gene (Figure 

7.4). In situ hybridisation for this uncharacterised gene confirmed a neuronal 

identity: expression was found in discrete cell bodies above the basiepithelial 

nerve net at the anterior region of the animal. The expression of a species-

specific gene in cells found in the anterior region is an interesting finding, and 

could suggest a novel sensory function in these cells. Furthermore, in situ 

hybridisation using a probe for XbElav also showed enhanced expression in 

the anterior of the animal (see Figure 6.3). This indicates a degree of 

concentration at the anterior of the animal of cell types with a neuronal 

function. As the nervous system of Xenoturbella has previously been 

regarded to lack centralisation or any concentration of nerve cells, this in 

itself is a valuable finding and would prove interesting to investigate further. 

In addition, the single cell sequencing libraries indicate much more diversity 

in neural cell types than was previously thought. The presence of ISL1 in a 

subset of neural cells suggests motor neuron specification; and an overlap in 

expression between neural cells and putative sensory epithelial cells 

indicates the presence of cells with a sensory-like function outside of the 

main nerve plexus. Xenoturbella-specific genes are particularly enriched in 

the sensory epithelial meta-cluster, and I hope to localise cells expressing 

these genes in subsequent in situ hybridisation experiments.  
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Pigment cells in Xenoturbella were found to contribute a surprising 

amount of diversity within the cell-type meta-clusters. Dark pigment spots 

across the body of Xenoturbella are one of their only obvious morphological 

features, and patterns and colour of pigment spots is variable between 

individuals (Figure 1.4). The identification of a hemichordate and 

cephalochordate specific tyrosinase gene in Xenoturbella is an interesting 

finding in itself, but the specific expression of numerous Xenoturbella orphan 

genes in this meta-cluster could also suggest a species-specific function of 

these pigmented cells.  

 

7.4 General conclusions 
 

Applying whole organism single cell sequencing to Xenoturbella is a 

novel high-throughput approach for uncovering information regarding gene 

expression and cell-type complexity in this species. Although the single cell 

data does not help to confidently identify cells that co-express known 

markers of ultrafiltration, this is not conclusive evidence for their absence. 

Indeed, the preliminary identification of cells that co-express XbNephrin with 

XbPodocin-like and XbCD2AP – genes whose protein products are known to 

interact at the site of ultrafiltration in vertebrates and D. melanogaster – is a 

valuable finding in itself, and lend a degree of support to the in situ 

hybridisation results described in Chapter 6.  

 

The primary transcriptional states identified in this analysis support 

previous histological and morphological analyses of the animal, but also 

uncovers a level of interesting diversity within these groupings that was 

previously unknown. Compared to traditional in situ hybridisation 

approaches, where genes are targeted for investigation without a priori 

knowledge of expression or putative function, single cell sequencing allows 

for the fast, high-throughput identification of cells with specific molecular 

markers. Consequently, selection of in situ hybridisation probes can be 

guided to provide a spatial context – and it is evident from the in situ 

hybridisation experiments on Xenoturbella that are described in this chapter 
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that this an efficient and successful approach for the validation of single cell 

sequencing data.  

 

It is clear that there is still significantly more that can be uncovered from 

these data. Primarily I aim to re-cluster the meta-clusters outlined in this 

chapter to further uncover the diversity of gene expression and cell types 

therein. In particular, the identification of some cell types that are particularly 

enriched for Xenoturbella orphan genes could hint at a novel function, and 

these would prove interesting for further investigation. In addition, 

subsequent analyses aim to focus on the diversity of transcription factors in 

Xenoturbella. Although some transcription factors have been identified that 

show specific meta-cluster enrichment, there is much more that can be done 

to investigate gene regulation in Xenoturbella using the single cell data. In 

particular, I aim to analyse patterns of transcription factor expression and 

specificity across the meta-clusters, to investigate the degree of 

transcriptional hierarchy across different cell types in Xenoturbella. 

Furthermore, some of the meta-clusters in the tSNE plot have not yet been 

assigned a cell-type or transcriptional state identity. Ribosomal genes are 

amongst those that are highly expressed in these unassigned groupings, and 

it is possible that they represent neoblasts or other proliferating cell types, 

which have been identified and studied in some acoel members29,177. 

Investigating transcription factor specificity and upregulation in cells within 

these meta-clusters could therefore be informative for understanding 

proliferative cell types in adult Xenoturbella and the genes implemented in 

differentiation. 
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8 Tomoseq 
8.1 Introduction 

8.1.1 Spatially-resolved transcriptomics 
 

As described in Chapter 7, I successfully implemented single cell 

sequencing in Xenoturbella to identify gene expression profiles associated 

with well-characterised cell types, and to investigate the co-expression of 

genes that are known to be expressed at the site of ultrafiltration in different 

bilaterian nephridial systems. However, whole organism single cell 

sequencing provides no information regarding the spatial distribution of 

different cell types across the animal. Sequencing individual cells is also not 

an appropriate technique for identifying genes such as Hox genes that are 

expressed in multiple cell types but restricted to specific spatial 

(anteroposterior) domains of expression. Although in situ hybridisation and 

immunohistochemistry can be used to validate cell type results and 

investigate expression domains – which was used very successfully in 

Xenoturbella - these experiments are limited by the number of genes that can 

be investigated in parallel. For Xenoturbella and other non-model organisms 

where comparatively little is known about domains of gene expression, this 

presents a challenge to large-scale gene expression visualisation (in situ 

hybridisation and immunohistochemistry). Even in well-established model 

organisms, these approaches are not applicable for screening spatial 

expression of the entire transcriptome. 

 

Combining the manual dissection of tissues or whole organisms with 

low-input RNA-Seq technologies presents the opportunity for differential 

transcriptomics with a degree of spatial resolution. This approach was first 

used in sectioned D. melanogaster embryos, but required the use of carrier 

RNA to overcome problems associated with low starting concentrations of 

RNA for subsequent cDNA library preparation205. The development of RNA 

amplification protocols optimised for single cell RNA sequencing and/or low-
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input starting RNA quantities has negated this dependency on carrier RNA, 

which can contribute to low numbers of reads-of-interest and background 

noise. Described by Junker et al. (2014)74, 'Tomoseq' is an RNA tomography 

approach that combines the manual dissection of tissue (tomography) with 

RNA-Seq approaches to identify differential gene expression between small 

tissue sections from across different body axes of an organism.  

 

In the first application of the Tomoseq protocol, zebrafish embryos 

were cryosectioned into 18µM wide sections across all three body axes 

(Figure 8.1)74.  

 

 Figure 8.1. Sectioning of zebrafish embryos in the first application of 
RNA Tomography ('Tomoseq'). Figure taken from Junker et al. (2014)74. 
From left to right, panels shows sectioning in an anteroposterior orientation; a 
dorsoventral orientation; and along the left-right axis of the embryo. A = 
anterior, P = posterior, D = dorsal, V = ventral, L = left, R = right.  
 

RNA was extracted from the cryosectioned zebrafish embryo tissue 

and amplified prior to cDNA library preparation. The resulting reads were 

then mapped to the genome and used to compile a 3D spatial expression 

pattern of the developing zebrafish on a transcription-wide level. The same 

approach has also been successfully applied to understand spatial gene 

expression in regenerating zebrafish hearts206.  
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In conjunction with in situ hybridisation and immunohistochemistry 

(Chapter 6) and single cell sequencing approaches (Chapter 7), Tomoseq 

could be used to investigate variable gene expression along different body 

axes of Xenoturbella. For genes such as Hox genes that are not strongly 

upregulated in a given cell type, but instead have regionalised domains of 

expression along a body axis, the single cell clustering approach is not 

informative for identifying the cells in which these genes are expressed. 

Furthermore, as outlined, the single cell approach requires in situ 

hybridisation of meta-cluster enriched genes to provide a spatial context for 

the location of these cells in the animal. Using Tomoseq along different body 

axes in Xenoturbella could therefore offer a complementary approach to the 

single cell sequencing pipeline, with the ultimate objective of building a 3D 

map of expression for genes that are upregulated in specific domains of the 

animal.  

 

8.1.2 Amplifying low starting concentrations of RNA 
 

In order for differential transcriptomics to provide biologically 

meaningful data, final cDNA libraries must be reflective of the diversity of 

transcripts represented in the starting pool of RNA. In standard RNA-Seq, 

there is no pre-amplification of the initial RNA, meaning that preparation of a 

cDNA library requires a minimal input of at least 1-10ng mRNA207,208. This 

makes standard cDNA library preparation incompatible with sequencing 

projects such as single cell sequencing and Tomoseq, where such high 

starting concentrations of RNA cannot be obtained. 

 

For RNA-Seq to be used with very low starting concentrations of input 

RNA, various approaches for amplifying RNA from tissue sections or single 

cells have been developed. A number of different amplification-based 

methodologies have been applied, which use either an exponential PCR-

based approach209,210 or a linear approach211,212. For example, in the 

exponential amplification SmartSeq protocol209, mRNA is amplified by the 

ligation of universal primers to either end of the full-length cDNA library, 
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followed by PCR amplification of all transcripts ('global amplification') using 

sequences that are complementary to the original universal primers. In linear 

amplification – for example, that implemented in the CelSeq protocol211 - a 

T7 promoter sequence is ligated to the cDNA template, followed by in vitro 

transcription (IVT) by T7 RNA polymerase, which results in >1000-fold 

amplification of the DNA211,213. 

 

Although the amplification step is necessary to provide sufficient 

starting RNA for cDNA libraries, both exponential and linear approaches 

introduce amplification-dependent noise into the final library when compared 

to unamplified RNA214,215. When comparing transcription levels of genes 

between RNA samples – as in single cell sequencing and Tomoseq – such 

amplification biases present a problem for uncovering meaningful differential 

transcription of genes. The validity of both approaches has been compared in 

a number of different analyses214-216, and the merits and drawbacks of 

exponential vs. linear amplification have been identified in various 

experiments.  

 

8.1.2.1 Exponential0amplification0of0RNA0

 

PCR-based approaches are recognised to be faster and more cost-

effective, providing rapid exponential amplification of RNA214. The SmartSeq 

amplification protocol was originally established using mouse and human 

cells to improve the yield and length of cDNA libraries generated from 

individual cells. Although this approach is optimised for a high number of 

transcripts derived from a small amount of starting RNA, it uses an initial 

PCR step for exponential amplification of the mRNA, followed by global PCR 

amplification of all transcripts. Whilst this step helps to improve library yield, it 

also results in high proportions of primer dimers and spurious PCR products, 

which contribute to noise in the sequencing data. Although some 

comparisons indicate that SmartSeq is optimal for amplifying low starting 

concentrations of RNA213,216, it has been shown that exponential amplification 

can be biased towards shorter transcripts with high expression levels213. It is 
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also thought that this approach could systematically reduce gene expression 

ratios, leading to an overall reduction in the discovery of differentially reduced 

genes214.  

 

8.1.2.2 Linear0amplification0of0RNA0

 

 Linear amplification and cDNA library preparation – such as CelSeq, 

and the MARS-Seq pipeline implemented in single cell sequencing (see 

Chapter 7) avoids the PCR-biases associated with exponential amplification. 

Instead, the stringent binding of the T7 RNA polymerase to its promoter 

region means that successful amplification of the RNA pool can be achieved, 

without spurious PCR products213,214. The linear amplification protocol can 

also incorporate two additional components to act as a control and for later-

stage data analysis: 

 

1. The incorporation of a Unique Molecular Identifier ('UMI') into the 

section-specific barcoding sequences, to eliminate reads in data 

analysis that might have become duplicated as a protocol artefact 

(see section 7.2.1). 

2. The addition of known quantities of RNA spike-in to each sample 

prior to amplification, to act as a control and to verify the linear 

amplification stage.  

 

However, success of the linear amplification IVT step is dependent on the 

pooling of individually barcoded RNA samples to meet the threshold 

concentration requirement for T7-mediated linear amplification. There is also 

the risk that time-dependent RNA degradation during the IVT stage can 

introduce noise to the final cDNA library214, and that amplification can be 

hindered by variable GC content of different sequences215,216.  Nonetheless, 

comparisons suggest that linear amplification results in a greater range of 

transcript lengths, greater estimated mean length, and greater variation of 

expression levels than exponential amplification217, and final cDNA libraries 
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that are more representative of the transcript variability present in the original 

starting material215.  

 

8.1.2.3 Implications0 of0 amplification0 biases0 for0 the0 analysis0 of0 differential0

expression0

 
 For Tomoseq analyses, changes to the representation of transcripts in 

the initial starting pool of RNA could mask differential expression of genes 

with low fold-changes across the body axis. Although for low-input samples, 

amplifying RNA is a necessary stage in cDNA library preparation, it is not 

always straightforward to implement the most appropriate strategy to retain 

meaningful differential expression, especially when the efficacy of 

amplification may be dependent on characteristics such as nucleotide 

composition and hairpin structures of the sequences215. 

 

8.1.3 Tomoseq in Xenoturbella bocki 
 

Groups of genes within different classes of taxa can be strongly 

correlated with discrete domains of expression during development. For 

example, in the Bilateria, Hox genes and other homeobox-containing genes 

are well known to be expressed in stereotypical anteroposterior positions 

relative to one another during development218. In chordates, specific domains 

of expression of several transcription factors are correlated with 

anteroposterior patterning of the nervous system183,219. In the original 

Tomoseq protocol, differential gene expression was investigated in the 

developing zebrafish embryo74. Whilst it would perhaps be most informative 

to investigate domains of gene expression in embryonic Xenoturbella in order 

to identify the level of conservation of genes involved in early patterning and 

development, no embryonic Xenoturbella are available for investigation (see 

1.4.2). Nonetheless, findings from my single cell data and in situ hybridisation 

results show that some different cell types are associated with specific 

regions of expression in Xenoturbella (see Chapters 6 and 7). Examples of 
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these include cells with a possible ultrafiltratory function in the posterior 

parenchymal region; putative neural and sensory cells in the anterior region; 

and digestive or secretory gland cells in the gastrodermis in the centre of the 

animal. Investigating how gene expression might differ in RNA extracted from 

cryosectioned tissue sections across different Xenoturbella could therefore 

provide a degree of spatial context for the cell type meta-clusters identified in 

the single cell sequencing protocol (Chapter 7). 

 

8.1.4 Objectives of Chapter 
 

 I aimed to use the Tomoseq protocol in adult Xenoturbella with the 

objective of investigating the differential expression of genes along the 

anteroposterior axis. Within this objective, I hoped to investigate differential 

gene expression from two different perspectives. Firstly, to see if genes with 

a known bilaterian AP developmental expression pattern were differentially 

expressed in adult Xenoturbella; and secondly, to investigate the expression 

pattern of ultrafiltratory-related genes and genes identified in the single cell 

sequencing platform as having a degree of tissue-specific regionalised 

expression. 

 

Results from the first round of Tomoseq in sectioned Xenoturbella 

bocki, suggested that biases associated with PCR-based amplification could 

be a source of experimental error, perhaps masking any differential 

expression of genes along the anteroposterior body axis. Consequently, the 

second objective of this chapter was to establish the CelSeq2212 RNA linear 

amplification and cDNA library preparation protocol as part of the Tomoseq 

assay, in order to investigate biologically meaningful differential expression 

across the Xenoturbella AP axis. The linear amplification of RNA extracted 

from small tissue sections is a novel technique to establish in Xenoturbella. 
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8.2 Results 

8.2.1 Initial Tomoseq results using non-linear amplification of RNA 
 

An initial Tomoseq assay was carried out by sectioning an adult 

Xenoturbella into 96 pieces along the anteroposterior axis. After my 

extensive refinements of the RNA extraction protocol for low quantities of 

starting tissue (see section 2.11.2), RNA from these sections was sent for 

amplification and library prep using the SmartSeq2 exponential RNA 

amplification protocol, and sequencing.  

 

A total of ~90,000 contigs from HiSeq sequencing were assembled 

using the CLC assembly cell. Of these contigs, approximately one-third 

(~28,000) mapped to bacterial sequences when blasted against the UniProt 

database. The remaining ~60,000 contigs were quantified using kallisto and 

differential expression across the 96 sections analysed using sleuth (for 

detail see section 2.11.5.1). Heat maps across the 96 sections were 

generated for Hox genes (Hox1, Hox4, Hox7 and Hox11) and anteroposterior 

(AP) neural patterning genes183 for which orthologous sequences could be 

identified in the Xenoturbella transcriptome (Elav, Musahashi, Sox1/2/3, Six3, 

Bf1, Dlx, nk2.1, Pax6, Tll, barH, Otx, Lim1/5, Gbx, Emx, Dbx, Vax, Rx, Irx 

and Engrailed) (Figure 8.2). It is clear from these heat maps that no 

differential expression across the AP axis is seen in the RNA-Seq data for 

these genes: expression is absent for many AP neural patterning genes 

across many sections, apart from relatively high expression seen 

ubiquitously for Musahashi, Sox1/2/3 and Six3. Similarly, Hox gene 

orthologues have no detected expression across most sections, with peaks 

of expression for some sequences across the sections not corresponding to 

an anteroposterior pattern.  
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Figure 8.2. Heat maps showing relative levels of expression for selected 
genes in Xenoturbella from RNA libraries prepared using the 
SmartSeq2 protocol. Heat map from anterior-most (left) to posterior-most 
(right) sections (A1 to H12). (A) Hox genes (B) Chordate AP patterning 
genes183  
  



 270 

  A principal component analysis (PCA) also indicated that there was 

no structure in differential gene expression across the AP axis in libraries 

prepared using the SmartSeq2 protocol (Figure 8.3).  

 

Figure 8.3. PCA of transcriptomic data across 96 anteroposterior 
sections, from RNA libraries prepared using the SmartSeq2 protocol. 
Most sections seem to cluster at the same point, indicating no variance in 
transcriptomic signature across the different sections. PCA carried out by 
Philipp Schiffer (Telford lab). 
  

8.2.2 CelSeq2 linear amplification in Xenoturbella bocki 

8.2.2.1 Read0numbers0and0mappings0across0the0libraries0

 

Given the lack of any differential expression from the initial Tomoseq 

assay, a second animal was cryosectioned along the anteroposterior axis 

into 90 ~60µM sections. RNA was extracted from each section using the 

same RNA extraction protocol as was used for the first round of Tomoseq, 

described in detail in section 2.11.2. To see if exponential amplification of 

RNA was masking any differential expression of genes across the AP axis, 

cDNA libraries for this second Tomoseq assay were prepared using the 

CelSeq2 linear amplification protocol.  
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As part of the CelSeq2 protocol, individual RNA samples were labelled 

with one of 20 differently barcoded primers, which included a unique 

molecular identifier sequence (UMI), to allow for identification of any PCR 

duplicate sequences. A defined amount of ERCC synthetic spike-in was also 

added to each sample to verify linear amplification of the RNA pool. cDNA 

was prepared as five final libraries, with each library differentially labelled 

with a different Illumina RPIX sequences (Figure 8.4). All five libraries were 

pooled at equimolar concentration for HiSeq sequencing. For a detailed 

protocol, see section 2.11.3.  

Figure 8.4. Schematic representation of labelling and pooling of 
sections across the AP axis of Xenoturbella. Anterior to the left of the 
diagram. Sections representing libraries 1-5 labelled as lib1-5, demarcated 
by solid black lines. Red dashed lines in library 1 represent the 20 sections 
(10 in library 5) comprising each library. 

 

RNA-Seq (Illumina Hi-Seq) of the final pooled libraries prepared using 

CelSeq2 yielded a total of ~180 million reads (100 bp paired-end) from the 

cryosectioned Xenoturbella: a 1500x increase compared to the number of 

reads that were obtained in the first Tomoseq assay (Figure 8.5A). To test for 

linear amplification of the ERCC spike-ins, all reads per library were mapped 

against the set of spike-ins using RSEM. TPM values from RSEM were 

plotted against the starting concentration using sleuth in R. Spike in 

amplification showed a linear response across all sections, with a 

Spearman's correlation (rho) of 0.87 ± 0.04 (Figure 8.5B).  
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Figure 8.5. Success of the CelSeq2 protocol in Xenoturbella. (A) Total 
number of reads (106) per section. Problematic sections from library 4 
indicated by grey bracket (lib4). (B) CelSeq2 protocol on RNA extracted from 
Xenoturbella shows a linear response across all sections (shown here in 
library 1). The plot shows normalised expression of the four ERCC spike-in 
groups, with an idealised linear amplification shown by the black line. 
Analysis carried out in conjunction with Philipp Schiffer (Telford lab).  
 

In library 4, which included all sections between 61 and 80, an error in 

amplification or library preparation resulted in far fewer reads than were 

found in the other sections (Figure 8.5A). An anomalously high number of 

reads was found in the second tissue section included in this library 

(cryosection 62), comprising over 14,000,000 reads compared to a mean of 

nearly 2,000,000 across the rest of the sections. Followed by this peak, 

sections 63 to 70 have far fewer reads than the rest of the data set, with a 

mean of just 421,000 reads per section. Although the number of reads from 

sections 71-80 are higher, and have a mean of ~2,000,000 in line with the 

rest of the sections, the percentage of reads that map to the Xenoturbella 
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genome from this half of the library are very low (8-30%), indicating a 

protocol error. 

Of the total reads from across all sections, approximately 70-90% 

mapped to the Xenoturbella genome. Between 7-24% of the reads per 

section mapped to the ERCC spike-in sequences. Of the remaining reads, a 

maximum of 25% mapped to bacterial sequences – with a mean across all 

sections of 15.04% - composed predominantly of Proteobacteria sequences, 

and a small percentage of Chlamydia sequences, which is a known 

Xenoturbella symbiont220.  

 

Figure 8.6. Spike in and bacterial mapping from reads using CelSeq2 in 
Xenoturbella. (A) % of reads per section mapping to ERCC spike in; (B) 
total % of reads per section mapping to bacteria (Proteobacteria in red; 
Chlamydia in blue). Analysis carried out in conjunction with Philipp Schiffer 
(Telford lab). 
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 Total reads mapping to the Xenoturbella genome were deduplicated 

based on UMI sequence using umi_tools 

(https://github.com/CGATOxford/UMI-tools) (see section 8.1.2). Total UMI 

count across all 90 sections was ~18,000,000 with an average UMI count of 

~203,000 UMIs per section. It is evident from UMI distribution across the data 

set that library 4 (comprising sections 61-80) has a much lower UMI count, 

as would be expected given the smaller number of reads contributed by this 

library (Figure 8.7). When the anomalously high UMI count contributed by 

section 62 is excluded from analysis, mean average UMI count in library 4 is 

~62,500 per section.  

Figure 8.7. Total number of UMIs (105) per tissue section. Problematic 
sections from library 4 indicated by grey bracket (lib4). Analysis carried out in 
conjunction with Philipp Schiffer (Telford lab). 
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8.2.2.2 Clustering0the0data0set0

 
 To see if RNA-Seq data from Xenoturbella sections generated as a 

result of linear amplification in the CelSeq2 protocol showed any overall AP 

trends, PCA was carried out. RNA-Seq data from each of the 90 sections 

were grouped as 9x 10 sections to represent three anterior, three mid-

section, and three posterior regions across the AP axis of the animal (Figure 

8.8). The second posterior section (post2), represented by sections 71-80, 

falls entirely within the problematic library 4. It is clear from the PCA plot that 

this half of library 4 constitutes the second principal component of the 

dataset. A lot of the variance seen in the data can therefore be accounted for 

by differences in the transcriptomic signature of this library in comparison to 

the rest of the data set. This is a likely indicator of a contamination or 

protocol error. The first posterior section (post1), representing sections 61-

70, and also from library 4, has a much broader distribution than the other 

groups of sections.  

 

 Nonetheless, unlike the PCA plot representing the SmartSeq2-

amplified RNA, it appears that there is clear structure in the data, with 

anterior and posterior sections distributed differently in the PCA compared to 

those originating form the middle of Xenoturbella (Figure 8.8). We can see 

patterns in the overlapping clusters of sections: the three mid-section clusters 

overlap very closely; the first two anterior regions overlap with one another 

and with the third posterior region, and the third anterior region overlaps with 

the first posterior region. Furthermore, these similarities in transcriptomic 

signature can be interpreted in line with what we know of Xenoturbella 

morphology and the cell types identified in the single cell sequencing 

analysis (see 7.2.4). In particular, the close overlap of all sections defined as 

the mid-section could reflect the common upregulation of genes associated 

with gut and the proportional reduction of other genes in this region. 
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Figure 8.8. PCA of Tomoseq sequencing data from Xenoturbella RNA 
amplified using the CelSeq2 protocol. Sections along the anteroposterior 
axis grouped into blocks of 10: 3x anterior (ant1, ant2, ant3); 3x mid-section 
(mid1, mid2, mid3); and 3x posterior (post1, post2, post3). PCA analysis 
carried out by Philipp Schiffer (Telford lab).  
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8.2.2.3 Distribution0 of0 common0 bilaterian0 AP0 developmental0 genes0 across0

Xenoturbella0

 

 As investigated in the first Tomoseq assay using SmartSeq2 PCR 

based amplification, heat maps across the 90 sections were generated for 

Hox gene orthologous sequences and the same chordate AP patterning 

genes183 (Figure 8.9). Much like the results seen in the first Tomoseq data, 

these heat maps show patchy expression for all genes investigated, which is 

not correlated with differential expression along the AP axis. Many of the 

genes also have zero coverage across all sections, which is indicative of 

'missing' hits against current gene models.  

Figure 8.9. Heat maps showing relative levels of expression for selected 
genes in Xenoturbella bocki. Heat maps from anterior-most (left) to 
posterior-most (right) sections, generated from RNA linearly amplified using 
CelSeq2. Expression levels are FPKM. (A) Chordate developmental AP 
neural patterning genes183 (B) Hox genes.  
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 A lack of meaningful signal in adult Xenoturbella from genes with a 

stereotypical AP expression in developing bilaterians does not mean that the 

data lack any AP variance. As evidenced by the PCA, the transcriptional 

signatures across different domains of the animal do appear to show region-

specific identity. An absence of differential AP expression for these genes 

could be attributed to the use of an adult animal in Tomoseq, as opposed to 

an embryonic animal. Consequently, genes that were identified from single 

cell sequencing analysis to have a specific cell-type expression in the adult 

animal were investigated for AP differential expression in the CelSeq2 data. 

 

8.2.2.4 CellStype0specific0expression0across0the0AP0axis0

 
 Of the six meta-clusters of putative cell types identified from 

Xenoturbella whole organism single cell sequencing (see section 7.2.4), 

three were targeted for AP expression analysis: neural, gland and muscle. In 

the single cell data, cells in the neural and gland cell meta-clusters were 

found to have transcriptional signatures characterised by the up-regulation of 

a number of annotated and Xenoturbella-specific genes. The distribution of 

cells that are up-regulated for these genes was verified by in situ 

hybridisation, and showed the patchy distribution of neural and gland cell 

types, located in greater density in the anterior and gastrodermal regions of 

the animal, respectively (see section 7.2.6). Muscle cells are upregulated for 

many known muscle genes, including troponin and myosin members. 

Distribution of muscle cells is more ubiquitous across the animal, with muscle 

cells found in a defined layer underlying the epidermis across all body axes 

(see section 7.2.6). Genes associated with these neural, gland and muscle 

cells were therefore targeted for investigation in the Tomoseq CelSeq2 data, 

with their known regional (neural and gland cells) or ubiquitous (muscle) 

expression across the animal.  

 

 It is clear from the heat maps generated (Figure 8.10) that the 

sections covered by library 4 (61 to 80) cannot be used to infer patterns of 

gene expression in this region: FPKM expression for all genes analysed in 
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these heat maps (with the exception of one unannotated gene in the muscle 

gene heat map) is 0. 

 

 Heat maps generated for neural and gland cell related gene 

expression over the 90 sections show a sporadic distribution across the AP 

axis. Whilst single cell data, confirmed by in situ hybridisation, show that 

genes expressed in the neural cell cluster localise to cells with enhanced 

anterior distribution, the neural heat map does not show this (Figure 8.10A). 

An uncharacterised and an unannotated gene (see section 7.2.4) show 

broad expression across the AP heat map, as does a neuron-specific kinase 

activator called CDK5R1. However, these genes also show enhanced 

expression across different cell clusters in the single cell library data, and so 

broader expression across the AP axis would perhaps be expected. For 

other neural-related genes, expression is patchy but not strongly correlated 

with upregulation in the anterior region, as might have been anticipated. No 

gland-cell related genes have a broad AP distribution: instead, they are found 

upregulated in individual, apparently randomly distribute cryosections, with 

the exception of a Chymotrypsin-like sequence, which is found upregulated 

in four clusters of successive sections (Figure 8.10B). Whilst these domains 

of expression do not reflect the findings of the single cell library data or in situ 

hybridisation, it is possible that 'missing' hits for transcripts from the CelSeq2 

data are likely hindering interpretation of gene distribution: for example, 

Synaptotagmin 1-like, and various proteases, which were confidently 

identified in the single cell data, have FPKM values of 0 in the respective 

neural and gland cell heat maps.  
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Figure 8.10. Heat maps showing relative levels of expression for 
selected neural and gland-related genes across the AP axis of 
Xenoturbella. Heat map from anterior-most (left) to posterior-most (right) 
section, from RNA linearly amplified using CelSeq2. Expression levels are 
FPKM. (A) Neural-cell related genes; (B) Gland-cell related genes. 
 

 Similarly, in the muscle gene heat map (Figure 8.11), expression for 

all three troponin genes is 0, despite in situ hybridisation confirming the 

expression of both Troponin T and Troponin C very specifically in the 

Xenoturbella muscle cells (see Figure 7.6). It is possible that the preferential 

3' sequencing of the RNA libraries amplified using CelSeq2 means that not 

all transcripts have been assigned to the correct gene model, and have thus 

not been included in analysis. Nonetheless, for other muscle-related genes, 

expression is broader than was found for the neural and gland-cell genes 

(Figure 8.11). This is particularly true for both myosin light and heavy chain. 

Given the presence of the muscle layer across the AP body plan of 

Xenoturbella, this is an expression pattern that might be expected.  
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Figure 8.11. Heat map showing relative levels of expression for muscle-
related genes across the AP axis of Xenoturbella. Heat map from 
anterior-most (left) to posterior-most (right) section, from RNA linearly 
amplified using CelSeq2. Expression levels are FPKM. 
 

8.2.2.5 Expression0of0ultrafiltratorySrelated0genes0

 

 Having identified cells using in situ hybridisation in the posterior region 

of the animal that appear to express three genes related to ultrafiltration 

(XbNeph1, XbNephrin and XbPodocin-like) (see Chapter 6), I also wanted to 

investigate the expression of these genes in the CelSeq2 data. Two other 

genes are also known to function at the site of ultrafiltration in vertebrates 

and D. melanogaster (CD2AP and ZO-1), and so sequencing data from 

Xenoturbella orthologues of these genes were also included in analysis (see 

sections 4.1.3 and 4.2).  

 

 It is possible that the 3' preferential sequencing of libraries prepared 

using the CelSeq2 protocol has resulted in unassigned transcripts for 

XbNeph1 and XbNephrin in the Tomoseq data (Figure 8.12). RNA probes for 

both genes confirmed their expression in in situ hybridisation, and single cell 

libraries also identified the expression of these genes (albeit in relatively few 

cells for XbNeph1). Consequently, the 0 coverage found for XbNeph1 across 

all sections, and the very sporadic expression of XbNephrin, is likely an 

artefact. 
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However, the single cell sequencing libraries also show that cells 

expressing XbPodocin-like, XbCD2AP and Xb-ZO-1 are more numerous than 

those that were found to express XbNeph1 and XbNephrin. The heat map for 

these genes appears to correspond with this finding: XbPodocin-like and 

XbCD2AP have upregulated expression in groups of sections across the AP 

axis, and XbZO-1 is also found in patchy individual sections across the 

animal (Figure 8.12). Furthermore, some sections show the common 

upregulation of more than one of these ultrafiltratory genes: a block of six 

successive sections at the posterior of the animal has enhanced expression 

for both XbCD2AP and XbPodocin-like, which are known to interact at the 

site of ultrafiltration in both the vertebrate podocyte and insect nephrocyte 

(see section 4.1.3).  

Figure 8.12. Heat map showing relative levels of expression for 
ultrafiltratory-related genes across the AP axis of Xenoturbella. Heat 
map from anterior-most (left) to posterior-most (right) section, from RNA 
linearly amplified using CelSeq2. Expression levels are FPKM. 
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8.3 Discussion 

8.3.1 Refining RNA extraction from small tissue samples of 
Xenoturbella 

 

Extracting RNA from cryosectioned Xenoturbella tissue samples 

required a great deal of refinement prior to subsequent amplification and 

library prep. Various parameters that I modified including the snap-freezing of 

tissue sections immediately after cryosectioning; placing tissue samples 

directly into frozen or room temperature Trizol; ribolysing or vortexing the 

tissue; and including RNase inhibitor in the final eluted RNA. Ribolysing the 

tissue in particular was found to significantly hinder RNA extraction, likely 

owing to shearing of the RNA. Of all parameter combinations, optimal RNA 

extraction was achieved from samples placed into room temperature Trizol, 

vortexed briefly, and stored at -80°C. RNase Inhibitor was included in the 

final RNA elution (for full protocol see section 2.11.2). Using this protocol, 

concentrations of between ~2ng/µl and ~70ng/µl RNA (variable depending 

on the cross section of the region of the animal that each tissue section 

corresponded to) were successfully extracted from the cryosectioned tissue, 

all of which resulted in two visible bands of rRNA on ethidium-bromide 

stained gels, as would be expected for undegraded RNA samples. This 

indicated that my final RNA extraction protocol for Xenoturbella was reliable 

and applicable to small amounts of starting tissue.  

 

8.3.2 Non-linear RNA amplification: implications for spatial 
transcriptomics 
 

RNA extracted from the first round of Tomoseq was amplified 

externally using the SmartSeq2 protocol. A PCA showed that there was no 

biologically meaningful structure present in the data generated from across 

the anteroposterior axis. However, in situ hybridisation experiments on tissue 

sections of the adult animal confirm the spatially constrained expression of 

certain genes (see, for example Figure 7.7 and 7.8) in cell types with a 
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specific function. With this in mind, it was likely that the lack of any 

identifiable change in the expression of genes along the AP axis could be 

attributable to experimental error or artefacts, rather than being a biologically 

true result.   

 

Three possible sources of experimental artefact were identified in the 

initial Xenoturbella Tomoseq protocol: 

 

1. Transcript bias in the RNA extraction protocol, masking any 

biologically real differential expression. 

2. Tissue residue remaining on the blade of the cryostat and causing 

contamination between successive sections. 

3. Differential transcript bias in the RNA amplification protocol, causing 

enhanced amplification of some transcripts over others to mask any 

true differential expression.  

 

Having refined a reliable RNA extraction protocol from small starting 

quantities of tissue in Xenoturbella, changing the approach for RNA 

extraction was not a favoured strategy. Furthermore, very little literature is 

available regarding bias in RNA extraction, perhaps indicating that this 

potential source of error was not as relevant. Preliminary experiments where 

the blade was cleaned or moved between sections changed the angle of the 

blade, causing an inconsistent cutting plane and different widths of tissues in 

successive sections. Whilst it is possible that there would have been some 

cross-contamination of tissue between sections, this is unlikely to have been 

sufficient to mask differential gene expression across the whole animal. 

Maintaining a constant cutting angle to ensure uniform tissue width across 

the sections was therefore prioritised over adjusting or cleaning the blade to 

prevent tissue crossover. 

 

Of all sources of experimental artefact, that of amplification bias 

introduced through non-linear PCR RNA amplification was targeted for 

protocol refinement. Although the SmartSeq2 protocol is optimised for a high 

number of transcripts derived from a small amount of starting RNA, it uses a 
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PCR step for exponential amplification of the mRNA, followed by global PCR 

amplification of all transcripts90. Whilst this step helps to improve library yield, 

it can also result in high proportions of primer dimers and introduce a number 

of PCR biases. In particular, SmartSeq PCR biases have been reported to 

over-amplify transcripts with high expression levels and short lengths213. It is 

possible that such biases would mask differential expression of genes with 

low fold changes across the Xenoturbella anteroposterior axis, contributing to 

the lack of any variance observed in the initial Tomoseq trial.  

 

To properly establish Tomoseq in Xenoturbella and investigate 

biologically meaningful differential gene expression across the 

anteroposterior axis, I chose to implement the CelSeq2 linear amplification 

protocol in Xenoturbella212.  

 

8.3.3 Establishing linear amplification and RNA library preparation 
 

Originally designed for amplification of RNA from for single cells, I aimed 

to optimise the CelSeq2 protocol for clean, low-concentration Xenoturbella 

RNA samples. 

 

Based on the most successful combinations of parameters optimised 

during the 20-section protocol refinement (see section 2.11), I used the 

CelSeq2 protocol on RNA extracted from 90 sections of Xenoturbella (see 

2.11.3). Using the ERCC Spike-In as a control shows that linear amplification 

of RNA had been successfully implemented in Xenoturbella: a novel 

approach that had not been previously established in this species.  
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8.3.4 Tomoseq with linear amplification (CelSeq2) 
 

8.3.4.1 Data0quality0

 
 RNA-Seq data from libraries 1, 2, 3 and 5 prepared in the CelSeq2 

pipeline show a high proportion of reads mapping to the genome, at between 

70% and 90% of the overall reads obtained. It is clear that a protocol error 

occurred during the amplification and preparation of library 4. A possible 

explanation for this is primer contamination between the primers used in 

section 62 and the following 8 primers. Consequently, reads from sections 63 

to 70 may have been assigned to the barcode found in the primer used in 

section 62, causing the abnormally high number of reads in section 62, and 

the depletion of reads in the rest of the first half of this library. As >70% of the 

reads in section 62 still map to the Xenoturbella genome, this appears to be 

a likely explanation for the erroneous coverage found in the first half of library 

4. Nonetheless, the percentage of reads mapping to the genome across the 

second half of library 4 is between 8% and 30%, which could instead suggest 

a contamination error for these sections. 

 

 In the initial Tomoseq assay, over one third of the total assembled 

contigs mapped to bacterial sequences. In the CelSeq2 protocol, mapping to 

bacterial sequences contributes up to 25% of the total reads-per-section. 

Xenoturbella is known to have a symbiotic relationship with the Chlamydia 

bacterium220, but this contributes less than 20% of the overall bacterial 

sequences found. A much larger proportion of the bacterial sequences are 

instead found to map to various Proteobacteria, which have also been found 

in samples of Xenoturbella at great abundance221. A high proportion of 

bacterial reads in the sequencing data indicates that the inclusion of poly(A) 

selection is not sufficient to exclude bacterial RNA from analysis222, and that 

more stringent alternative approaches (such as rRNA depletion) might be 

necessary to eliminate bacterial contamination. Nonetheless, the high 

number of total reads obtained from the CelSeq2 libraries means that 
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bacterial contamination has not hindered sequencing depth across the reads-

of-interest from Xenoturbella.  

 

8.3.4.2 Transcriptional0 signatures0 associated0 with0 anterior,0 gut,0 and0 posterior0

domains0in0Xenoturbella0bocki0

 

Data from all 90 sections were compared using PCA in order to 

search for any structure in common transcriptional signatures across the 

Xenoturbella AP axis (Figure 8.8). Unlike the Xenoturbella RNA-Seq data 

that was processed using exponential amplification in the SmartSeq2 

protocol, libraries prepared using linear amplification in CelSeq2 do show a 

difference in their structure. As discussed, library 4 comprises problematic 

data, and this is shown in the distribution of sections representing posterior 

regions 1 (sections 61-70) and 2 (71-80) (post1 and post2, respectively). 

Post1 has a broad variation in composition (shown by the long blue oval in 

Figure 8.8), and Post2 is clearly very divergent from the rest of the data set, 

represented as the pink outlying cluster and suggesting a contamination 

problem. 

 

 The distribution of the remaining sections representing the anterior 

sections 1-30 (ant1, ant2, ant3); the middle 31-60 sections of Xenoturbella 

(mid1, mid2, mid3); and the final posterior sections 81-90 (post3) can be 

interpreted in line with what is known regarding Xenoturbella morphology. 

The distribution of sections in ant1 and ant2 (red and orange respectively) 

overlap with one another, which would be expected given that they come 

from the same region of the animal. The mid sections of the animal, 

visualised in three shades of green, cluster together very closely. From 

morphological analysis (see 6.1.2), we know that the central region of 

Xenoturbella is predominantly gut lumen and gastrodermis. Consequently, 

transcriptional signatures from the 30 sections representing the mid-section 

of the animal are likely to be commonly upregulated for the same digestive or 

gland-related genes (see section 7.2.3) and proportionally depleted for genes 

associated with epidermal, muscle or neuron cell types. In the PCA, sections 
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assigned to ant3 overlap with some of the sections found in the problematic 

post1 cluster. Although the anomalous sequencing results from library 4 

mean that interpretation of this is less confident, similarity in gene expression 

between sections 21-30 and 61-70 would be likely, given that they represent 

tissue sections taken from either side of the central gut. Interestingly, 

sections representing post3 overlap in identity with those found in ant2, but 

not those from ant1. In situ hybridisation against neural genes (XbElav, see 

6.2.1; and a Xenoturbella-specific neural gene, see 7.2.6) show specific 

upregulation at the very anterior of the animal. It is therefore possible that 

enrichment for neural genes makes the transcriptional signature of the first 

10 sections more different from that of sections 11-20 and the final 10 

sections.  

 

8.3.4.3 Expression0of0Hox0genes0and0AP0neural0markers0

 
 Heat maps generated for Hox genes and for genes associated with 

AP neural patterning in chordates183 (Elav, Musahashi, Sox1/2/3, Six3, Bf1, 

Dlx, nk2.1, Pax6, Tll, barH, Otx, Lim1/5, Gbx, Emx, Dbx, Vax, Rx, Irx and 

Engrailed) did not show any patterns in differential expression across the AP 

axis in the CelSeq2-generated libraries, and many genes had 0 expression 

across all sections (Figure 8.9). The 0 coverage seen for some genes can 

likely be attributed to 'missing' hits to the current Xenoturbella gene models, 

as outlined in section 8.3.4.4, but it is also possible that the lack of any clear 

signal in data for Hox genes and the AP neural marker genes183 could be 

attributed to the fact that an adult, and not embryonic, Xenoturbella animal 

was used for Tomoseq. The Hox and ParaHox group of genes are well 

studied and known to be involved in the regionalisation of the AP axis during 

development across the Bilateria218. However, this stereotypical AP 

expression of Hox genes is closely correlated with embryonic development. 

Evidence suggests that the expression of some of these genes persists into 

the adult in specific taxa223, but the defined AP expression domains are most 

confidently associated with the embryonic stage.  
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 Furthermore, putative orthologues of just four Hox genes (Hox1, Hox4, 

Hox7 and Hox11) have been identified in Xenoturbella transcriptomic data. In 

the Acoelomorpha, three Hox genes have been identified, representing one 

each from an anterior, central, and posterior class224. Further investigation 

into the conservation of Hox and ParaHox genes in the Xenacoelomorpha is 

necessary to better understand their expression and function, but searching 

for specific domains of expression across the AP axis in the adult animal is 

perhaps not the most meaningful approach to uncover patterns of 

transcriptional signatures in the Xenoturbella CelSeq2 data.  

 

8.3.4.4 CellStype0specific0gene0expression0and0Tomoseq0data0

 
 Heat maps for genes associated with three specific cell types in 

Xenoturbella (neural cells, gland cells and muscle cells, see section 7.2.4) 

showed patterns of up-regulation across the AP axis that are inconsistent 

with results from in situ hybridisation. Whilst some neural cell genes and 

gland cell genes have patchy upregulation in individual sections across the 

data, these are not enhanced in the anterior or the midsection of the animal, 

as would be expected given the location of Xenoturbella neural and gland 

cells, respectively (Figure 8.10). Muscle-related genes (including myosin light 

and heavy chain) have a more ubiquitous expression across the AP heat 

map, which might be expected given the presence of a defined muscle layer 

underlying the epidermis of the animal in all axes (Figure 8.11, also see 

6.1.2).  

 

 The heat map generated for the five ultrafiltratory genes (XbNeph1, 

XbNephrin, XbPodocin-like, XbCD2AP and XbZO-1) shows common 

upregulation of two or more genes from XbPodocin-like, XbCD2AP and 

XbZO-1 in successive sections across the AP axis, with a broader region of 

expression of XbPodocin-like and XbZO-1 near to the posterior of the animal 

(Figure 8.12). XbNeph1 was not expressed across the 90 sections, and 

XbNephrin1 appears to be expressed in just five individual sections, with two 

of these overlapping with XbPodocin-like expression.  
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 The absence of any expression of XbNeph1 is in common with the 0 

coverage found for a number of other genes whose expression has been 

confirmed in Xenoturbella using in situ hybridisation. These include 

Synaptotagmin 1-like, all troponin sequences, and various digestion-related 

genes. The absence of reads in the sequencing data for genes that are 

known to be expressed in the adult animal can possibly be attributed to the 3' 

preferential sequencing of libraries amplified using CelSeq2. Consequently, 

reads for these genes are likely to correspond to the 3' UTR region, which is 

not adequately covered by the current gene models. Improving the 3' 

annotation of genes in the current genome is therefore necessary to identify 

these unmapped transcripts. This might also help to uncover more 

meaningful differential expression for specific cell types compared to the 

gene maps I have generated in this analysis. In addition, although linear 

amplification of RNA is reported to introduce fewer amplification biases than 

PCR-based exponential methods, some amplification artefacts are still likely 

to occur, which could hinder data interpretation. 

 

8.4 General conclusions 
 

 In this analysis, I describe use of the Tomoseq protocol across the AP 

axis of Xenoturbella, and the RNA-Seq data that were obtained using two 

different RNA amplification protocols. I also describe the establishment of a 

linear amplification protocol in RNA extracted from small tissue sections of 

Xenoturbella. 

 

Compared to exponential amplification, linear amplification of RNA 

extracted from cryosectioned tissue uncovered different transcriptomic 

signatures in regions across the anteroposterior of the animal, which can be 

explained in context with Xenoturbella morphology.  

  

Heat maps for genes that have enhanced expression in specific cell 

types (neural, gland, muscle and ultrafiltratory cells) did not show a 

distribution across the AP axis that might have been expected given results 
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from single cell sequencing libraries and in situ hybridisation (see sections 

7.2.4 and 7.2.6). Although linear amplification of RNA is reported to introduce 

fewer amplification biases than PCR-based exponential methods, some 

amplification artefacts are still likely to occur. It is therefore possible that 

preferential amplification of some transcripts might hinder data 

interpretation214-216. However, preferential amplification would not account for 

the 0 coverage values found for genes with known expression in 

Xenoturbella. This can potentially be attributed to the 3' preferential 

sequencing of the RNA libraries, resulting in many transcripts not being 

assigned to their correct gene model. Despite using Augustus gene 

prediction225 and RNA-Seq models it is clear that annotation of the 

Xenoturbella genome needs to be improved for accurate differential 

expression inference. Subsequent analyses of the Tomoseq data will look to 

improve the 3' UTR annotation, in the hope that this might uncover 

meaningful expression patterns. For specific genes-of-interest, models could 

be manually extended in a 3' direction, but for improving annotation across 

the genome, the Augustus UTR prediction tool could also be implemented. 

 

It is important to note that the analysis carried out in this chapter 

represents sequencing data from just one animal. In order for these findings - 

or any subsequent findings - to be reliable, further replicate animals will need 

to be used for Tomoseq assays. To verify the PCA that appears to show 

common gene signatures from groups of sections along the AP axis, I will 

also prepare libraries from sections which are not adjacent to one another, 

with the objective of overcoming any artefactual batch effects hindering 

confident data analysis.   

 

A primary aim of subsequent analyses is to identify species-specific 

genes that have the most differential expression across the AP axis, but 

more than one biological replicate will be necessary in order to validate any 

variable gene expression. Furthermore, given that many of the prominent cell 

types in Xenoturbella (including for example, epidermal and muscle) are 

expressed in comparable layers across all three body axes, cryosectioning 

animals along the dorsoventral and sagittal axes will also be necessary to 
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fulfill the objective of building a 3D model of gene expression across the adult 

animal.  
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9 Discussion 
 

9.1 General overview of initial objectives 
 

The aim of this thesis was to use novel molecular approaches to 

investigate the biology of members of the enigmatic Xenacoelomorpha - an 

intriguing group of simple marine worms for which confident phylogenetic 

assignment remains challenging. Primarily, I framed this investigation within 

the context of investigating genes whose protein products are implicated in 

ultrafiltration in diverse taxa across the Bilateria: Neph1, Nephrin, 

Podocin/EB7/Mec2, CD2AP and ZO-1. Although these genes appear to have 

a conserved expression and function in a number of structurally divergent 

nephridial systems, there is no consensus regarding the origin and homology 

of excretory systems in bilaterians. However, the presence of a conserved 

molecular architecture at the site of ultrafiltration in the vertebrate podocytes 

and D. melanogaster nephrocytes provides a degree of evidence for the 

homology of these cells130. Furthermore, the expression of orthologues of 

two of these genes – Smed-NPHS1-6(=Nephrin) and Smed-NEPH3(=Neph1) 

- in the protonephridial flame cells of a flatworm (S. mediterranea) indicates 

that the core molecular components of ultrafiltration are conserved between 

metanephridial and protonephridial systems. 

 

  By investigating the presence and absence of these ultrafiltratory-

related genes in bilaterian, diploblastic, and non-metazoan taxa, and using 

different molecular approaches to understand their expression in 

Xenoturbella and the acoel S. roscoffensis, I hoped to discover whether such 

cells exist in Xenacoelomorpha, and to advance the understanding of their 

function in the Xenacoelomorpha, and their wider historic function in the 

Metazoa.  

 

In order to visualise expression patterns for the genes and proteins-of-

interest, establishing reliable in situ hybridisation and immunohistochemistry 
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protocols in adult Xenoturbella was a primary objective. Perhaps given the 

difficulties associated with animal collection, and their inability to be kept in 

culture, no molecular protocols had previously been used in Xenoturbella. 

Although a number of molecular protocols have been established in the acoel 

members I. pulchra and H. miamia, reliable in situ hybridisation in S. 

roscoffensis – and in adult animals in particular – was a protocol that I also 

hoped to troubleshoot.  

 

In addition to more traditional molecular approaches, I aimed to use 

innovative new RNA-Seq technologies in Xenoturbella. Xenoturbella are 

known to have a simple body plan, and histological and electron microscopy 

studies have been used to describe their morphology. However, the lack of 

comprehensive molecular data for this species means that very little was 

previously known regarding cell type complexity or specialisation in this 

species. By using whole organism single cell sequencing, I hoped to uncover 

transcriptional diversity across the cell population of Xenoturbella in a high-

throughput pipeline, and employ computational clustering of the data to 

identify putative meta-clusters of cells, grouped by a common transcriptional 

signature. Not only did I aim to use this approach to identify co-expressed 

markers of ultrafiltration, but also to look much more widely to identify 

putative cell types in the adult animal to better describe their morphology. 

Complementarily to this approach, I attempted to establish RNA tomography 

(Tomoseq), to make cDNA libraries from tissue sections taken across the AP 

axis of Xenoturbella, with the objective of uncovering differential gene 

expression with a degree of spatial context. 

 

Given the debate regarding the placement of the Xenacoelomorpha in 

the Bilateria - either basally in the Bilateria or as sister group of the 

Ambulacraria in the deuterostomes - the first chapter of this thesis focused 

on sequencing three mitochondrial genomes from across the Acoela. From 

this I aimed to contribute to the comparatively sparse molecular data 

available for this class of animals, and also use protein-coding gene 

sequences and other features of mitochondrial genomes for phylogenetic 

inference.  
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The experiments and analyses carried out in this thesis have achieved 

some of the objectives outlined above. Whilst molecular protocols in S. 

roscoffensis proved difficult to establish and to obtain confident results from, 

the molecular work carried out in Xenoturbella has contributed much more 

than was previously known regarding transcriptional diversity and the spatial 

distribution of cells in this species. In particular, in situ hybridisation results 

hint at the discovery of an interesting cell type, for which RNA probes for 

XbNeph1, XbNephrin and XbPodocin-like all show expression. In the 

following sections I will outline the main findings from the previous chapters 

in more detail, and the implications these might have for our understanding of 

the Xenacoelomorpha. Finally, I discuss how novel molecular approaches 

might aid our study of non-model organisms in the future, and how 

investigating unannotated or orphan genes might contribute to our 

understanding of cell type diversity and the biology of understudied taxa.  

 

9.2 Acoela mitochondrial genomes and phylogenetic 
inference 

9.2.1 New molecular data for the Acoela 
 

In Chapter 3 I described the mitochondrial genomes from three 

different species of acoel: P. rubra, I. pulchra and A. ylvae. A number of 

different lines of evidence have been used to infer the phylogenetic position 

of the Xenacoelomorpha, including microRNAs, transcriptomic data, ESTs, 

and mitochondrial protein-coding genes, amongst others. Nonetheless, 

molecular data for this group are relatively poor. No complete nuclear 

genomes are currently published for any member of the Xenacoelomorpha, 

and mitochondrial data for the Acoela are sparse, with just one complete 

mitochondrial genome from S. roscoffensis previously published19. 

Consequently, the mitochondrial genomes described in this thesis contribute 

to the wealth of molecular data available for this class.  
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9.2.2 Novel structure of Acoela mitochondrial genomes 
 

All three mitochondrial genomes that were sequenced have novel 

gene orders, both in comparison to one another, and to published 

mitochondrial genomes from across the Metazoa. Such prevalent gene order 

rearrangement could be a result of the rapid rate of sequence evolution in the 

Acoela, but the lack of any conserved blocks of genes means that gene order 

is not phylogenetically informative for this class, at least with the current 

depth of sampling. Further mitochondrial genome data from other acoel 

members would aid in this comparison. Interestingly, it seems possible from 

my data that the mitochondrial genome for I. pulchra has a duplicated region, 

which would provide evidence for a genomic 'duplication and deletion' 

rearrangement of genes in the mitochondrial genome of this species.  

 

9.2.3 Phylogenetic inference using mitochondrial protein-coding genes 
 

Given the absence of complete nuclear genomes for any member of 

the Xenacoelomorpha, mitochondrial protein-coding genes have been used 

in several analyses of phylogenetic inference for this phylum23,127. However, 

the lack of molecular data available for the Acoela means that they are 

represented in these analyses by just one complete mitochondrial genome 

(S. roscoffensis)19; one partially published mitochondrial genome (P. rubra)20; 

and the cox1 genes from the acoel species N. fusca and C. longifissura. As 

has been found in other phylogenetic analyses of this phylum, mitochondrial 

data variably place the Xenacoelomorpha within the deuterostomes23,28,127, or 

basally in the Bilateria19.  

 

In my analysis, all mitochondrial protein-coding genes found in all 

three species (atp8 is absent in I. pulchra and A. ylvae; nad4l is also absent 

in I. pulchra) were used in both maximum likelihood and Bayesian 

phylogenetic inference. Acoela are known to have a faster-than-average rate 

of sequence evolution28, which leaves them particularly vulnerable to LBA107, 

and this has been cited as a reason for the basal position that is sometimes 
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inferred for them28. Indeed, in this analysis, the Acoela were found to group 

with the long branched Urochordata at the base of the tree, outside of the 

main protostome and deuterostome node. Excluding the Urochordata from 

analysis resolved the Acoela with Xenoturbella, placing the 

Xenacoelomorpha as a branch within the deuterostomes. This demonstrates 

the LBA problem that can confound phylogenetic inference for the position of 

the Acoela, and provides a degree of support for the basal position of 

Xenacoelomorpha resulting from a systematic error (LBA). However, it is 

clear that further molecular data from this phylum are needed for future 

phylogenetic analyses. Increased sampling of the Acoela to include more 

slowly evolving representatives could also help to 'break' the long branch. A 

more profitable source of data will be transcriptomes and genomes. 

 

9.3 Establishing in situ hybridisation and 
immunohistochemistry protocols in S. roscoffensis and 
Xenoturbella 
 

In order to fulfill the objective of visualising expression domains of 

genes that are known to have an ultrafiltratory function, reliable in situ 

hybridisation and immunohistochemistry protocols were necessary for a 

representative from the Acoela and for Xenoturbella.  

9.3.1 Protocol troubleshooting in S. roscoffensis 

 

Despite extensive troubleshooting of in situ hybridisation in adult S. 

roscoffensis, no protocol gave reliable, reproducible results for the RNA 

probes targeting the genes-of-interest. A possible exception to this was 

achieved using sectioned adult animals; taking this further will require 

experimental repeats with different probes to confirm. Whilst juvenile animals 

gave slightly more consistent and reproducible results, it appears that S. 

roscoffensis do not represent the most amenable species for in situ 

hybridisation protocols.  
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After establishing an optimal detergent concentration to permeabilise 

the epidermis of adult and juvenile S. roscoffensis, immunohistochemistry 

appeared to give more consistent signal than any expression patterns seen 

using in situ hybridisation. The likelihood of cross-reactivity with related 

proteins means that the specificity of signal from the antibodies used must be 

interpreted with caution, but this is not a fault of the protocol. Although some 

autofluorescence from the symbiont T. convolutae was evident in Z-stacks 

taken from the middle of the dorsoventral axis of the animal, positive signal 

from antibodies was consistently stronger than any endogenous 

autofluorescence.  

 

 Other acoels have been established in culture (I. pulchra and H. 

miamia), for which in situ hybridisation has been used with a degree of 

success. Nonetheless, maintaining these animals in culture can be 

problematic owing to frequent ciliate contamination problems and population 

crashes. As S. roscoffensis can be collected in abundant quantities, it was 

hoped that this species could present an alternative acoel to use in molecular 

protocols, without the problems associated with maintaining animal culture. 

Given the problems in implementing in situ hybridisation for the genes-of-

interest, future investigations into gene expression in the Acoela might 

benefit from instead focusing on I. pulchra and H. miamia.  

 

9.3.2 Molecular protocol establishment in Xenoturbella 

 

As no molecular protocols have previously been used in Xenoturbella, 

establishing in situ hybridisation and immunohistochemistry protocols in this 

species was a primary objective of this thesis. As demonstrated by an initial 

control probe for XbElav, and subsequent verification as part of the single 

cell sequencing analysis, in situ hybridisation in Xenoturbella consistently 

gives expression patterns that are restricted to plausible and repeatable 

domains of expression for each gene-of-interest. In situ hybridisation is an 

enormously useful technique to have established in this species, and has 
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proved to be particularly valuable for providing a spatial context for putative 

cell type meta-clusters identified from the single cell sequencing pipeline.  

 

The highly specific expression patterns observed for all of these probes 

means that I am also confident in the reliability of expression domains found 

for ultrafiltratory-genes, where there was no a priori knowledge about the 

cells in which they might be expressed.  

 

9.4 Ultrafiltratory related genes in the Xenacoelomorpha 
 

9.4.1 Presence and absence of ultrafiltratory-related genes in the 
Eukaryota 

 

As outlined, the primary objective of my thesis was to identify the 

presence and expression of genes that are commonly associated with 

ultrafiltration across different bilaterian nephridial systems in members of the 

Xenacoelomorpha. My initial genome and transcriptome mining for these 

genes included publicly available data from across the Metazoa, and 

transcriptomes from Xenoturbella and from three acoels. The findings of 

these analyses largely support what has been previously published regarding 

the origin and distribution of these genes. It is evident that Neph1 and 

Nephrin, which form the core structure of the ultrafiltratory barrier in the 

vertebrate podocyte and D. melanogaster nephrocyte, are bilaterian 

novelties. No orthologues of Neph1 or Nephrin were found in any non-

bilaterian taxa, but were identified in all bilaterians included for analysis – 

including the Xenacoelomorpha. The distribution of three other genes with an 

ultrafiltratory role is not bilaterian-specific. Podocin is known to be a 

vertebrate-specific protein, but orthologues (EB7/Mec-2) were identified in 

the Xenacoelomorpha and throughout the Metazoa. Phylogenetic inference 

rejected the presence of Podocin orthologues outside of the Metazoa (in C. 

owczarzaki and D. discoideum). Similarly, CD2AP orthologues were 

identified in all metazoan taxa, but sequences with unclear orthology were 
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found for the Amoebozoa and Filasterea. Lastly, ZO-1 orthologues were 

identified across the Eukaryota, with the exception of the Amoebozoa.  

 

The presence of these genes across the Eukaryota indicates that 

Podocin (and respective orthologues), CD2AP and ZO-1 did not have an 

ancestral ultrafiltratory function. Indeed all three genes are implicated in a 

number of roles across different cell types, and they are found in metazoan 

animals that are known to lack any ultrafiltratory or excretory system. More 

interesting is the identification of Neph1 and Nephrin orthologues in members 

of the Xenacoelomorpha. Nephridial systems are regarded as a bilaterian 

novelty, and the co-expression of Neph1 and Nephrin proteins at the site of 

ultrafiltration appears to be well conserved across different bilaterian groups. 

Neph1 and Nephrin orthologues are found throughout the Bilateria - including 

taxa such as the tunicates and nematodes, which are thought to lack any 

ultrafiltratory or excretory system that can be defined as nephridia. Although 

both proteins are also thought to have roles in the patterning and function of 

the nervous system in vertebrates, it is their co-expression at the 

ultrafiltratory diaphragm that has been the focus of the majority of studies. 

Whether these proteins had an ancestral ultrafiltratory function or whether 

this role has been co-opted in separate lineages has not been extensively 

investigated. Although C. elegans orthologues of Neph1(=SYG-1) and 

Nephrin(=SYG-2) are reported to function at synapses154, no analysis of the 

function or expression of Neph1 and Nephrin has been carried out in the 

tunicates.  

9.4.2 Visualising ultrafiltratory genes in the Xenacoelomorpha 
 

Difficulties with protocol establishment in S. roscoffensis means that 

expression patterns for SrNeph1, SrNephrin and SrPodocin-like are difficult 

to interpret reliably. As juvenile animals seemed to produce more consistent 

and reproducible results, the expression patterns seen for these genes are 

perhaps more reliable than those obtained in the adult. Nonetheless, 

expression of the three genes in the juvenile animal appears broader than 

might be expected for an ultrafiltratory function. SrNeph1 appears to localise 
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more specifically to the parenchymal region flanking the gut, whilst SrNephrin 

and SrPodocin-like appear to be expressed throughout the gut region. 

Comparable domains of expression of ultrafiltratory genes have also been 

reported in the acoel I. pulchra (Andrikou et al. preprint)158. Nonetheless, 

although a location close to the gut or in the digestive system would not be 

unlikely for ultrafiltratory-related cells, the broad expression of these genes 

does not provide significant evidence for the presence of cells with an 

ultrafiltratory capacity.  

 

Consistent results were achieved in S. roscoffensis using 

immunohistochemistry with species-specific polyclonal antibodies. However, 

the possibility of non-specific signal from conserved domains found in related 

proteins means that the putative nervous system signal seen for anti-

SrNeph1 and anti-SrNephrin could be from other CAM-related proteins that 

are known to function in neural cells. Consequently, this signal is not 

particularly informative for informing the historic function of Neph1 and 

Nephrin proteins.  

 

Owing to the mixed successes of gene visualisation approaches in S. 

roscoffensis, a functional analysis of these genes could be more informative 

in providing conclusive evidence for their role. RNAi in the flatworm S. 

mediterranea for transcription factors that are necessary for the patterning 

and maintenance of protonephridia resulted in visible bloating in the animal 

as a result of impaired excretion. As RNAi is already established in the 

acoels I. pulchra and H. miamia, targeting ultrafiltratory-related genes might 

prove an informative approach for understanding the role of these genes in 

the acoels.  

9.4.3 Ultrafiltration and excretion in Xenoturbella 

 

Unlike S. roscoffensis, implementing in situ hybridisation for the same 

three ultrafiltratory-related genes in Xenoturbella gave results that hint at a 

previously unknown cell type. All three genes (XbNeph1, XbNephrin and 

XbPodocin-like) appear to be expressed in cells located at the posterior 
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region of the animal, settling on the ECM that overlies the basal portion of the 

gastrodermis. The cells appear to be restricted to specific regions within the 

dorsoventral axis of the animal, although this varied between sections taken 

from two individuals. The ECM functions as a primary filtratory barrier in all 

nephridial systems, and so the location of these cells, overlying the ECM, 

lends a degree of support to a potential filtratory-related function. However, it 

will be necessary to verify the co-expression of these genes within the same 

cell by double in situ hybridisation. Immunogold labelling with species-

specific antibodies may also aid in visualising signal – a technique that has 

been used in D. melanogaster nephrocytes for Sns (=Nephrin) and Duf 

(=Neph1)130.  

 

An interesting finding from these in situ hybridisation results was the 

difference in the number of cells and their distribution between sections and 

between individuals. Sections taken from across the dorsoventral axis of two 

individuals were used for each gene to investigate domains of expression. 

However, cells expressing these genes were only identified in a relatively 

narrow section of the dorsoventral axis for one of the individuals, covering a 

total thickness of ~140µM. This suggests that the cells-of-interest are only 

found in a specific region of this individual. More striking was the difference in 

the number of cells that were found between individuals. In the first set of in 

situ hybridisation experiments, cells that were found to express XbNeph1, 

XbNephrin and XbPodocin-like were distributed across the posterior region of 

the animal in great numbers. Conversely, in sections taken from a second 

individual, cells were far fewer, totalling just two or three cells per section. It 

is possible that these cells might be found in a denser concentration 

elsewhere in the dorsoventral axis, as outlined, but the difference in cell 

density between individuals could prove interesting to investigate further. 

Although members of the Urochordata are regarded to lack any ultrafiltratory 

or excretory systems that would be defined as nephridia, they do sequester 

nitrogenous waste and other metabolites in specialised vesicular cells61. It 

appears that there has not been extensive investigation into the structure of 

these cells, but they are thought to accumulate over the lifetime of the 

organism. Consequently, the number of vesicular cells to accumulate waste 
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would presumably increase in number over the lifespan of an organism. 

Although we have no reliable measure of the age of Xenoturbella individuals 

collected from the seabed, comparing cell number and distribution in sections 

taken from more individuals of different sizes as part of a double in situ 

hybridisation assay might provide support for the differences observed in cell 

number between individuals.  

 

9.4.4 Re-interpreting the Nephrozoa 
 

The discovery of these interesting cell types in Xenoturbella 

undoubtedly requires further investigation to uncover any ultrafiltratory-

related capacity. Nevertheless, the expression of all three genes in discrete 

cells settling on the ECM could have obvious implications for the supposed 

'Nephrozoa' clade that excludes Xenacoelomorpha.  

 

My experiments in the Acoela do not demonstrate an ultrafiltratory-

related function of cells expressing SrNeph1 and SrNephrin. As has been 

described, however, the Nematoda and Urochordata lack nephridial-like 

structures, but have orthologues of Neph1 and Nephrin – and the absence of 

nephridia in these phyla have not prevented them from being encompassed 

within the Nephrozoa. It could be hypothesised that Neph1 and Nephrin, and 

their orthologues in respective bilaterians, had an ancestral function in the 

patterning and maintenance of the ultrafiltratory barrier: a role that has 

subsequently been lost in lineages that lack defined nephridial systems, such 

as the nematodes, tunicates and acoels. Although this would not provide 

evidence for either a basal bilaterian or deuterostome position of the 

Xenacoelomorpha, it would have implications for a revision of the Nephrozoa 

grouping, as has been outlined.   
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9.5 Novel RNA-Seq approaches in Xenoturbella 

9.5.1 Success of single cell sequencing in Xenoturbella 

 
Whole organism single cell sequencing is a novel approach for 

uncovering transcriptional diversity and putative cell types. For Xenoturbella, 

the preparation of single cell libraries from two different individuals resulted in 

the individual barcoding and sequencing of over 6000 cells, and the success 

of this protocol contributes much more than was previously known regarding 

the complexity of cell types in Xenoturbella. It is important to note that the 
single cell sequencing pipeline uses low coverage sequencing across a large 
population of cells. It is therefore likely that in clustering the data set, some 
cells might be artificially grouped into one population, or split into separate 
populations erroneously. In addition, the cells represented in the library will 
be in different states following enzymatic-induced dissociation - for example 
dying, dividing or bursting - and this will result in changes to their 
transcriptional signature. Nonetheless, investigating genes that are 

consistently enriched across a given meta-cluster can be used to assign a 

putative transcriptional identity to the cells therein.  

 

Based on the transcriptional signatures identified in this analysis, 

meta-clusters of cells were assigned identities pertaining to neural, muscle, 

digestive gland, putative pigment, and epithelial and sensory epithelial cells. 

Six further meta-clusters of cells could not be assigned a confident cell-type 

identity based on their transcriptional signature, but were variably enriched 

for genes with expression and function in numerous cell types, including 

mitochondrial and ribosomal genes, and transferases. In situ hybridisation to 

verify the single cell sequencing data correlated successfully with the 

expected domains of expression. Neural, sensory, muscle and gut/digestive 

tissue-types are found throughout the Metazoa, but the cell-specific 

upregulation of different genes within these meta-clusters is indicative of 

additional hidden diversity within these cell types. A surprising finding from 

the single cell libraries is the large contribution of sensory epithelial cells to 

the dataset. These cells are commonly enriched for Xenoturbella-specific 
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genes. It has been assumed that the nervous system in Xenoturbella is a 

simple nerve net, lacking centralisation or diverse neural types. However, the 

cell diversity within the neural meta-cluster, and the common upregulation of 

genes found in nerve cells and putative sensory epithelial cells indicates 

more complexity than was previously thought. These patterns of expression 

also suggest that Xenoturbella has neural-like sensory cells that could have a 

species-specific function, but are found outside of the main basiepithelial 

nerve net.  

 

9.5.2 Future analysis of the single cell data 
 

The results described in this thesis represent only an initial analysis 

into the single cell sequencing libraries assembled from Xenoturbella. Having 

assigned identity to six meta-clusters represented in the data, I aim to re-

cluster these populations further to uncover additional transcriptional diversity 

within these cell populations. In particular, the number of Xenoturbella-

specific orphan genes with strong meta-cluster identity could prove 

interesting for investigation. Given the success of in situ hybridisation in 

identifying the expression of meta-cluster enriched genes in specific cells, 

targeting these orphan genes for in situ hybridisation would give a degree of 

spatial context for their expression and hopefully tell us more about the cell 

types identified based on unique transcriptional profiles.  

 

In addition, further analysis into the enrichment of transcription factors 

across the dataset is a primary objective to uncover patterns of 

transcriptional regulation. Preliminary analysis of cell clusters associated with 

selected transcription factors uncovered a degree of meta-cluster specific 

enrichment - for example, the expression of ISL1 in the neural meta-cluster. 

Further investigation into the degree of meta-cluster specific or cell specific 

transcription factor expression could provide insight into a hierarchy of 

transcriptional regulation within putative tissue types in Xenoturbella. For 

example, the gene repertoires of the neural, sensory epithelial and gland cell 

meta-clusters in particular suggest a diversity of cell types within these 
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broader groupings. Investigating the degree of meta-cluster specificity of 

transcription factors expressed in these cell-types could help uncover the 

regulatory mechanisms associated with this diversity. High transcription 

factor diversity might reflect additional transcriptional organisation in these 

meta-clusters, thus contributing to the cell type diversity observed in this 

analysis. Analysing the transcription factor complement of cells enriched for 

ribosomal and cell-cycle genes (currently in unassigned meta-clusters) could 

also help inform our understanding of putative neoblast differentiation in 

Xenoturbella.  

 

9.5.3 Tomoseq and linear amplification in Xenoturbella 
 
My initial objective with regards to spatial transcriptomics in 

Xenoturbella was to establish RNA tomography along the anteroposterior 

axis of the animal, in order to investigate possible differential gene 

expression. It was apparent from initial sequencing data that exponential 

amplification of RNA extracted from the tissue sections could be masking any 

variation in transcription along this body axis. Consequently, I aimed to 

establish a linear amplification protocol for RNA extracted from tissue slices 

of Xenoturbella, as part of the Tomoseq pipeline. Establishing a reliable RNA 

extraction technique from small tissue sections of Xenoturbella required a 

number of troubleshooting approaches. Having optimised this protocol, 

further protocol refinement was necessary to implement CelSeq2 using the 

clean RNA. Using spike-in RNA-Seq reads, I was able to verify the success 

of linear amplification of the RNA  – a novel approach to have established in 

Xenoturbella, and a strategy that could also be applicable to other non-model 

organisms.  

 

9.5.4 Differential gene expression across the anteroposterior axis of 
Xenoturbella 

 

PCA of the initial, exponentially amplified RNA-Seq data did not find 

any variation between AP sections, and it appears that PCR-based RNA 
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amplification approaches could thus prove problematic for investigating 

differential gene expression. PCA of RNA-Seq data from the linear 

amplification protocol, however, showed variation across the AP axis of the 

animal, and this variation can be cautiously interpreted in line with what we 

know of Xenoturbella morphology. 

 

Heat maps of expression for different genes-of-interest gave less 

conclusive findings. For Hox genes and other chordate AP patterning genes, 

variation across the AP axis did not vary as might be expected for a bilaterian 

organism. However, to uncover meaningful patterns of expression of these 

developmental genes, using the Tomoseq approach on an embryonic 

Xenoturbella would likely be the optimal strategy. As Xenoturbella cannot be 

maintained in culture, having access to an embryonic animal for this protocol 

is unlikely.  

 

I next focused analysis on genes that I found to have specific domains 

of expression in the single cell sequencing pipeline. Patchy upregulation of 

expression across the AP axis was found for some neural and gland cell 

related genes, whilst some muscle related genes had more ubiquitous 

expression across all sections. However, for some genes whose expression 

has been verified by in situ hybridisation, RNA-Seq data from Tomoseq 

showed no expression, perhaps indicating that reads are not being mapped 

to their correct gene model as a result of preferential 3' UTR sequencing. For 

subsequent analysis of the Tomoseq data, improving gene model annotation 

at the 3' end of genes is a clear priority: for specific genes-of-interest, models 

could be manually extended in a 3' orientation, but for improving annotation 

across the genome, the Augustus UTR gene model prediction tool should 

also be implemented. 

 

9.5.5 Future strategies for Tomoseq implementation and analysis 
 

The establishment of the sectioning, linear amplification, and cDNA 

library preparation protocols contributes to the molecular approaches that are 
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now refined for Xenoturbella. As outlined, the future objective for Tomoseq 

RNA-Seq data analysis is to improve the 3' annotation of Xenoturbella gene 

models. This will hopefully contribute to more meaningful analysis of gene 

expression across the AP axis of the adult animal. Having established the 

Tomoseq pipeline using successful linear amplification, this protocol will also 

need repeating in more Xenoturbella individuals – along the AP axis to 

provide biological replicates but also along the dorsoventral and left-right 

body axes with the ultimate objective of building a 3D model of gene 

expression in Xenoturbella. The establishment of the Tomoseq and CelSeq2 

protocol in Xenoturbella could also prove valuable for investigating domains 

of gene expression in other non-model organisms.  

 

9.6 RNA-Seq approaches in evo-devo 
 

The encompassing objective of this thesis was to apply molecular 

approaches to investigate the biology of members of the Xenacoelomorpha. 

Whilst initial molecular approaches (in situ hybridisation and 

immunohistochemistry) were used on a member of the Acoela (S. 

roscoffensis) and on Xenoturbella, subsequent projects focused on using 

novel RNA-Seq approaches exclusively in the enigmatic species 

Xenoturbella. Techniques such as single cell sequencing and Tomoseq are 

innovative and exciting, and can generate a huge amount of data very 

rapidly. From implementing whole organism single cell sequencing in 

Xenoturbella, I was able to identify gene expression patterns and putative 

cell type diversity far more rapidly than would have been possible by 

traditional gene visualisation techniques. In situ hybridisation remains a 

valuable approach for visualising gene expression – and is necessary to 

validate RNA-Seq data – but for non-model organisms such as Xenoturbella, 

employing these high-throughput, novel sequencing approaches will provide 

an approach for uncovering gene expression data very rapidly. In addition, it 

is clear from the Xenoturbella single cell libraries that the expression of 

Xenoturbella-specific orphan genes is often specific to certain cells within a 

broader cell-type cluster. As orphan genes are thought to function in lineage-



 309 

specific adaptations, single cell data could also help uncover novel cell types 

enriched for orphan gene expression in understudied taxa that would not be 

identifiable by the standard candidate gene approach. Nonetheless, it is clear 

from the data analysis outlined in this thesis that gene annotation is of 

paramount importance for the successful interpretation of RNA-Seq data. For 

many non-model taxa, genome sequencing and assembly, with reliable gene 

model annotation, would be necessary prior to the implementation of these 

techniques.  

 

Although RNA-Seq technologies such as single cell sequencing and 

RNA tomography are currently in their infancy with regard to whole-organism 

application, they represent the wealth of molecular techniques that we can 

now use to compare and understand more about the diversity of the 

Metazoa. As outlined at the start of this thesis, evo-devo is a fundamentally 

comparative science: we cannot exclusively use model organisms to infer the 

expression and function of genes across taxa that are separated by millions 

of years of evolution. Using these new technologies could contribute a great 

deal more to what is currently known of understudied taxa – and with that, 

broaden our understanding of ancestral gene functions and cell type 

specifications.  
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Appendix 1: P. rubra mitochondrial contig 
PCR 
 

 

 

 

 

 

 

Schematic of P. rubra genome assembly fragments used as a starting point 

for mitochondrial genome inference. PCR sequencing results bridging or 

covering parts of these fragments indicated by red dashed lines. 
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Appendix 2: Accession numbers (NCBI) for 
taxa used in mitochondrial phylogenetic 
inference 

  

Classification Species Accession Number 

Acoela Paratomella rubra AY228758 

 Paratomella rubra (this study) submitted 

 Symsagittifera roscoffensis NC_014578.1 

 Isodiametra pulchra (this study) submitted 

 Convolutriloba longifissura Trace Archive Library_id=CT_MM1 

 

 Neochildia fusca Trace Archive Library_id=NF_MM1 

Annelida Platynereis dumerilii AF178678 

 Urechis caupo NC_006379 

 Lumbricus terrestris NC_001673.1 

Arthropoda Locusta migratoria NC_001712 

 Daphnia pulex NC_000844 

Brachiopoda Terebratulina retusa NC_000941.1 

Chaetognatha Spadella cephaloptera NC_006386.1 

Chordata Salmo salar LC012541.1 

 Homo sapiens NC_001807 

 Lampetra fluviatilis NC_001131 

 Ornithorhynchus anatinus NC_000891.1 

 Branchiostoma floridae NC_000834.1 

 Asymmetron inferum NC_009774.1 

 Myxine glutinosa NC_002639.1 

Cnidaria Acropora tenuis NC_003522.1 

 Porites porites NC_008166 

 Discosoma sp NC_008071.1 

 Nematostella sp NC_008164 

 Aurelia aurita NC_008446.1 
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(continued) 
 
 

  

Classification Species Accession Number 

Echinodermata Antedon mediterranea NC_010692.1 

 Florometra serratissima NC_001878.1 

 Strongylocentrotus pallidus NC_009941.1 

 Strongylocentrotus droebachiensis NC_009940.1 

 Strongylocentrotus purpuratus X12631.1 

 Acanthaster brevispinus NC_007789.1 

 Acanthaster planci NC_007788.1 

 Asterias amurensis NC_006665.1 

 Apostichopus japonicus NC_012616.1 

 Cucumaria miniata NC_005929 

 Ophiura albida NC_010691.1 

 Ophiopholis aculeata NC_005334.1 

Hemichordata Balanoglossus carnosus NC_001887.1 

 Saccoglossus kowalevskii NC_007438 

Mollusca Sepia esculenta NC_009690.1 

 Aplysia californica NC_005827.1 

 Pupa strigosa NC_002176 

 Biomphalaria tenagophila NC_010220.1 

 Siphonodentalium lobatum NC_005840.1 

Nemertodermatida Nemertoderma westbladi AY228757.1 

Porifera Geodia neptuni NC_006990.1 

 Axinella corrugata NC_006894.1 

 Tethya actinia NC_006991.1 

 Amphimedon queenslandica NC_008944 

Priapulida Priapulus caudatus DQ463747 

Urochordata Ciona intestinalis NC_004447.2 

 Doliolum nationalis AB176541.1 

Xenoturbellida Xenoturbella bocki NC_008556.1 

 Xenoturbella hollandorum NC_029218.1 

 Xenoturbella monstrosa NC_029219.1 

 Xenoturbella churro NC_029217.1 

 Xenoturbella profunda NC_029220.1 
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Appendix 3: Solutions  
AP buffer (MABT S. roscoffensis protocol) 
Reagent   Amount     Final Concentration 

1M Tris, pH 9.5  500µl    100mM 

5M NaCl   100µl    100mM 

1M MgCl2   250µl    50mM 

10% Tween-20  50µl    0.001% 

Milli-Q H2O    4.1ml 

 

AP buffer (PBS S. roscoffensis protocol) 
 

Reagent    Amount   Final Concentration 

1M NaCl    5ml   100mM 

1M MgCL2    2.5ml   50mM 

1M Tris, pH 9.5   5ml   100mM 

20% Tween-20   1.25ml  0.5% 

Milli-Q H2O    36.25ml  

 

Hybe buffer (Xenoturbella and S. roscoffensis in situ hybridisation on 
slides) 
 
Reagent    Amount   Final Concentration 

10x salt solution (pH 7.5)*  1ml   1x 

Formamide    5ml   50x 

50% dextran sulphate stock** 2ml   10x 

yeast tRNA 10mg/ml stock  1mg/ml  1ml 

50x Denhardt's solution  200µl   1x 

DEPC-treated H2O   to 10ml total (800µl) 
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*a stock of 10x salt solution was prepared as below: 

Reagent    Amount   Final Concentration 

NaCl     23.38g  2M 

Tris HCl    2.81g   89mM 

Tris base    0.265g  11mM (total Tris 

=0.1M) 

NaH2PO4.H2O   1.38g   50mM 

Na2HPO4    1.42g   50mM (total 

PO4=0.1M) 

 

0.5M EDTA    20ml   50mM 

DEPC-treated H2O   to 200ml total 

 

**a stock of dextran sulphate stock was prepared by dissolving 5g dextran 

sulphate in 10ml DEPC-treated H2O on a shaking platform.  

 

Hybe buffer (MABT S. roscoffensis protocol) 
 

Reagent   Amount    Final Concentration 

Deionized formamide 500µl    50% 

50% polyethylene glycol  200µl    10% 

5M NaCl   120µl    600mM 

2M Tris, pH 7.5  10µl    20mM 

20mg/ml yeast RNA  25µl    25ug 

10% Tween-20  10µl    0.001% 

0.5M EDTA   10µl    5mM 

50x Denhardt's solution 20µl    1x 

DEPC H2O   105µl 
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Hybe buffer (PBS S. roscoffensis protocol) 
Reagent    Amount   Final Concentration 

Formamide    20ml   50% 

20x SSC (pH 4.5)*   10ml   5x 

20 mg/ml heparin   100µl   50ug/ml 

20% Tween-20   200µl   0.1% 

20% SDS    2ml   1% 

10mg/ml SS DNA   200µl   100ug/ml 

DEPC-treated dH2O   7.8ml 

 

*20x SSC solution prepared as: 

 

Reagent    Amount 

NaCl     175.3g 

Sodium citrate dehydrate  88.2g 

H2O     to 1L 

Adjusted to pH 5 with citric acid 

 

 

Maleic acid buffer (MABT S. roscoffensis protocol) 
 
Reagent    Amount   Final Concentration 

Maleic Acid solution (pH 7.5) 5ml   100mM 

NaCl solution (1M)   1.5ml   150mM 

Tween-20    50µl   0.1%  

DEPC H2O    43.45ml  

  



 332 

 

Maleic acid buffer (PBS S. roscoffensis protocol) 
 

Reagent    Amount   Final Concentration 

Maleic Acid    2.902g  100mM 

NaCl     2.1915g  150mM 

 

Milli-Q H2O added to a total volume of 250ml. Final pH was adjusted to 7.5 

using NaOH, and the solution autoclaved before use.  

 

Maleic acid buffer (Xenoturbella and S. roscoffensis in situ 
hybridisation on slides) 
 
To prepare the 10x MAB stock, 116g of maleic acid was dissolved in 700ml 

Milli-Q H2O and adjusted to pH 6.5 using NaOH pellets, added in small 

batches. Tris base was used to adjust the pH of the solution to 7.5, to which 

87g NaCl was added, and made up to 1L with Milli-Q H2O. 
 

 

NMTM 
Reagent    Amount   Final Concentration 

5M NaCl    2ml   100mM 

1M Tris pH 9.5   10ml   100mM 

1M MgCl2    5ml   5mM 

Tween-20    100µl   0.1% 

Milli-Q H2O    to 100ml 
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RNA Fragmentation Buffer 
 
Reagent    Amount   Final Concentration 

Tris Acetate, pH 8.1*  4ml   200mM 

MgOAc    0.64g   150mM 

KOAc     0.98g   500mM 

DEPC-H2O    to 20ml 

 

Fragmentation buffer mixed thoroughly on magnetic stirrer and filtered using 

a 0.22µm syringe filter before use. 

 

*Tris Acetate prepared as 24.2g Trizma base dissolved in 150ml DEPC- H2O. 

pH adjusted to 8.1 using glacial acetic acid, and DEPC- H2O added to a final 

volume of 200ml. 

 

SDS lysis buffer 
 
Reagent    Amount   Final Concentration 

Tris-HCl    100ml   100mM 

0.5M EDTA pH8   100ml   50mM 

10% SDS*    125ml   1.25% 

DEPC-H2O    675ml 

 

*10% SDS prepared as stock solution of 100g SDS dissolved in DEPC-H2O 

to a final volume of 1L.  
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Appendix 4: RNA probe primer sequences 
and lengths 
 

 

 

 

Gene Forward Primer Reverse Primer 

SrTroponin I TTCCGTTCAGCTTCTGGTCT TTCGTTTGGCTGAGTGTTTG 

SrNeph1 TGTGCAAGGCCAAGAATGAC TCAACTCACGCTTCTCCACT 

SrNephrin AAACAGACTGCAAACCCACC CAACATACCCGCGTGATCTG 

SrPodocin-like CCAGTGGCAGTGTTCATGAC GCTCAACGTCTGCAGGTATC 

XbElav AGGCTGTGTCTACCCTGAAC ATAGAACAGGACGGTGTGGG 

XbNeph1 CACGGTGAGTTTGGTGTGTC ACCACACCCATTCCATGTTT 

XbNephrin GTCAGAGTTGGAGTGGTCGA AGCAGTCTCACCCTCCTCTA 

XbPodocin-like TGCTTTATTTGGCAAGAGCA AGGGGTCAGTGTTTGTGAGG 

XbTroponin C GTACATACGCATCTCCGCTCATC GCGTAATACGACTCACTATAGGAATACAT

TCCAACGGTCCTCCTC 

XbTroponin T ATAGCTGAGTCGCGCATACACAT GCGTAATACGACTCACTATAGGAATTCAG

CCGCTCGTTCCTTAG 

Innexin CCACCTGTGGTATCAGTGGATTC GCGTAATACGACTCACTATAGGCGATAGG

AATCTCCGAACTGTCA 

XbChymotrypsin ATCGCAATCGCAGAATTCAA GCGTAATACGACTCACTATAGGTTAGGCC

TAGTCCAGTGACACAT 

XbTyrosinase-like GAAGGAGTATCACAGCGATGGAA GCGTAATACGACTCACTATAGGGGTGCAA

GGAACTGATTATGGTG 

XbNeural-specific ACTTCAACACACGACGCAATCTT GCGTAATACGACTCACTATAGGGCATATG

CACGTGAACACGAA 

Gene Length of probe (bp) Approximate location of probe sequence 

SrNeph1 768 ORF, whole region, beginning ~400bp from 5' 

start codon 

SrNephrin 1051 ORF, whole region, beginning ~100bp from 5' 

start codon 

SrPodocin-like 633 ORF, 3' end, beginning ~2000bp from 5' start 

codon 

XbNeph1 926 ORF, whole region, beginning ~250bp from 5' 

start codon 

XbNephrin 1351 ORF, whole region, beginning ~180 bp from 

5' start codon 

XbPodocin-like 1062 Mostly ORF: probe sequence starts in the 5' 

UTR region, ~150bp before the start codon. 
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Appendix 5: Bootstrap support for CAM 
(Neph1 and Nephrin) and CD2AP 
proteins. 

 

 

Maximum likelihood analysis of the CAM family proteins Neph1 and Nephrin. 

Xenacoelomorpha sequences shown in orange; D. melanogaster sequences 

in blue; H. sapiens sequences in purple; S. mediterranea in green. 

Phylogenetic inference carried out using RAxML. Bootstrap support values at 

relevant nodes. Branch length value shows number of substitutions per site. 
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Maximum likelihood analysis of the SH3-domain CD2AP protein and related 

outgroups. Xenacoelomorpha sequences shown in orange; D. melanogaster 

sequences in blue; H. sapiens sequences in purple. Phylogenetic inference 

carried out using RAxML. Bootstrap support values at relevant nodes. 

Branch length value shows number of substitutions per site. 
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Appendix 6: Protocol refinement for 
Tomoseq 

(A) Bioanalyzer curve resulting from overamplification of RNA; (B) Test PCR 

cycles to establish linear amplification; (C) Comparison of 11 cycle vs. 13 

cycle PCR library amplification; (D) Bioanalyzer curves for pooled 

Xenoturbella 90-section Tomoseq.  
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Appendix 7: CelSeq2 primer sequences 

 

 
  

Primer Sequence 

1 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNAGACTCTTTTTTTTTTTTTTTTTTTTTTTTV 

2 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNAGCTAGTTTTTTTTTTTTTTTTTTTTTTTTV 

4 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNAGCTTCTTTTTTTTTTTTTTTTTTTTTTTTV 

5 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNCATGAGTTTTTTTTTTTTTTTTTTTTTTTTV 

9 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNCAGATCTTTTTTTTTTTTTTTTTTTTTTTTV 

10 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNTCACAGTTTTTTTTTTTTTTTTTTTTTTTTV 

11 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNAGGATCTTTTTTTTTTTTTTTTTTTTTTTTV 

14 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNTCCTAGTTTTTTTTTTTTTTTTTTTTTTTTV 

17 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNTCGAAGTTTTTTTTTTTTTTTTTTTTTTTTV 

20 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNGTACAGTTTTTTTTTTTTTTTTTTTTTTTTV 

23 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNGTCTAGTTTTTTTTTTTTTTTTTTTTTTTTV 

25 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNGTTGCATTTTTTTTTTTTTTTTTTTTTTTTV 

26 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNGTGACATTTTTTTTTTTTTTTTTTTTTTTTV 

28 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNACAGTGTTTTTTTTTTTTTTTTTTTTTTTTV 

29 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNACCATGTTTTTTTTTTTTTTTTTTTTTTTTV 

31 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNACTCGATTTTTTTTTTTTTTTTTTTTTTTTV 

32 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNACGTACTTTTTTTTTTTTTTTTTTTTTTTTV 

35 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNCTAGACTTTTTTTTTTTTTTTTTTTTTTTTV 

40 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNCTTCGATTTTTTTTTTTTTTTTTTTTTTTTV 

46 GCCGGTAATACGACTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNTGCAGATTTTTTTTTTTTTTTTTTTTTTTTV 

RPI2 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA 

RPI5 CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA 

RPI6 CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA 

RPI9 CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA 

RPI10 CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA 

RPI11 CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA 
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Appendix 8: Orthology assignment of 
meta-cluster specific genes identified in 
the single cell sequencing protocol.  

 
Chymotrypsin-like 
 

 
Troponin 
 

Caenorhabditis_elgans_Troponin_I
Drosophila_melanogaster_Troponin_I

Ciona_intestinalis_Troponin_I

Mus_musculus_Troponin_I
Branchiostoma_belcheri_Troponin_I

Echinococcus_multilocularis_Troponin_I
Chlamys_nipponensis_Troponin_I

Echinococcus_granulosus_Troponin_T
Mizuhopecten_yessoensis_Troponin_T

Caenorhabditis_elegans_Troponin_T

Drosophila_melanogster_Troponin_T
Xenoturbella_Troponin_T

Strongylocentrotus_purpuratus_Troponin_I
Saccoglossus_kowalevskii_Troponin_I

Saccoglossus_kowalevskii_Troponin-T

Halocynthia_roretzi_Troponin_T
Branchiostoma_belcheri_Troponin_T

Orbicella_faveolata_Troponin_T-like
Xenoturbella_Troponin_C

Mus_musculus_Troponin_C

Saccoglossus_kowalevskii_Troponin_C
Branchiostoma_lanceolatum_Troponin_C

Ciona_intestinalis_Troponin_C
Acropora_digitifera_Troponin_C

Orbicella_faveolata_Troponin_C-like

Lytechinus_pictus_Troponin_C
Schistosoma_haematobium_Troponin_C

Crassostrea_gigas_Troponin_C
Caenorhabditis_elegans_Troponin_C

0.5

Hydra_vulgaris_elastase-like

Schistosoma_mansoni_elastase

Drosophila_serrata_chymotrypsin

Opisthorchis_viverrini_trypsin

Homo_sapiens_elastase

Branchiostoma_belcheri_elastase

Necator_americanus_trypsin

Mizuhopecten_yessoensis_elastase-like

Trichinella_spiralis_chymotrypsin

Oikopleura_dioica_chymotrypsin

Oikopleura_dioica_elastase-like

Acanthaster_planci_elastase-like

Xenoturbella_bocki_chymotrypsin

Culex_quinquefasciatus_elastase

Branchiostoma_belcheri_chymotrypsin

Mizuhopecten_yessoensis_trypsin

Crassostrea_gigas_chymotrypsin

Strongylocentrotus_purpuratus_chymotrypsin

Oikopleura_dioica_trypsin

Rattus_norvegicus_chymotrypsin

Exaiptasia_pallida_chymotrypsin

Exaiptasia_pallida_trypsin

Drosophila_serrata_trypsin

Acanthaster_planci_trypsin

Heterocephalus_glaber_trypsin

Saccoglossus_kowalevskii_elastase

Saccoglossus_kowalevskii_chymotrypsin

Caenorhabditis_elegans_elastase

0.5
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The mitochondrial genomes of the 
acoelomorph worms Paratomella 
rubra, Isodiametra pulchra and 
Archaphanostoma ylvae
Helen E. Robertson 1, François Lapraz 1,2, Bernhard Egger  1,3, Maximilian J. Telford 1 & 
Philipp H. Schiffer  1

Acoels are small, ubiquitous - but understudied - marine worms with a very simple body plan. 
Their internal phylogeny is still not fully resolved, and the position of their proposed phylum 
Xenacoelomorpha remains debated. Here we describe mitochondrial genome sequences from the 
acoels Paratomella rubra and Isodiametra pulchra, and the complete mitochondrial genome of the 
acoel Archaphanostoma ylvae. The P. rubra and A. ylvae sequences are typical for metazoans in size and 
gene content. The larger I. pulchra  mitochondrial genome contains both ribosomal genes, 21 tRNAs, 
but only 11 protein-coding genes. We find evidence suggesting a duplicated sequence in the I. pulchra 
mitochondrial genome. The P. rubra, I. pulchra and A. ylvae mitochondria have a unique genome 
organisation in comparison to other metazoan mitochondrial genomes. We found a large degree of 
protein-coding gene and tRNA overlap with little non-coding sequence in the compact P. rubra genome. 
Conversely, the A. ylvae and I. pulchra genomes have many long non-coding sequences between genes, 
likely driving genome size expansion in the latter. Phylogenetic trees inferred from mitochondrial genes 
retrieve Xenacoelomorpha as an early branching taxon in the deuterostomes. Sequence divergence 
analysis between P. rubra sampled in England and Spain indicates cryptic diversity.

Acoel flatworms are small, soft-bodied, unsegmented, marine animals lacking a gut epithelium, coelomic cavity, 
and anus. Instead, they typically possess a ventral mouth opening, and a simple syncytial digestive system1. Due 
primarily to the common attributes of acoelomate body and the absence of a through gut, Acoela were tradition-
ally grouped as an order within the Platyhelminthes. The first molecular systematic studies on these animals using 
small subunit (SSU) ribosomal RNA gene sequences revealed that the Acoelomorpha are in fact a distinct lineage, 
quite separate from the main clade of the Platyhelminthes (Rhabditophora and Catenulida)2–4. Instead, these 
initial molecular studies supported a position of the Acoelomorpha diverging prior to the protostome/deuteros-
tome common ancestor. More recently, the Acoelomorpha have been linked to the similarly simple marine worm 
Xenoturbella in the new phylum Xenacoelomorpha, making sense of their shared simple body plan and other 
shared morphological characters, such as unusual ciliary ultrastructure5 and their simple basiepidermal nervous 
system6. Despite considerable efforts, the position of Xenacoelomorpha within the Metazoa remains unresolved, 
with alternative lines of evidence placing them either as the sister group to the remaining Bilateria (protostomes 
and deuterostomes)7, 8, or as a phylum within the deuterostomes9. A better understanding of acoel phylogeny and 
evolution is therefore integral to answering central questions concerning the evolution of Bilateria and its subtaxa. 
To this end more genomic data are needed.

Metazoan mitochondrial DNA (mtDNA) is a closed-circular molecule typically comprising 37 genes which 
are, for the most part, invariant across the Metazoa10. These include the two rRNAs of the mitochondrial ribo-
some, 22 tRNAs necessary for translation, and 13 protein-coding genes for the enzymes of oxidative phosphoryl-
ation. atp8 is the only gene known to have been commonly lost from this complement, and this has been observed 
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in a number of independent metazoan lineages, including the acoel Symsagittifera roscoffensis11. In addition to 
primary sequence data, mtDNA has a number of other features which can be used for phylogenetic inference, 
including variations in mitochondrial genetic code12; a higher rate of sequence evolution than nuclear DNA13; 
changes in gene order; and changes in the secondary structure of rRNAs and tRNAs14.

Mitochondrial gene sequences have been used extensively for phylogenetic inference. In a recent paper, Rouse 
et al. used mitochondrial protein-coding sequence data from four newly discovered species of Xenoturbella (X. 
hollandorum, X. churro, X. monstrosa, and X. profunda) to infer the internal phylogeny of the Xenoturbellida15. 
Wider phylogenetic inference including mitochondrial proteins from these species placed Xenacoelomorpha with 
the deuterostomes15, corroborating previous mitochondrial phylogenetic analysis of this phylum9, 16, 17.

Mitochondrial gene content is largely invariable across the Metazoa, with the order in which genes are 
arranged being fairly stable and conserved for up to hundreds of millions of years in some metazoan lineages. 
Rearrangement events, thought to occur via a model of ‘duplication and deletion’14, 18, whereby a portion of the 
mitochondrial genome is duplicated, and the original copy of the duplicated gene subsequently deleted, are rare. 
The infrequency of such rearrangements, and the huge number of possible rearrangement scenarios, means that 
convergence on the same gene order in unrelated lineages is unlikely. Gene order is thus likely to retain evolu-
tionary signals, with a common gene order being indicative of common ancestry and informative for the study 
of metazoan divergence19. Rearrangement of genes within the mitochondrial genome of different species can 
be a particularly powerful tool in the analysis of phylogenetic relationships14 and may also indicate accelerated 
evolution in a taxon.

In this study, we describe the mitochondrial genomes from three species of acoel: Paratomella rubra, 
Isodiametra pulchra and Archaphanostoma ylvae. Adult specimens of all animals are approximately 1 mm in 
length, and, as is typical for small acoel species, they occupy the littoral and sub-littoral zones of marine ecosys-
tems: P. rubra has been described across Europe and North America20, 21, and I. pulchra lives abundantly in the 
mud flats of Maine22. A. ylvae has been described from the West coast of Sweden23. All species move freely within 
the sediment by gliding on a multiciliated epidermis. First described by Rieger and Ott21, P. rubra is an elongate 
and flattened worm belonging to the family Paratomellidae24, 25. A 9.7 kb fragment of mitochondrial genome has 
previously been described from specimens of P. rubra collected on the Mediterranean coast of Spain26. I pulchra 
belongs to the family Isodiametridae; it can be maintained long-term in culture and has been used experimentally 
for in situ hybridisation, RNAi, and other molecular protocols22, 27, 28. It’s use as a ‘model acoel’ therefore makes 
this species particularly valuable for investigation. A. ylvae also belongs to the Isodiametridae family of acoels. 
Originally described by Kånneby et al. in 2014, its cox1 gene has been sequenced and used for classification, but 
no further genes from its mitochondrial genome have been sequenced23.

Results
Genomic composition. We assembled 14,954 base pairs of the P. rubra mitochondrial genome, starting 
from three genome assembly fragments and using Sanger sequencing of additional PCR fragments (Fig. 1a). 
We were unable to close the circular mitochondrial genome of P. rubra, but our 14.9 kb sequence contains all 13 
protein-coding genes, both ribosomal genes and 22 putative tRNAs. Compared to the fragment of the genome 
previously published we have found four additional protein-coding genes and 12 additional tRNAs26. All genes 
are found exclusively on one strand of the sequence. Allowing for overlap, protein-coding genes account for 
74.79% of the genomic sequence; ribosomal genes 13.95%; tRNA genes 9.10%, and non-coding DNA just 2.04%. 
A 156 nucleotide-long stretch of non-coding sequence is found between cytochrome c oxidase subunit 2 (cox2) and 
NADH dehydrogenase subunit 1 (nad1).

In P. rubra, trnS2 is predicted entirely within the sequence coding for nad1, and also has clear deviation from 
the traditional ‘cloverleaf ’ secondary structure of tRNA. In addition, three of the predicted tRNAs have minor 
overlaps with protein-coding genes: trnA with nad3 (20 nucleotides); trnK with nad4l (18 nucleotides) and trnS1 
with nad4 (six nucleotides); and all but five nucleotides of trnL1 are predicted within the same sequence as rrnL 
(Fig. 1a, Table 1). With the exception of trnT, all predicted tRNAs have an amino-acyl acceptor stem composed of 
seven base pairs, and all predicted tRNAs apart from trnT and trnS2 have a five base pair anticodon stem (Fig. 2). 
11 tRNAs have one or two G-T mismatches in their acceptor or anticodon stems (A,C,G,I,K,L1,L2,P,Q,R,T). All 
tRNAs have a DHU arm of three or four nucleotides. The structure of the TψC arm shows greater variability, with 
a number of tRNAs having either a truncated stem, or the arm entirely lacking (Fig. 2).

For I. pulchra, we initially recovered a 13 kb contig, a 3.5 kb contig and a 19 kb contig of mitochondrial 
sequence from our transcriptomic data. The entire 13 kb contig and 2.4 kb of the 3.5 kb contigs were found to be 
perfectly matching subsets of the longer 19 kb sequence (Fig. 3). We designed several sets of PCR primers to verify 
the sequence between the 3′ end of the 13 kb and 5′ end of the 3.5 kb fragments found on the long 19 kb fragment 
(Fig. 3), however, no PCR amplification completely bridged the sequence between the 13 kb to 3.5 kb fragment. 
We found that the last (3′) 300 bp of the 13 kb fragment was duplicated in the opposite orientation within the end 
(3′) region of the 3.5 kb fragment. Although the long 19 kb fragment contained the repeated region between the 
13 kb and 3.5 kb fragments, we were not able to connect sequences on both sides of the repeated region by PCR. 
The placement of Sanger sequencing fragments containing the repeat remained ambiguous. We are thus not 
confident in the assembly of the 19 kb transcriptomic sequence in this section, and therefore treat it as uncertain. 
Instead we focused on verifying the sequence of the two smaller fragments and on amplifying and sequencing 
the region lying between them. We reconfirmed the majority of the 13 kb fragment using PCR amplification and 
Sanger sequencing. We were also able to amplify and sequence fragments joining the 3′ end of the 3.5 kb fragment 
with the 5′ end of a 1.3 kb fragment containing the rrnL gene, which we had identified in transcriptome sequence 
data using blast. This contig included the duplicated region at the 3′ end of the 3.5 kb fragment (Fig. 3).

In summary, we find the I. pulchra mitochondrial genome to have a span of at least 18,725 base pairs (Fig. 1b) 
based on our PCR validation of the transcriptomic data. This covers the region from the start of the 5′ end of the 
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3.5 kb sequence which is linked through PCR amplicons to the 5′ end of the 13 kb sequence (including the 1.3 kb 
rrnL contig), and up to the start of the duplicated sequence at the 3′ end of the 13 kb sequence (Fig. 3). As we were 
not able to bridge the region between the 3′ end of the 13 kb fragment and the 5′ end of the 3.5 kb fragment with 
PCR, we could not confirm the validity of the duplicated sequence at this position nor fully close the circular 
mitochondrial genome. It is therefore likely that the entire mitochondrial genome is larger than 19 kb, and may 
include the duplicated sequence. The sequence we are confident on presenting contains both ribosomal genes, 
all tRNAs and 11 protein-coding genes. These protein-coding genes and RNAs are encoded on both the plus and 
minus strands. No sequences resembling either atp8 or nad4l could be found in our sequence.

In the 18.7 kb sequence, protein-coding genes account for 56.66%; ribosomal genes contribute 8.15% and 
tRNA genes 7.77%. Compared to the P. rubra and S. roscoffensis mitochondrial genomes, intergenic space in the I. 
pulchra sequences is unusually high: non-coding DNA accounts for 22.72% of the sequences, including 14 inter-
genic regions of greater than 100 base pairs.

We identified all 22 expected tRNAs in the I. pulchra mitochondrial genome. Predicted sequences for rrnS and 
trnI overlap by four base pairs, but no other overlaps were found between any tRNAs or with any protein-coding 
genes (Fig. 1b, Table 2). All predicted tRNAs have an amino-acyl acceptor stem composed of seven base pairs and 
a five base pair anticodon stem, with the exception of trnE, trnF and trnS2, which have an anticodon stem com-
posed of only four base pairs (Fig. 4). The structure of the DHU arms and TψC show greater variability, and are 
composed of either 3 or 4, or between 3 and 6, base pairs respectively, across the 22 tRNAs. Whilst the TψC arm 
is missing entirely in trnQ, and very truncated in trnE, trnF, trnG and trnP, more of the predicted tRNAs fit the 

Figure 1. Overview of the mitochondrial genome sequences we resolve for Paratomella rubra, Isodiametra 
pulchra and Archaphanostoma ylvae (Xenacoelomorpha: Acoela). Genes not drawn to scale. Numbers beneath 
the sequences show intergenic spaces (positive values) or intergenic overlap (negative values). Protein-coding 
genes are denoted by three letter abbreviations; ribosomal genes by four letter abbreviations. tRNAs are shown 
by single uppercase letters. (A) P. rubra 14,957 base-pair long sequence. All genes found on the positive 
(forward) strand. Where genes, rRNAs or tRNAs are coloured orange, this is solely to demonstrate overlap with 
adjacent genes, rRNAs or tRNAs. (B) I. pulchra 18,725 base-pair long sequence. Genes found on the positive 
(forward) strand are coloured blue; genes on the negative (reverse) strand are coloured purple. Non-coding 
sequence shown in grey. (C) A. ylvae 16,619 nucleotide-long mitochondrial genome. Genes found on the 
positive (forward) strand are coloured blue; genes on the negative (reverse) strand are coloured purple. Non-
coding regions greater than 100 nucleotides in length are shown in grey.
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stereotypical ‘cloverleaf ’ secondary structure than has been found for other acoel species, including S. roscoffensis 
and P. rubra (Fig. 4).

The complete, closed circular mitochondrial genome of A. ylvae was recovered from genome sequencing 
data of P. rubra specimens collected from Yorkshire, UK. Contamination of the P. rubra samples was confirmed 
using NCBI Blast, which yielded a 99% identical sequence to the published A. ylvae cox1. The complete A. ylvae 
mitochondrial genome is 16,619 nucleotides in length, and contains 12 protein-coding genes, both rRNAs, and 
22 predicted tRNAs (Fig. 1c, Table 3). With cox1 at the start of the genome on the ‘positive’ strand, all other 
protein-coding genes apart from cox3 and nad2 are found on the ‘negative’ strand. Both rRNAs are found on the 
positive strand, and tRNAs are distributed between the two. Accounting for a small amount of overlap between 
genes - totalling 18 nucleotides of overlap across the whole genome - protein-coding genes make up 64.72% of the 
genome. tRNAs contribute 8.91%, and rRNAs 9.31%. As found for I. pulchra, non-coding DNA makes up a large 
amount of the genome, totalling 17.17%.

We identified possible sequences for all 22 mitochondrial tRNAs in the A. ylvae genome, although four of 
these (trnE, trnI, trnK and trnS1) have an e-value prediction of greater than 0.0001. All predicted secondary struc-
tures of the tRNAs in the A. ylvae mitochondrial genome have standard-length acceptor and anticodon stems, and 
the majority – with the exception of trnK, L1, L2, N, S2 and Y – have a four nucleotide-long D-loop (Fig. 5). As 
in the other acoel mitochondrial genomes, the greatest variability is found in the TψC arm, which is truncated in 
trnD, E, F, L1, P, V, W and Y and missing in trnQ (Fig. 5).

Feature Strand Start Stop
Length 
(nucleotides)

Length 
(AA)

Start 
Codon

Stop 
Codon

Intergenic 
region

trnH (gtg) + 368 426 59 7
trnP (tgg) + 434 495 62 0
cox1 + 496 2058 1563 521 ATA TAA 5
trnT (tgt) + 2064 2123 60 7
nad2 + 2131 3105 975 325 ATT TAG −4
nad6 + 3102 3563 462 154 ATA TAA −101
rrnL + 3463 4819 1357 −53
trnL1 (tag) + 4767 4824 58 4
trnG (tcc) + 4829 4887 59 0
atp6 + 4888 5496 609 203 ATA TAG −10
trnV (tac) + 5487 5553 67 0
atp8 + 5554 5730 177 59 ATT TA- 9
cox2 + 5740 6402 663 221 ATT TAA 156
nad1 + 6559 7602 1044 348 ATT TAA −104
trnS2 (tga) + 7499 7568 70 32
trnD (gtc) + 7601 7662 62 2
trnI (gat) + 7665 7728 64 0
trnN (gtt) + 7729 7798 70 −2
trnF (gaa) + 7797 7856 60 −39
rrnS + 7818 8547 730 −6
trnR (tcg) + 8542 8608 67 0
trnM (cat) + 8609 8669 61 68
cox3 + 8738 9523 786 262 ATT TAA 3
trnY (gta) + 9527 9585 59 0
cob + 9586 10668 1083 361 ATA TAA 8
trnL2 (taa) + 10677 10737 61 −2
trnS1 (gct) + 10736 10799 64 −6
nad4 + 10794 12119 1326 442 ATC TAA 4
trnA (tgc) + 12124 12181 58 10
nad3 + 12192 12551 360 120 ATT TAG 18
trnC (gca) + 12570 12629 60 6
nad5 + 12636 14387 1752 584 ATA TAG 6
trnQ (ttg) + 14394 14449 56 1
trnE (ttc) + 14451 14510 60 0
trnK (ttt) 14511 14576 66 −18
nad4l + 14559 14867 309 103 ATA TAA 2
trnW (tca) + 14870 14933 64

Table 1. Organisation of the Paratomella rubra 14.9 kb mitochondrial genome sequence. All genes found on the 
‘positive’ strand.
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The P. rubra genome is 78.15% A + T rich, which is higher than the A + T content calculated for the I. pul-
chra genomic sequence at 67.28%, and the A. ylvae complete genome at 74.70%. Overall nucleotide usage on the 
plus strand of P. rubra is: A = 29.29%; T = 48.86%; C = 6.77% and G = 15.10%; GC-skew = 0.38 and absolute 
AT-skew = 0.25. Overall nucleotide usage for I. pulchra is: A = 34.04%; T = 33.24%; C = 16.45% and G = 16.27%; 
GC-skew = 0.006 and AT-skew = 0.012. For A. ylvae, A = 40.41%; T = 34.29%; C = 12.82% and G = 12.47%; 
GC-skew = 0.014 and AT-skew = 0.082. GC-skew and AT-skew absolute values for P. rubra are much higher than 
that of S. roscoffensis, although the absolute values for I. pulchra and A. ylvae are comparatively low11. AT-skew 
value for the P. rubra sequence is just 0.01 different from that of the published partial P. rubra genome, and 
GC-skew is slightly higher (published P. rubra GC-skew = 0.32)26.

Gene order and gene arrangement. All thirteen protein-coding genes in P. rubra have complete ini-
tiation codons: ATA (x5) and ATT (x8). Five of the protein-coding genes previously published differ in the 
nucleotide sequence of their start codons: nad2, atp8, cox2, and cox3 all have ATA as an initiation codon in our 
analysis, compared to ATT found in previous analysis26. Twelve of the genes have full stop codons: TAA (x9) 
or TAG (x3). atp8 was found to have a truncated stop codon (TA-), which is thought to be completed during 

Figure 2. Predicted secondary structures of tRNAs from the mitochondrial genome sequence of Paratomella 
rubra as predicted by MiTFi in Mitos.
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Figure 3. Overview of the initial transcriptome assembly fragments and PCR strategy for scaffolding the 
Isodiametra pulchra mitochondrial genome. 1.3 kb, 13 kb and 3.5 kb fragments aligned to a continuous 19 kb 
fragment, with the location of the duplicated sequence in the 13 kb and 3.5 kb fragments shown by blue dashed 
lines. The ‘start’ and ‘end’ regions of the 13 kb and 3.5 kb fragments are annotated by 5′ (start) and 3′ (end). 
The approximate location of cob and nad1 protein-coding sequence are shown for reference. Reliable PCR-
amplicons are shown in orange; the green PCR fragment indicates successful joining of the 3′ end of the 3.5 kb 
fragment to the rrnL fragment, including the duplicated section. The 18,725 base-pair long sequence we resolve 
is indicated by the pink lines, from ‘start’ to ‘end’.

Feature Strand Start Stop
Length 
(nucleotides)

Length 
(AA)

Start 
Codon

Stop 
Codon

Intergenic 
region

trnD (gtc) + 789 848 60 51
nad1 − 900 1784 885 295 ATG TAA 277
trnL1 (tag) − 2062 2130 69 1143
trnN (gtt) − 3274 3339 66 717
rrnL + 4057 4657 601 115
rrnS + 4773 5698 926 −4
trnI (gat) + 5695 5768 74 108
trnP (tgg) + 5877 5939 63 108
trnY (gta) + 6048 6111 64 1
trnQ (ttg) − 6113 6173 61 125
trnM (cat) − 6299 6360 62 115
trnV (tac) − 6476 6543 68 22
trnG (tcc) + 6566 6627 62 177
trnF (gaa) + 6805 6873 69 196
trnS2 (tga) − 7070 7139 70 58
nad5 − 7198 8907 1710 570 ATG TAA 144
trnW (tca) − 9052 9118 67 62
nad2 − 9181 10233 1053 351 ATG TAA 58
trnE (ttc) + 10292 10355 64 17
trnR (tcg) − 10373 10439 67 32
trnS1 (tct) + 10472 10539 68 11
trnC (gca) + 10551 10613 63 48
cox1 + 10662 12197 1536 512 ATA TAG 21
trnL2 (taa) − 12219 12286 68 49
nad6 + 12336 12811 476 159 ATG T− 85
trnT (tgt) + 12897 12963 67 14
cox3 − 12978 13775 798 266 ATG TAA 250
cox2 + 14026 14640 615 205 ATA TAA 14
trnA (tgc) − 14655 14718 64 14
nad3 − 14733 15110 378 126 ATG TAA 1
trnK (ttt) + 15112 15178 67 94
atp6 + 15273 15955 683 228 ATA TA− 21
trnH (gtg) − 15977 16042 66 17
nad4 + 16060 17403 1344 448 ATG TAA 86
cob − 17490 18570 1081 361 ATA T− 155

Table 2. Organisation of the Isodiametra pulchra 18.7 kb mitochondrial genome sequence.
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post-transcriptional modification (Table 1). The eleven protein-coding genes found for I. pulchra also have full 
initiation codons: ATA (x4) and ATG (x7). Eight of the genes for this species have full stop codons: TAA (x7) and 
TAG (x1); nad6, atp6 and cob are inferred to have truncated stop codons (Table 2). Initiation codes in A. ylvae 
are: ATA x4, ATG x7 and ATT x1; all genes have TAA as stop codons, with the exception of nad6, which has TAG 
(Table 3). As in other invertebrate mitochondrial genomes, our data indicates a deviation from the ‘standard’ 
genetic code, with ATA encoding the start codon methionine, M, instead of isoleucine, I.

We found all genes in P. rubra on the ‘plus’ strand. In I. pulchra, genes are distributed over the plus and 
minus strands, with just two ‘blocks’ of genes with the same transcriptional polarity clustered together 
(rrnL-rrnS-trnI-trnP-trnY; trnS2-nad5-trnW-nad2). Similarly, in A. ylvae genes are distributed across the 
two strands, with two clustered ‘blocks’ of genes and tRNAs (nad4l-nad6-nad4-trnT-cox2-nad3-trnV-trnY; 
trnM-trnH-trnQ-trnG-trnS1-trnI-trnF-trnA-trnL1-trnE-trnC). Whilst the P. rubra mitochondrial sequence has a 
large degree of overlap between adjacent genes, the opposite is true for I. pulchra and A. ylvae. Unlike other meta-
zoan mitochondrial genomes, where genes are adjacent or overlapping and one or two larger non-coding regions 
are commonly found, I. pulchra non-coding sequence is found consistently between protein-coding genes and 

Figure 4. Predicted secondary structure of tRNAs from the mitochondrial genome sequences of and 
Isodiametra pulchra as predicted by MiTFi in Mitos.
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between tRNAs, ranging in length from eleven to 277 base pairs. In addition, three long non-coding regions of 
788, 1143 and 717 base pairs are found at the start of our sequence; between trnL1 and trnN; and trnN and rrnL. 
The A + T content of these three sections are 68.78%, 65.79% and 76.15% respectively. The compositional differ-
ence between the 717 base pair non-coding region and the rest of the genome is statistically different (χ2 = 25.629, 
p < 0.0001), with a higher A + T content indicating that it could function as a transcriptional control region. The 
A + T content of the 788 base pair non-coding region is not significantly higher than the rest of the sequence 
(χ2 = 0.85). Similarly, there is a large portion of intergenic, non-coding sequence in the A. ylvae genome. Eight 
regions of non-coding sequence greater than 100 base pairs are found throughout the genome, with 24 additional 
smaller intergenic regions, ranging in size from 3 to 70 base pairs. Of the larger non-coding sequences, three have 
an A + T content that is statistically higher than the entire sequence: 309 nucleotides between cox1 and nad4l 
(χ2 = 3.944, p < 0.1); 126 nucleotides between nad4l and nad6 (χ2 = 6.964, p < 0.01) and 260 nucleotides between 
trnS2 and rrnL (χ2 = 9.654, p < 0.01). The P. rubra sequence has just one longer non-coding intergenic sequence, 
of 196 base pairs.

As was already indicated by the 9.7 kb published partial genome26, the gene arrangement we found in P. rubra 
is unique amongst published metazoan mitochondrial genomes. Similarly, neither I. pulchra nor A. ylvae show 
any similarity to other published metazoan mitochondrial genomes (Fig. 6). The species analysed in this study 
share only the small ‘block’ of nad3-atp6-nad4-cob (I. pulchra) and cob-nad4-nad3 (P. rubra). However, the order 
is reversed between the two, and the genes are distributed across both strands in I. pulchra, so it is unlikely that 
this represents a feature inherited from a common ancestor. To quantify the number of common gene arrange-
ments between the species in this study and other mitochondrial genomes, protein-coding gene and ribosomal 

Feature Strand Start Stop
Length 
(nucleotides)

Length 
(AA)

Start 
Codon

Stop 
Codon Intergenic

cox1 + 1 1539 1539 513 ATA TAA 309
nad4l − 1849 2133 285 95 ATG TAA 126
nad6 − 2260 2727 468 156 ATG TAG 460
nad4 − 3188 4531 1344 448 ATA TAA 424
trnT (tgt) − 4956 5025 70 498
cox2 − 5524 6171 648 216 ATA TAA 203
nad3 − 6375 6743 369 123 ATG TAA 70
trnV (tac) − 6814 6882 69 4
trnY (gta) − 6887 6953 67 0
trnP (tgg) + 6954 7022 69 9
nad5 − 7032 8687 1656 552 ATG TAA 46
cox3 + 8734 9519 786 262 ATG TAA 22
trnK (ttt) + 9542 9611 70 17
cob − 9629 10714 1086 362 ATT TAA 56
trnW(tca) − 10771 10837 67 3
trnR (tcg) − 10841 10908 68 4
trnN (gtt) − 10913 10984 72 4
nad2 + 10989 11990 1002 334 ATG TAA 12
nad1 − 12003 12872 870 290 ATG TAA 19
trnD (gtc) − 12892 12954 63 3
trnL2 (taa) + 12958 13025 68 4
atp6 − 13030 13731 702 234 ATA TAA 222
trnS2 (tga) − 13954 14020 67 260
rrnL + 14281 15089 809 −13
rrnS + 15077 15814 738 3
trnM (cat) + 15818 15879 62 −4
trnH (gtg) + 15876 15945 70 2
trnQ (ttg) − 15948 16007 60 6
trnG (tcc) + 16014 16079 66 8
trnS1 (tct) + 16088 16151 64 10
trnI (gat) + 16162 16231 70 −1
trnF (gaa) − 16231 16296 66 10
trnA (tgc) + 16307 16373 67 10
trnL1 (tag) − 16384 16450 67 6
trnE (ttc) − 16457 16522 66 6
trnC (gca) + 16529 16601 73 18

Table 3. Organisation of the Archaphanostoma ylvae 16.6 kb mitochondrial genome.
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RNA gene order was analysed using CREx29 (compared to the acoel S. roscoffensis, the xenoturbellid Xenoturbella 
bocki, and the metazoan mitochondrial ‘ground plan’, represented by L. polyphemus). Conserved mitochondrial 
gene ‘blocks’ (that is, a series of genes, regardless of their order within the grouping) were very infrequent between 
the species. Of the genomes compared, the highest number of common gene blocks was found between X. bocki 
and P. rubra. This result was not significant, finding only 16 common intervals out of a possible 150, and confirm-
ing the visual observation that gene order between these species is highly variable.

Phylogenetic analysis, and population differentiation. We used our new mitochondrial data from 
P. rubra, I. pulchra, and A. ylvae to investigate the internal phylogeny of the acoels and to test support for an 
Acoela-Xenoturbellida affinity. We observed that including the fast-evolving tunicates into our phylogeny leads 
to a clustering of these species and the acoels in an artificial long-branched clade (Supplementary Figure S1). 
Removing the tunicates, Bayesian phylogenetic inference was carried out using the protein-coding genes of P. 
rubra, I. pulchra and A. ylvae on a trimmed concatenated amino acid alignment, including the additional species 

Figure 5. Predicted secondary structure of tRNAs from the mitochondrial genome sequence of 
Archaphanostoma ylvae as predicted by MiTFi in Mitos.
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listed in Supplementary Table S2. The data set reached a MaxDiff of 0.17 after 39,525 trees were sampled across 10 
chains discarding the first 400 trees (per chain) as burnin and sampling every 10th tree. In both, this and the max-
imum likelihood approaches, the protostome/deuterostome split was correctly inferred and Xenacoelomorpha 
were found splitting off inside Deuterostomia. P. rubra, I. pulchra, and A. ylvae were grouped inside Acoela, as 
expected (Fig. 7).

We detected the Nemertodermatida species Nemertoderma westbladi inside Mollusca and we therefore con-
clude that the limited data available on Genbank for this species is a contamination.

Having access to the published partial P. rubra mitochondrial sequence from a population sampled near 
Barcelona (Spain) and our own samples from Yorkshire, UK, we could estimate total sequence divergence and 

Figure 6. Comparisons of gene orders in the mitochondrial genome sequences resolved for Paratomella 
rubra, Isodiametra pulchra and Archaphanostoma ylvae compared to a published P. rubra fragment; the acoel 
Symsagittifera roscoffensis; the xenoturbellid Xenoturbella bocki; the nemertodermatid Nemertoderma westbladi 
and the metazoan mitochondrial ‘ground plan’ gene order, represented by Limulus polyphemus. Genes are not 
drawn to scale. Coloured genes chosen to show ‘anchors’ and divergence from the ground plan gene order in 
other species.
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compare non-synonymous to synonymous substitutions in eight protein-coding genes found on the Spanish frag-
ment to the same genes from the Yorkshire mitochondrial genome. We found the 9.7 kb sequences to be 82.62% 
similar at the nucleotide level. The number of substitutions varied between, for example, 23 in the shortest gene 
alignment (atp8; 177 bp), to 161 in nad2 (972 bp), and 116 in the 1401 bp long cox1 alignment (Supplementary 
Table S3). Notably, non-synonymous substitutions appear to be frequent with, for example, 13 in atp8, 104 in 
nad2, and 25 in cox1 (see Supplementary Table S3). Similarity of the cox1 sequences on the nucleotide level is 
only 91% over 666 bp, thus higher when compared to species pairs (Supplementary Table S4), but lower than the 
95–98% percent threshold used to distinguish species in cox1 based barcoding30.

Discussion
The 14.9 kb sequence of the P. rubra mitochondrial genome determined in our analysis contains the full comple-
ment of 37 genes typical of metazoan mitochondrial DNA. Numerous lab-based and computational efforts to 
close the circular mitochondrial genome were unsuccessful, but the complete gene complement and length of our 
final sequence indicates that this fragment covers the majority of the P. rubra complete mitochondrial genome. 
The difficulty we encountered in attempting to close the circular mitochondrial sequence may be attributed to 
the AT-rich, repetitive sequence found at both ends of the fragment, which could have prevented PCR amplifi-
cation. Similar regions have been shown as problematic in studies of other mitochondrial genomes31. As no long 
stretch of non-coding sequence was found for this species in our study, the missing sequence might represent its 
mitochondrial transcription control region. Nonetheless, the overall AT content of the P. rubra mitochondrial 
sequence (78.15%) is high even for mtDNA, and greater than the A + T content of the mitochondrial genome of 
the acoel S. roscoffensis (75.3%)11 and the published partial P. rubra genome (76.4%)26.

The validity of the duplicated sequence found in our analysis of the I. pulchra mitochondrial genome could not 
be confirmed by PCR or computational efforts to map short reads to resolve it. Duplications within mitochondrial 
genomes are not uncommon, and changes to mitochondrial gene order are widely thought to arise as a result of 
a sequence ‘duplication and deletion’ mechanism14, 32, 33. A number of mitochondrial genomes with duplicated 
sequences have been reported in species with a divergent mitochondrial gene order33–35. Given the highly unusual 
gene order of the I. pulchra mitochondrial genome, a genomic duplication such as this could provide evidence for 
a genomic ‘duplication and deletion’ rearrangement of genes. The rearrangement and separation of protein-coding 
genes in other mitochondrial genomes has been attributed to long, non-tandem, inverted repeats34, and this could 
be true for I. pulchra. Furthermore, very long nematode mitochondrial genomes with variable duplicated regions 
have been found with a conserved region containing the majority of the protein-coding genes36: in I. pulchra 
the protein-coding genes and tRNAs, with the exception of nad1 and trnD and L1 are found in one long region, 
outside of the duplicated section. However, long non-coding duplications are frequently adjacent to tRNAs or 
other sequences capable of forming stem-and-loop structures37. This is not true for the potential duplicate in I. 
pulchra. Most puzzling, both occurrences of the duplicate are identical, nucleotide-by-nucleotide, and unless the 
duplication occurred exceptionally recently, it is likely that spontaneous mutations would result in differences 
between the two copies of the sequence, especially given the elevated mutation rate of mitochondrial genomes. 
While it is true that the duplicated sequences appear at the start and end point of transcriptome assembly contigs, 
meaning it is possible that the duplication observed occurred only as a result of a sequencing and assembly error, 
their existence is nevertheless supported by PCR products which show an identical sequence being adjacent to 
both rrnL and to cob.

Figure 7. Bayesian (using PhyloBayes53) and Maximum Likelihood (using RAxML51) phylogenetic analysis of 
mitochondrial protein-coding genes from the Metazoa, including P. rubra, I. pulchra and A. ylvae with posterior 
probability and bootstrap support values, respectively, at relevant nodes. Analysis carried out on trimmed 
alignment. Topology of both trees is identical.
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The 14.9 kb mitochondrial genome of P. rubra, the 18.7 kb sequence from I. pulchra and the complete 16.6 kb A. 
ylvae mitochondrial genome show no significant organisational similarity to any other published metazoan mito-
chondrial genome (Fig. 6). Comparison of the 14.9 kb P. rubra sequence with the published 9.7 kb P. rubra frag-
ment shows an identical protein-coding and ribosomal gene order, but with variation in tRNA order (Fig. 6). 
tRNAs are reported to show much more frequent gene translocation compared to larger genes38, which could 
account for these discrepancies. This, and the differences on the nucleotide level, including the relatively low level 
of similarity in the cox1 barcoding gene might indicate that P. rubra collected from Barcelona (Spain)26 and our 
animals from Yorkshire (England) should be regarded as cryptic species and not just divergent populations. Given 
the large and mostly unresolved diversity in benthic communities39, and the marine environment in general40, a 
differentiation into (cryptic) species cannot be seen as surprising.

All species analysed in this study are unique in the orientations and orders of their genes: P. rubra has genes 
exclusively on one strand; I. pulchra has an almost-equal distribution of genes across both the plus (18 genes) 
and minus (17 genes) strand; with cox1 in a ‘forward’ orientation at the start of the genome, the majority of the 
protein-coding genes for A. ylvae are found on the minus strand. Furthermore, genes in I. pulchra and A. ylvae 
are not clustered into groups of ‘gene blocks’ on the same strand, but are found frequently as one or two genes on 
each strand. The finding of a unique gene order for these species seems to be typical for the acoels: analysis of the 
complete S. roscoffensis mitochondrial genome found no gene order similarity to any other species published to 
date, suggesting great variability in mitochondrial gene order amongst the acoels11.

In addition to an unusual gene order, the mitochondrial genome of P. rubra shows frequent overlaps between 
protein-coding genes and tRNAs. tRNAs have been reported within protein-coding genes in other metazoan 
mitochondrial genomes41, 42, and given that no other location could be predicted for these sequences, this overlap 
could represent the simultaneous coding for both tRNAs and protein-coding genes. Overlap in coding sequence 
could be the result of selection to reduce genome size, accompanied by a reduction in non-coding sequence42, and 
truncated tRNAs with incomplete secondary structure43, both of which are also found for the P. rubra sequence. 
The opposite is true for the I. pulchra and A. ylvae sequences. For I. pulchra, the sequence we could confidently 
verify makes the minimal length of the I. pulchra mitochondrial genome 18,725 base pairs, and it is likely to be 
longer in the complete closed circular genome. As has been found for other ‘long’ mitochondrial genomes, this 
is largely due to a large portion of the genome being non-coding44. The lengths of protein-coding genes inferred 
for I. pulchra are similar to those of other acoel species (Table 4), and in addition, two protein-coding genes (atp8 
and nad4l) appear to have been lost from the genome, contributing to a reduced proportion of protein-coding 
gene sequence within the genome. The loss of atp8 is not unusual, and has been reported in a number of unrelated 
taxa, as well as S. roscoffensis and in our A. ylvae mitochondrial genome11. The absence of nad4l is more unusual, 
and could be a result of its existence in a portion of the genome that we have been unable to sequence. Although 
non-coding sequence contributes a relatively large proportion of the A. ylvae mitochondrial genome (17.17% 
compared to 22.72% in the I. pulchra sequence), the total genome is not exceptionally long.

The internal phylogeny we resolve for Acoela is in line with that proposed by Jondelius et al.25. I. pulchra and A. 
ylvae group together in the family Isodiametridae. Isodiametridae groups with S. roscoffensis, Neochildia fusca and 
Convolutriloba longifissura, which are all members of the Convolutidae. P. rubra forms a separate branch outside 
the Convolutidae, representing the Paratomellidae. We interpreted the initial grouping of the acoels and tunicates 
as a classical example of long branch attraction (LBA) (Supplementary Figure S1). The accelerated substitution 
rates in mitochondrial DNA are also evidenced by the cryptic divergence we find in P. rubra, and may well lead to 
LBA in phylogenies derived from mitochondrial protein-coding genes, owing to the clustering of rapidly evolving 
lineages. This is of particular relevance for acoel species, which already demonstrate a very rapid rate of nucleo-
tide substitution compared to other metazoans, leaving them vulnerable to LBA. Excluding the urochordates, we 
do retrieve Xenacoelomorpha as a branch of the deuterostomes, as expected (Fig. 7).

The mitochondrial genome sequences we analysed for the acoel species P. rubra, I. pulchra and A. ylvae have 
very divergent gene orders compared to other metazoan species. Furthermore, these species have very different 

Isodiametra 
pulchra Paratomella rubra

Symsagittifera 
roscoffensis Archaphanostoma ylvae

cox1 1536 1563 1551 1539
cox2 615 663 741 648
cox3 798 786 792 786
nad1 881 1053 870 870
nad2 1053 1014 990 1002
nad3 378 390 393 369
nad4 1344 1326 1350 1344
nad4l absent 309 270 285
nad5 1710 1752 1776 1656
nad6 476 462 480 468
cob 1134 1083 1161 1086
atp6 681 609 702 702
atp8 absent 177 absent absent

Table 4. Length of protein–coding genes in acoel mitochondrial genomes. All gene lengths in base pairs.
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mitochondrial features: a large amount of genomic overlap in P. rubra, and a lot of non-coding sequence in I. 
pulchra and A. ylvae. It is also possible that the mitochondrial genome of I. pulchra has a non-tandem inverted 
duplication - which could provide a mechanism for gene order variation - but this could not be confirmed by 
lab or computational based methods. Although limited to four species, the uniqueness of acoel mitochondrial 
genomes analysed so far11, 26 means that gene order and other mitochondrial genome features may not be phy-
logenetically informative for this order, although further mitochondrial genomes from other members of the 
Acoela would no doubt aid in this comparative analysis. Similarly, the cryptic divergence found between P. rubra 
samples from Yorkshire and Barcelona illustrate the usefulness of studying mitochondrial genomes to understand 
hidden species diversity. Our data clearly emphasise the still problematic placing of Xenacoelomorpha, with the 
clade firmly placed inside deuterostomes, but LBA drawing the acoels towards the outgroup when the tunicates 
were included. In summary, more data from genomes of early branching taxa are needed to resolve phylogenetic 
and biological questions.

Methods
Specimen collection, DNA extraction and PCR. Live Paratomella rubra specimens were isolated from 
sand samples collected from Filey, North Yorkshire and were immediately frozen and stored at −70 °C following 
identification. Specimens of Isodiametra pulchra were cultured in petri dishes with nutrient-enriched f/2 sea water 
and fed ad libitum on Nitzschia curvilineata diatoms. DNA was extracted from live specimens of I. pulchra and 
frozen specimens of P. rubra using the QIAamp DNA Micro Kit (Qiagen: Product No. 56304) with the manufac-
turer recommended protocol.

All PCRs were done using the GeneAmp PCR System 2700 (Applied Bioscience). PCRs were carried out using 
the Expand Long-Range PCR Kit (Roche Applied Sciences: Product No. 11681834001), following manufacturer 
recommendations for 50 µl reaction set-up. General cycling protocol was: 92 °C for 2 min; 15 cycles of: 92 °C for 
10 sec, 57 °C for 15 sec, 68 °C at initial elongation time (approximated as 1 min per 1000 base pairs to be ampli-
fied); 2 cycles each of: 92 °C for 10 sec, 57 °C for 15 sec, 68 °C at 40 sec longer than initial elongation time, repeated 
at increasing 40 sec intervals for a further 14 cycles; a final elongation stage at 68 °C for 7 min and a 4 °C ‘hold’ 
stage. Where PCRs were not successful using this protocol, they were repeated using the Q5 High-Fidelity PCR 
Kit (New England Biolabs: Product No. E0555L), following manufacturer recommendations for a 25 µl reaction. 
Cycling protocol was: 92 °C for 2 min; 40 cycles of: 92 °C for 10 sec, 58 °C for 15 sec, 68 °C at initial elongation time 
(approximated as 1 min per 1000 base pairs to be amplified); a final elongation stage at 68 °C for 7 min. Amplified 
products were visualised on ethidium-bromide stained TAE 0.8% gels. Bands of expected size were purified using 
the High Pure PCR Product Purification Kit (Roche Applied Sciences: Product No. 11732668001) and sent for 
sequencing by Source BioScience Life Sciences. Only amplifications that resulted in one clear band on the TAE 
0.8% agarose gel were sequenced.

Three fragments of sequence from the mitochondrial genome of P. rubra, of size ~5.8 kb, ~4 kb, and ~1.2 kb, 
were generated from our gDNA assembly. Fragments were verified using a translated nucleotide query blast with 
invertebrate codon usage (blastx NCBI), and their orientation determined by gene annotation in comparison to 
the published 9.7 kb section of the P. rubra mitochondrial genome26. Primers were designed in conserved gene 
regions to:

(1) Amplify across the ‘N-stretches’ present in the 5.8 kb and 4 kb fragments (8 and 9 N-stretches respectively, 
all of arbitrary length 50 base pairs).

(2) Cover the whole 1.2 kb fragment, with the aim of resolving the two frameshift mutations within the assem-
bled sequence.

(3) Close the circular mitochondrial genome, by joining the 5.8 kb fragment to the 1.2 kb fragment; the 1.2 kb 
fragment to the 4 kb fragment; and the 4 kb fragment to the 5.8 kb fragment (see Supplementary Figure S5). 
Amplification of the fragments joining the 1.2 kb fragment to the 4 kb fragment and to close the mitochondrial 
genome using standard PCR cycling were unsuccessful. These were repeated using a touchdown protocol with 
Expand Long-Range polymerase. Annealing temperature was set at 65 °C with decreasing 2 °C intervals every 2 
cycles down to 49 °C. Initial elongation time was calculated as before, increasing 30 sec every two cycles of the 
touchdown, with a final 6 cycles at 49 °C. This successfully amplified the region joining the 1.2 kb fragment to the 
4 kb fragment, but we could not close the circular genome. Design of three new forward and reverse primers, tried 
in all combinations and using variable PCR parameters were unsuccessful in closing the mitochondrial genome. 
Additional RNA-Seq and DNA genomic sequencing data corroborated the stretches of sequence at either end of 
the mitochondrial genome but did not aid in closing the circle.

Three mitochondrial contigs of size ~13 kb, ~3.5 kb and ~1.3 kb were identified from I. pulchra Trinity tran-
scriptome assembly from total RNA sequencing. A further contig of ~19 kb was also identified, covering the 
entire ~1.3 and 13 kb regions, and ~2.4 kb of the 3.5 kb sequence. Fragments were verified using blastx, NCBI, as 
outlined for P. rubra, and approximations for the location of protein-coding genes and tRNAs determined using 
the MITOS mitochondrial genome annotation server45 (http://mitos.bioinf.uni-leipzig.de/help.py). Primers were 
designed to span the 13 kb contig in two ~5 kb sections, and to join the 13 kb contig to the 3.5 kb contig in both 
directions, to close the mitochondrial genome and check the validity of the duplicated region (Fig. 3). RNA-Seq 
data for I. pulchra were mapped to the long transcriptome assembly contigs and PCR sequencing results using 
NextGenMap46, and visualised using Tablet47.

We accidentally co-sequenced A. ylvae at very low coverage as part of a P. rubra genome sequencing experi-
ment. From an initial paired end assembly of Illumina HiSeq data with the CLC assembly cell software (v.5.0) we 
extracted the full mitochondrial circle of A. ylvae in a single contig identified with BLAST. This was then anno-
tated using MITOS and manual refinement as described above.

http://S5
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Genome annotation. For P. rubra, all sequenced fragments were aligned against the initial scaffold of 
the 9.7 kb published sequence26; the 5.8 kb, 4 kb and 1.2 kb genome assembly sequences; and an additional long 
genome assembly fragment of length 14,954 (see Supplementary Figure S5). All contigs and PCR sequencing 
results were similarly aligned for I. pulchra, but without a reference sequence (see Fig. 3). Alignments were visual-
ised using Mesquite (http://mesquiteproject.org) with invertebrate mitochondrial translated amino acid state col-
our coding. Where ambiguity remained between PCR sequencing results and genome or transcriptome assembly 
fragments, the genome or transcriptome assembly nucleotide sequence was used to establish a final ‘consensus’ 
sequence for each mitochondrial genome. This was of particular relevance for repetitive AT regions – for exam-
ple, within P.rubra nad1, for which PCR sequencing results were inconclusive. In the case of I. pulchra, where the 
validity of the duplicated sections could not be confidently determined, we resolved a consensus sequence of 18, 
725 base pairs (Fig. 3).

The region for each protein-coding mitochondrial gene (nad1–6, nad4l, cox1–3, cob, atp6 and atp8) in the 
P. rubra, I. pulchra and A. ylvae sequences were compared against published mitochondrial genomes using a 
translated nucleotide query (blastx, NCBI) with NCBI translation table number 5 ‘invertebrate mitochondrial’. 
Published genes from the mitochondrial genomes of the acoels Symsagittifera roscoffensis and P.rubra were down-
loaded from the NCBI Nucleotide database and aligned to the new consensus gene sequences of both P. rubra, I. 
pulchra and A. ylvae to verify the location of protein-coding and ribosomal RNA-encoding genes. The 5′ end of 
protein-coding genes were inferred to start from the first in-frame start codon (ATN, GTG, TTG, or GTT), even 
if this appeared to overlap with the preceding gene. Similarly, the terminal of protein-coding genes was inferred 
to be the first in-frame stop codon (TAA, TAG, or TGA). If no stop codon was present, a truncated stop-codon 
(T– or TA-) prior to the beginning of the next gene was assumed to be the termination codon, completed by 
post-transcription polyadenlylation. tRNA sequences and putative secondary structures were identified using 
the Mitfi program within MITOS.

Sequence alignment, phylogenetic analysis, and evolutionary rates. Phylogenetic analysis was 
performed using a concatenated amino acid alignment of all thirteen protein-coding genes for P. rubra, and 
all eleven protein-coding genes present in I. pulchra. Nucleotide sequences from all three acoel taxa and an 
additional set of species comprising 54 metazoans, taken from a range of published metazoan mitochondrial 
genomes representing deuterostomes, protostomes, cnidarians, and two species of poriferans as an outgroup 
(Supplementary Table S2) were aligned using TranslatorX (http://www.translatorx.co.uk/) independently for all 
genes with the appropriate mitochondrial genetic code set for each taxon included, using ClustalOmega48 for 
amino acid alignment (Supplementary Table S2). Protein alignments were reduced to the most informative resi-
dues using trimAl v.1.4.rev1549 with standard settings. Regions showing ambiguity in alignment were excluded, 
so that only blocks of well-aligned sequence were included for analysis.

We initially re-constructed neighbour nets in SplitsTrees v.450 to screen our dataset for potentially non-treelike 
patterns, which could impede our phylogenetic analysis. Subsequently, we used RAxML51 v. 8.2.9 to infer 
maximum likelihood phylogenies from the original and the reduced alignments under the MTZOA model52. 
Bootstrapping was conducted employing the ‘autoMRE’ option in RAxML and the trees visualised with figtree 
v.1.4 (http://tree.bio.ed.ac.uk/software/figtree). We carried out Bayesian inference on the same trimmed align-
ment with PhyloBayes v.4.153 under the MTZOA model. We ran 10 chains in parallel and stopped the tree search 
at ~3950 trees per chain, with a maximum difference of 0.17, when discarding 400 trees as burnin and sampling 
every 10th tree per chain.

We used the Geneious software (v.8) to calculate sequence differences between a 9.7 kb section of the P. rubra 
mitochondrial genome originating from worms sampled in Filey, Yorkshire (UK) and Barcelona (Spain)26. For 
eight protein-coding genes found on this section we used ParaAT (v2.0)54 to calculate translation alignments and 
the KaKs calculator (v1.2)55 to access substitution rates. Also using Geneious we calculated a difference matrix 
for the cox1 barcoding gene of the two P. rubra populations in comparison to acoel coI sequences retrieved from 
Genbank.
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Abstract
Strigamia maritima (Myriapoda; Chilopoda) is a species from the soil-living order of geophi-
lomorph centipedes. The Geophilomorpha is the most speciose order of centipedes with
over a 1000 species described. They are notable for their large number of appendage bear-
ing segments and are being used as a laboratory model to study the embryological process
of segmentation within the myriapods. Using a scaffold derived from the recently published
genome of Strigamia maritima that contained multiple mitochondrial protein-coding genes,
here we report the complete mitochondrial genome of Strigamia, the first from any geophilo-
morph centipede. The mitochondrial genome of S.maritima is a circular molecule of 14,938
base pairs, within which we could identify the typical mitochondrial genome complement of
13 protein-coding genes and 2 ribosomal RNA genes. Sequences resembling 16 of the 22
transfer RNA genes typical of metazoan mitochondrial genomes could be identified, many
of which have clear deviations from the standard ‘cloverleaf’ secondary structures of tRNA.
Phylogenetic trees derived from the concatenated alignment of protein-coding genes of
S.maritima and>50 other metazoans were unable to resolve the Myriapoda as monophy-
letic, but did support a monophyletic group of chilopods: Strigamia was resolved as the sis-
ter group of the scolopendromorph Scolopocryptos sp. and these two (Geophilomorpha
and Scolopendromorpha), along with the Lithobiomorpha, formed a monophyletic group the
Pleurostigmomorpha. Gene order within the S.maritimamitochondrial genome is unique
compared to any other arthropod or metazoan mitochondrial genome to which it has been
compared. The highly unusual organisation of the mitochondrial genome of Strigamia mari-
tima is in striking contrast with the conservatively evolving nuclear genome: sampling of
more members of this order of centipedes will be required to see whether this unusual orga-
nization is typical of the Geophilomorpha or results from a more recent reorganisation in the
lineage leading to Strigamia.
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Introduction
Strigamia maritima is a geophilomorph centipede found widely along the coasts of North
West Europe. It typically inhabits shingle beaches and stone crevices around the high tide line,
where it feeds on crustaceans and insect larvae [1]. Geophilomorph centipedes demonstrate a
number of unique features that make them a group of particular interest for evolutionary and
developmental studies [2–4]. Unlike the vast majority of arthropod species, Geophilomorph
members within the clade Adesmata, to which S.maritima belongs, show variability in adult
segment number within the same species and between sexes [2]. Consequently, they represent
an interesting group for studying developmental biology and the evolution of segmentation [2,
5]. Within the geophilomorphs, S.maritima is being used as a model species for investigating
the evolution of segmentation within the arthropods [2] and understanding developmental
processes within the myriapods [3]. A number of studies have been carried out to characterise
its embryological development [3, 6–8], and in particular the process of trunk segmentation
[5, 9–15].

S.maritima is the first centipede, and indeed the first myriapod, with a completely se-
quenced nuclear genome [16]. As part of the genome sequencing effort, one of the assembled
scaffolds was discovered to contain numerous mitochondrial protein-coding genes, and it was
deemed likely that this scaffold represented the assembled mitochondrial genome. We have
used this assembled contig sequence from Strigamia as the framework for resequencing the
complete mitochondrial genome of this animal. We use this complete sequence and gene order
to evaluate whether this mitochondrial genome is useful as a phylogenetic marker for testing
ideas about the phylogenetic position of the geophilomorphs within the centipedes, and the
centipedes within the wider context of the myriapods and arthropods.

The position of the myriapods within the euarthropods
The relationships between the four euarthropod classes—Chelicerata (arachnids, pycogonids
and horse shoe crabs); Crustacea (crabs, copepods etc); Myriapoda (e.g. centipedes and milli-
pedes) and Hexapoda (including insects)—have long been a controversial topic within evolu-
tionary biology. Mitochondrial gene arrangements and molecular phylogenies have
convincingly shown that the crustaceans and hexapods form a monophyletic group, the Pan-
crustacea, in which the hexapods constitute a branch within a larger ‘pancrustacean’ clade [17].
This well-supported pancrustacean alliance breaks up the old Atelocerata/Uniramia group of
Hexapoda and Myriapoda, and the most contentious remaining issue concerns the position of
the Myriapoda relative to Pancrustacea and Chelicerata [18]. The traditional grouping of myr-
iapods, hexapods and crustaceans into a group termed the Mandibulata is most obviously
based on their shared morphological feature of the post-tritocerebral appendage forming the
mandible; chelicerates lack a mandible, and the homologous segment has a pair of walking legs
[18]. In contrast, phylogenies compiled from a range of molecular data have tended instead to
unite myriapods with the chelicerates in the Myriochelata, rather than to the other mandibu-
lates. [18–20]. Incongruence of morphology and some molecular data have prompted a num-
ber of careful studies of the data leading to the suggestion that the support for a Myriochelata
grouping may have arisen as a result of systematic error [18]. Resolving this through careful
outgroup selection [19] and removing genes with a high rate of nonsynonymous change [21]
demonstrated that the strongest phylogenetic signals were in fact in support of Mandibulata.
This evidence, and additional analyses of molecular data, indicates a degree of support for Myr-
iapoda as the sister group to Pancrustacea, within a monophyletic Mandibulata [19, 22]. De-
spite this, the position of the Myriapoda within the Arthropoda remains difficult to resolve.
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The position of the chilopods within the myriapods
Extant myriapods are represented by two main groups: the herbivorous millipedes (Diplo-
poda), and the carnivorous centipedes (Chilopoda). In addition there are two minor group-
ings: Symphyla and Pauropoda. Whilst the monophyly of each of the four myriapod groups
is well-supported by both molecular and morphological studies [23], the inter-relationships
of the myriapod classes remain difficult to resolve [24]. Morphological and developmental
evidence has traditionally placed the Pauropoda and Diplopoda together as sister lineages in
the Dignatha; Symphyla and Dignatha together have been classified as the Progoneata,
named for the common presence of an anterior gonopore, with Chilopoda as sister group. In
contrast to this, molecular analyses have instead indicated a sister clade relationship between
Symphyla and Pauropoda, together forming the Edafopoda [25–27]. Both morphological
[28] and molecular [24] studies have yielded a degree of support for a paraphyletic Myria-
poda, placing the Chilopoda as sister group to the Chelicerata, and Diplopoda as sister group
to Chilopoda + Chelicerata. However, a number of molecular analyses demonstrate strong
evidence for the monophyly of the myriapods [25, 26, 29]. More recent phylogenomic analy-
ses support a monophyletic Myriapoda, but place the symphylans as sister group to the three
other myriapod classes [30, 31].

The position of the geophilomorphs within the chilopods
The Chilopoda comprises approximately 3000 species within five extant orders: Scutigeromor-
pha, Lithobiomorpha, Craterostigmomorpha, Scolopendromorpha, and the most diverse
order, the Geophilomorpha, to which Strigamia maritima belongs [32]. Relationships between
chilopod clades seem well resolved from morphological characters and molecular data derived
predominantly from single nuclear DNA markers [33]. Molecular data sets support the basal
split of the Chilopoda into two evolutionary lineages: the Notostigmophora (= Scutigeromor-
pha) and Pleurostigmomorpha (the remaining four orders including geophilomorphs), and do
not support the alternative hypothesis that Geophilomorpha are the sister group to all other
chilopod orders [32–34].

In this study, we describe the complete mitochondrial genome of the centipede Strigamia
maritima. No geophilomorph mitochondrial genome has been published to date. Here we ana-
lyse the gene content and gene order of the S.maritimamitochondrial genome in comparison
to other arthropod species, and describe the results of a phylogenetic analysis using sequence
alignments from mitochondrial protein-coding genes.

Materials and Methods
Initial Sequence from genome scaffold
Within the S.maritima whole genome sequence, the scaffold scf718000124766, 23.9kb in
length, was found by BLAST to contain a series of mitochondrial protein-coding genes. Closer
examination showed atypical large non-coding regions at each end of the scaffold and multiple
frameshift errors within protein-coding genes, probably the results of assembly errors within
the scaffold. In order to correct possible errors both of assembly and of single mis-read nucleo-
tides we designed PCR primers covering most of the length of the scaffold sequence, and in
particular covering all areas containing apparent frameshifts.

DNA Extraction, Primer Design and PCR
DNA was isolated from a population of Strigamia maritima living in the wild on the East coast
of Scotland [5] and provided to us by the Akam lab. The DNA used came from a pooled sample
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of animals, and all sequencing was carried out directly on PCR fragments amplified from this
pool. In cases where there is heterozygosity in the population, therefore, the sequence we report
will show the most frequently occurring alleles in the PCR product which is likely to represent
the highest frequency allele in the population used. Centipedes are not regulated in directive
2010/63/EU of the European Parliament or the UK Animals (Scientific Procedures) Act 1986,
but care was taken to minimise potential suffering of the animals.

PCR primers were designed using Primer3 [35] based on the initial 23.9kb scaffold, with the
objectives of: i) verifying total genome length, ii) linking the two ends of the mitochondrial ge-
nome to produce a closed circle, and iii) correcting sequencing errors within the scaffold se-
quence. Primer pair sequences are available in the supporting information (S1 Table). Outward
facing PCR primers were first designed within conserved gene regions at either end of the scaf-
fold to link both ends of the sequenced genome (to ‘close’ the circular genome). Within the re-
sulting circular genome (corrected length 14,638 base pairs), PCR primers were designed to
amplify the entire sequence in nine overlapping fragments of approximately 2kb each. Where
possible, primers were located within conserved protein-coding gene sequences. Of these nine
fragments, all but one were successfully amplified. Following gene annotation of the new DNA
sequence, likely erroneous stop codons were identified remaining within the coding sequence
of nad6. New primers were designed to amplify this region allowing us to correct these
remaining errors.

All PCRs were performed using the GeneAmp PCR System 2700 (Applied Biosystems, Cali-
fornia, USA). PCRs were carried out using the Expand Long-Range PCR Kit (Roche Life Sci-
ences, Penzberg, Germany), following manufacture’s recommendations for a 50μl reaction set-
up. The Expand Long-Range kit was used owing to its optimisation for amplification of long
PCR products, and the high proofreading activity of the polymerase. Cycling was set up as fol-
lows: 92°C for 2 min (initial denaturation); 15 cycles of: 92°C for 10 sec (denaturation); 57°C
for 15 sec (annealing), 68°C at initial elongation time (approximated as 1 min per 1000 nucleo-
tides to be amplified); 2 cycles each of: 92°C for 10 sec (denaturation), 57°C for 15 sec (anneal-
ing), 68°C at 40 sec longer than the initial elongation time, repeated at elongation times
increasing by 40 sec intervals for a total of 14 further cycles (two cycles each at seven increasing
elongation times). A final elongation stage at 68°C for 7 min was followed by a 4°C ‘hold’ stage.
Amplified products were size separated on ethidium-bromide stained TAE 1% agarose gel and
visualised. Successfully amplified products were purified using the High Pure PCR Product Pu-
rification Kit (Roche Life Sciences, Penzberg, Germany) with the manufacturer-recommended
protocol and sequenced using fluorescent sanger sequencing. Only amplifications which re-
sulted in a single strong band on the agarose gel were purified and sequenced.

Data Assembly and Gene Annotation
For all successful PCR amplifications, forward sequencing results, and the reverse complement
of reverse sequencing results, were merged together using the EMBOSS 6.3.1 DNA merger pro-
gram (http://bioinfo.nhri.org.tw/cgi-bin/emboss/merger), to produce the whole sequenced
fragment. The sequence of the amplified closed genome fragment replaced the sequence origi-
nally found in the end 4kb and front 3kb regions to correct the length of the mitochondrial ge-
nome. The resulting 14,638 base pair circular genome was then used as a point of reference to
align each of the sequencing results for the ~2kb fragments (I-VII and IX), resolving the final
Strigamia genome as 14,983 base pairs in length. Our sequencing results for each of the genes
covered by these fragments were compared to the initial sequence to correct any remaining
frameshifts, with subsequent results from the NADH dehydrogenase subunit 6 (nad6) fragment
fixing the remaining frameshift mutations within this gene. A new consensus sequence for
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each gene, based on these results, was generated. In the case of nucleotide ambiguity between
the original assembled sequence and new sequencing results, the new sequencing results
took preference.

Phylogenetic Inference
Phylogenetic analyses were carried out using a concatenated amino acid alignment of all thir-
teen protein-coding genes from the S.maritimamitochondrial genome. The S.maritima pro-
tein-coding sequences were first translated using the standard invertebrate mitochondrial
genetic code, and the amino acid sequences for each gene were aligned to orthologs from other
taxa using MUSCLE [36] (S2 Table). The resulting alignments were trimmed using trimA1
1.2rev59 (with standard settings) [37], and the alignments finally concatenated to produce an
alignment of 3407 amino acids from 54 species.

Bayesian analyses was carried out using the site-heterogeneous CAT-GTR mixture model in
the PhyloBayes 3.3f software package [38] to allow site-specific amino acid preferences. Four
discrete gamma categories are used to distinguish between site-specific rate heterogeneity
across the sequence. This model is implemented within a Monte Carlo Markov Chain
(MCMC) algorithm, using PhyloBayes. For each alignment, two independent runs were per-
formed for>14,000 cycles and the summary tree calculated with a ‘burn in’ of 3000 cycles.

Trees were also reconstructed using the maximum likelihood approach using PhyML v 3.0.
[39]. The MTArt substitution model was selected, the proportion of invariable sites was esti-
mated and a gamma distribution with 4 categories used. An approximate likelihood ratio test
using SH-like supports was conducted to provide estimates of support for clades on the
best tree.

Results
Organisation of the genome and genes
The circular, double stranded mitochondrial genome of S.maritima is 14,983 base pairs long:
8,925 base pairs shorter than the original contig from the genome assembly (Fig. 1, Table 1).
The erroneous additional bases in the original scaffold showed similarity to TY1/Copia-like
retrotransposons and our success in closing the circular molecule demonstrates that these de-
rive from incorrect assembly. Our re-sequencing allowed us to correct 15 frame shifts and to
correct 584 other incorrectly identified and/or missing nucleotides. The genome contains both
the small and large subunit of ribosomal RNA (rrnS and rrnL), thirteen protein-coding genes
(cytochrome c oxidase (cox) 1, 2, 3; apocytochrome b (cob); NADH dehydrogenase (nad) 1, 2, 3,
4, 4l, 5, 6; and ATP synthase F0 (atp) 6 and 8) and two large non-coding regions. Sixteen
tRNAs were identified using the MiTFi program within MITOS [40, 41]: trnG, trnF, trnH,
trnP, trnD, trnR, trnE, trnT, trnM, trnI, trnY, trnV, trnS2, trnN, trnK, trnL2. Sequences resem-
bling trnW, trnQ and trnA could only be predicted in the same sequence as trnI, trnE and trnT,
respectively, and with low e-values. No credible sequence could be predicted for trnC, trnL1 or
trnS1 using MiTFi or any alternative tRNA prediction software (ARWEN [42], tRNAscan-SE
[43]). The predicted sequence for trnG is found entirely within the sequence for cox3, on the
same strand; trnH and trnP also have partial overlap on the same strand with nad5 and nad4l,
respectively. Whilst the predicted sequence of trnL2 overlaps largely with rrnL, they are found
on opposite strands (Table 1).

Secondary structures were determined for the sixteen tRNAs which could be reliably identi-
fied using MiTFi (Fig. 2). Clear deviations from the classical ‘cloverleaf’ tRNA secondary struc-
ture are observed in many of the S.maritima tRNA putative secondary structures. One or
more of the four loops are commonly totally or partially missing. The DHU loop is entirely
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missing in trnR, and the TCC loop entirely missing in the predicted structure for trnN, trnE,
trnG, trnM, trnS2 and trnT. The structure of the acceptor stem is severely truncated or entirely
lacking in trnR, trnN, trnD, trnE, trnG, trnI, trnK and trnT. Within their predicted secondary
structures, all tRNAs appear to have mismatched nucleotides and a combination of enlarged or
shrunken loops and/or truncated stems.

Mitochondrial genes are transcribed from both strands, with the strand bearing the most
protein-coding sequences designated the ‘plus’ strand. cox1–3, nad6, nad2, atp8, atp6, nad3, as
well as trnD, trnR, trnE, trnT, trnM, trnI, trnS2 and trnN are on the plus strand; the five re-
maining protein-coding genes, both ribosomal genes, and the remaining identified tRNAs, are
on the minus strand. Coding DNA accounts for 92.1% of the genome. Of this, and taking into
account overlapping regions, protein-coding genes account for 79.31% of the coding DNA, ri-
bosomal genes for 15.24% and tRNA genes for 6.62%. Initiation codons in all S.maritima pro-
tein-coding genes are ATN: ATT (x5), ATG (x5), ATA (x2) and ATC (x1). Stop codons for all
genes were complete: TAA (x8) and TAG (x5) (Tables 1 and 2). Total codon usage across all
protein-coding genes is shown in Table 2.

Fig 1. Overview of the mitochondrial genome of Strigamiamaritima (Myriapoda: Chilopoda), genes
not drawn to scale.Numbers inside the circle show intergenic spaces (positive values) or intergenic
overlaps (negative values). Protein-coding genes are denoted by three letter abbreviations, ribosomal genes
denoted by four letter abbreviations. tRNAs are indicated by single uppercase letters.

doi:10.1371/journal.pone.0121369.g001
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The A+T content of the total genome is 64.02%, which is lower than the percentage found
in the mitochondrial genome of the centipedes Lithobius forficatus (67.9%) [44] and Scutigera
coleoptrata (69.4%)[45], the pauropod Pauropus longiramus (72.9%) [27], the symphylan Scu-
tigerella causeyae (72.6%)[20] and the millipede Thyropygus sp. (67.8%) [46]; close to that of
the millipede Narceus annularis (63.7%) [46]; and higher than that of the millipede Antrokor-
eana gracilipes (62.1%) [47]. The A+T content of the coding portion of the genome is 63.5%.
Average A+T content across the thirteen protein-coding genes is 62.8%; lower than the
68.58% average A+T content of the two ribosomal genes. As a result of the high A+T content
of the mitochondrial genome, the most frequently occurring codons across the protein-coding
genes are those comprised of A and T nucleotides: TTT (x 226), ATT (x 195), TTA (x 184)

Table 1. Organisation of the Strigamia maritima mitochondrial genome.

Gene Strand Start position End position Length Start codon Stop codon Intergenic nucleotides

cox1 + 1 1557 1557 ATT TAA

cox2 + 1532 2215 684 ATG TAG -23

cox3 + 2221 3063 843 ATG TAA +5

trnG + 3010 3058 49 -54

nad6 + 3060 3524 464 ATA TAG +1

nad2 + 3525 4487 963 ATT TAA 0

trnF - 4547 4603 57 +61

nad5 - 4606 6306 1701 ATG TAG +2

trnH - 6287 6347 61 -20

nad4 - 6348 7664 1317 ATG TAA 0

nad4l - 7658 7921 264 ATT TAA -8

trnP - 7909 7972 64 -13

NC1 7973 8414 442 0

trnD + 8415 8489 75 0

atp8 + 8461 8622 162 ATA TAA -29

atp6 + 8616 9281 666 ATG TAA -7

trnR + 9331 9375 45 +49

trnE + 9409 9454 46 +33

trnT + 9455 9506 52 0

cob + 9508 10641 1134 ATC TAG +1

trnM + 10652 10710 59 +10

trnI + 10706 10759 54 -5

trnY - 10765 10825 61 +5

trnV - 10880 10937 58 +55

NC2 10938 11331 394 0

trnS2 + 11332 11387 56 0

nad3 + 11382 11732 351 ATT TAA -6

trnN + 11752 11799 48 +19

trnK - 11831 11888 58 +31

nad1 - 11942 12862 921 ATT TAG +52

rrnL - 12888 14258 1371 +24

trnL2 + 14078 14148 71 -181

rrnS - 14111 14850 740 -38

Intergenic nucleotides shown as gaps (positive values) or overlap (negative values) between consecutive genes.

doi:10.1371/journal.pone.0121369.t001
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and ATA (x 169) (Table 2). Two main non-coding regions, NC1 and NC2 (Table 1) were
found to have a higher A+T content than that of the total genome: 71.27% for NC1 and
71.07% for NC2. The compositional difference between the non-coding regions and the ge-
nome as a whole is statistically significant (NC1, χ2 = 9.503, p<0.01; NC2, χ2 = 7.991,
p<0.01); consequently, these two regions are proposed as control regions [48]. Eight other
short non-coding regions, ranging in length from 19 to 131 nucleotides are also found
throughout the genome. None of these regions have an A+T content that is statistically signifi-
cantly higher than that of the genome as a whole.

Fig 2. Putative secondary structures of tRNAs from themitochondrial genome of Strigamiamaritima as predicted by MiTFi [40, 41].

doi:10.1371/journal.pone.0121369.g002
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Nucleotide composition of the plus strand is as follows: A = 38.96%; T = 25.06%, C = 23.90%
and G = 12.08%. Base compositional bias between the two strands can be measured as GC- and
AT- skew, where GC-skew = (G—C)/(G + C) and AT-skew = (A—T)/(A + T)[49]. Using these
formulae, skew values are generated ranging in value from-1 to +1; an absolute value closer to 1
indicates compositional asymmetry between the two stands, whilst a value of 0 indicates that
distribution is equal between the strands. For the S.maritima plus strand, GC-skew = -0.33 and
AT-skew = 0.22, showing asymmetry in nucleotide composition between the two strands. The
absolute GC-skew value is higher than that found in Thyropygus sp (-0.29) [46], L. forficatus
(-0.27) [44] and S. coleoptrata (-0.31) [45], but lower than that of N. annularis (-0.40) [46]. Ab-
solute AT-skew is higher than that in Thyropygus sp (0.08) [46], L. forficatus (0.09) [44], S.
coleoptrata (0.04) [45] N. annularis (0.07) [46] and S. causeyae (-0.12) [20].

Gene order
The overall arrangement of genes around the S.maritimamitochondrial genome is unique
compared to other arthropod species or to any other metazoan mitochondrial genome studied
(Fig. 3). Genes of the same transcriptional polarity are clustered together, with the exception of
trnL2, which overlaps with genes on the opposite strand. Four blocks of protein-coding genes
follow the arthropod ‘ground plan’ (Fig. 3): cox1-cox2 (plus strand); trnF-nad5-trnH-nad4-
nad4l-trnP (minus strand); trnD-atp8-atp6 (translocated towards the 3’ end of the plus strand);
and nad1-rrnL-rrnS (translocated towards the 5’ end of the minus strand). The composition of
the rest of the genome has a gene order which is completely unique to Strigamia: nad6 and
nad2 have been rearranged adjacent to the cox1-cox2-trnG-cox3 block at the 5’ end of the plus
strand; cob has rearranged to the 3’ end of the trnD-atp8-atp6 block, with the addition of trnR,
trnE, trnT on the 5’ side, and trnM and trnI on the 3’ end; and trnS2-nad3-trnN is a novel ar-
rangement on the minus strand. Two main non-coding control regions are proposed, one be-
tween trnP and trnD, and the other between trnV and trnS2. The location of these is unique to

Table 2. Total codon usage across the protein-coding genes of the Strigamia mitochondrial genome.

Codon Aa Frequency Codon Aa Frequency Codon Aa Frequency Codon Aa Frequency

TTT F 226 TCT S 96 TAT Y 82 TGT C 25

TTC F 61 TCC S 31 TAC Y 53 TGC C 16

TTA L 184 TCA S 71 TAA STOP 8 TGA W 71

TTG L 82 TCG S 10 TAG STOP 5 TGG W 35

CTT L 81 CCT P 44 CAT H 39 CGT R 12

CTC L 23 CCC P 54 CAC H 43 CGC R 5

CTA L 136 CCA P 59 CAA Q 61 CGA R 35

CTG L 19 CCG P 6 CAG Q 15 CGG R 10

ATT I 195 ACT T 41 AAT N 47 AGT S 25

ATC I 91 ACC T 55 AAC N 56 AGC S 15

ATA M 169 ACA T 129 AAA K 65 AGA S 60

ATG M 57 ACG T 8 AAG K 17 AGG S 15

GTT V 117 GCT A 62 GAT D 32 GGT G 59

GTC V 16 GCC A 57 GAC D 35 GGC G 47

GTA V 79 GCA A 83 GAA E 48 GGA G 67

GTG V 53 GCG A 14 GAG E 37 GGG G 122

Standard one-letter abbreviations for amino acids (Aa) using invertebrate mitochondrial genetic code.

doi:10.1371/journal.pone.0121369.t002
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Strigamia. Compared to other arthropod species, the genes of S.maritima have a large degree
of overlap and of intergenic space (Table 1).

Phylogenetic Analysis
Using a data set of 54 species, PhyloBayes Bayesian andMaximum Likelihood (ML) phylogenetic
analysis was performed using conserved blocks of amino acid alignments of protein-coding

Fig 3. Comparisons of gene orders in the mitochondrial genomes of Strigamiamaritima, the
arthropod ‘ground-plan’ (Limulus polyphemus), three further chilopods, three diplopods and a
symphylan.Genes are not drawn to scale; shaded genes indicate those that have moved from the original
arthropod ‘ground-plan’.

doi:10.1371/journal.pone.0121369.g003
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genes (Fig. 4). The arthropod portion of the tree is rooted with the deuterostome cephalochor-
date Epigonichthys lucayanus as well as five lophotrochozoans (two molluscs, one annelid and
two brachiopods) and the ecdysozoan priapulid Priapulus caudatus. In the Bayesian phylogeny,
(Fig. 4) Myriapoda and Chelicerata, ‘Myriochelata’, are resolved as the sister group to Pancrusta-
cea, with Bayesian Posterior Probabilities (BPP) of 0.94 (Myriochelata) and BPP = 1 (Pancrusta-
cea). Within the clade of Myriochelata the chelicerates are supported as monophyletic with
maximum support, but the analysis did not resolve the myriapods as monophyletic. Three myr-
iapod clades are resolved, however: Chilopoda (BPP = 0.99); Diplopoda plus Pauropoda
(BPP = 0.53; Diplopoda alone BPP = 0.98) and Symphyla (BPP = 1). Our ML analysis (Fig. 5) re-
solves a monophyletic Mandibulata (apart from the anomalous pauropod) but shows a paraphy-
letic Myriapoda, placing the Chilopoda as sister group to Crustacea + Hexapoda with SH-like
support value 0.99, and the Pauropoda (represented by Pauropus longiramus) as sister group to
the Chelicerata (SH-like support = 0.97). The internal relationships of the four Chilopoda orders
in both of our phylogenetic analyses corroborates the consensus opinion on centipede relation-
ships derived from other molecular analyses [33].

Discussion
Genome composition and tRNAs
All thirteen protein-coding genes and both ribosomal genes were found in the S.maritimami-
tochondrial genome. Only sixteen of the standard 22 tRNAs were identified. The lack of detect-
able tRNAs using our bionformatic analysis may be due to a truncation of tRNA sequences
and/or asymmetry of tRNA secondary structure such as have been previously found in other

Fig 4. Bayesian phylogenetic analysis of mitochondrial protein-coding genes from Arthropoda species including S.maritima. Support values at
nodes are Bayesian Posterior Probability (BPP). Myriapoda and Chelicerata, ‘Myriochelata’ (BPP = 0.94) resolved as the sister group to Pancrustacea
(Crustacea and Hexapoda, BPP = 1.0). A monophyletic Chilopoda is resolved with BPP = 0.99, within which Scutigeromorpha (Scutigera coleoptrata) are
resolved as the sister group to the three remaining chilopod orders represented in our phylogeny (Lithobiomorpha, (Bothropolys sp., Lithobius forficatus and
Cermatobius longicornis); Scolopendromorpha (Scolopocryptos sp.) and Geophilomorpha (Strigamia maritima)) with BPP = 1.

doi:10.1371/journal.pone.0121369.g004

Strigamia maritimaMitochondrial Genome

PLOSONE | DOI:10.1371/journal.pone.0121369 March 20, 2015 11 / 18



arthropod genomes [20, 27]. trnW, trnQ and trnA could only be predicted within the same se-
quence as trnI, trnE and trnT, respectively, which demonstrates a degree of ambiguity in deter-
mining tRNA sequences for Strigamia using bioinformatic approaches.

For the sixteen tRNA sequences that could be identified, it is clear that they do not all con-
form to the canonical cloverleaf-shaped secondary structure of tRNAs: for all tRNAs, stems
contain mismatches and/or are truncated, and one or more loop may be either missing or great-
ly modified (Fig. 3). This situation is not unique to Strigamia: complete loss of the TCC loop in
tRNA has been described in a number of metazoan mitochondrial genomes, including the
jumping spiderHabronattus oregonensis (Chelicerata) [50]. As in Strigamia,H. oregonensis has
asymmetric tRNA sequences which cannot be folded into a typical cloverleaf-secondary struc-
ture [50]. In addition, many of its tRNAs also lack a fully paired acceptor stem. In both Striga-
mia andHabronattus, tRNAs overlap with other RNAs or protein-coding genes on the same or
the opposite strand, which could result in a truncation of what would normally be the acceptor
stem of the tRNA. It is also possible that the 3’ portion of the acceptor stem may be formed
post-transcriptionally, as in the centipede Lithobius forficatus [44]. Truncated tRNAs as a result
of overlapping genes may be the result of a tendency to reduce mitochondrial genome size, as
has also been proposed for the myriapod Pauropus longiramus [27], but the evolutionary ad-
vantage of this is uncertain. One proposed outcome of incomplete tRNAs is that they cause an
accumulation of deleterious mutations at a faster-than-normal rate, leading to a potential ‘mu-
tational meltdown’[51]. Theoretically, if posttranscriptional modification could keep up with
the accumulation of mutations, as well as reduce the mitochondrial genome size, the truncated
tRNAs would be retained whilst reducing the mitochondrial genome size as observed.

Fig 5. Maximum Likelihood phylogenetic analysis of mitochondrial protein-coding genes from Arthropoda species including S.maritima. Support
at nodes are SH-like support values. A monophyletic Chilopoda is resolved as sister group to Pancrustacea (SH-like support = 0.99) and Pauropoda
(represented by Pauropus longiramus) placed as sister group to Chelicerata (SH-like support = 0.97). Within the Chilopoda, Scutigeromorpha (Scutigera
coleoptrata) are resolved as sister group to the three other chilopod orders represented in our phylogeny (Lithobiomorpha, (Bothropolys sp., Lithobius
forficatus andCermatobius longicornis); Scolopendromorpha (Scolopocryptos sp.) and Geophilomorpha (Strigamia maritima) with SH-like support = 0.99.

doi:10.1371/journal.pone.0121369.g005
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Gene Order
Previous comparisons across the arthropods, and more widely within the Ecdysozoa, proposed
that the ancestral arthropod mitochondrial genome has a gene arrangement identical to that
found in Limulus polyphemus [52]. Mitochondrial gene order can be an informative phyloge-
netic tool, and a significant finding of this study is that gene order in S.maritima is notably dif-
ferent from that of any other myriapod, or indeed any other metazoan species, to which it can
be compared. Whilst small regions of gene order in Strigamia follow that of the arthropod
‘ground pattern’, (for example, trnF-nad5-trnH-nad4-nad4L on the minus strand), other sec-
tions are completely rearranged without a precedent among metazoans.

Gene order rearrangement is most commonly thought to occur via a ‘duplication and dele-
tion’model. This proposes that the random duplication of part of the mitochondrial genome
occurs as a result of slipped-strand mispairing or an error during replication termination. Fol-
lowing this, one of the gene copies is deleted. If it is the original copy that becomes deleted this
results in a change in gene order [53]. Evidence for this model is provided by mitochondrial ge-
nomes with duplicated regions including at least one protein-coding or rRNA gene [53, 54].

In a recent study concerning the house centipede Scutigera coleoptrata (Scutigeromorpha),
a novel mitochondrial gene arrangement could only be explained by postulating as many as 10
gene translocations and/or duplications and losses involving four protein-encoding genes
(nad3,nad4L, nad6, and nad1) and six tRNAs genes (trnN, trnS2, trnL, trnM, trnC and trnY)
[45]. Gene rearrangement in S.maritima is not as easily accommodated by the duplication,
loss and translocation theory of gene rearrangement. To derive the Strigamia maritimamito-
chondrial gene order from the Limulus polyphemus ‘ground plan’ would require gene translo-
cations involving five protein-coding genes (cox3, cob, nad6, nad2 and nad3) and eleven
tRNAs (trnR, trnE, trnT, trnM, trnI, trnL2, trnY, trnV, trnS, trnN, and trnK), and the observed
order of these is not easily reached from the ancestral arrangement.

Alternative mechanisms for gene rearrangement may therefore be necessary in order to ex-
plain the gene order observed in Strigamia. As outlined, identifying tRNA sequences using
computational analysis was made difficult by the asymmetry of their secondary stem and loop
structure. A possible explanation for the novel gene order is that the mechanism for gene rear-
rangement in Strigamia relies on stem and loop structures [55, 56]. In vertebrates, the end-
points of tandemly duplicated gene regions contain stem and loop structures: either from
tRNAs or from the protein-coding gene regions [57]. More widely, in both vertebrates and in-
vertebrates, tRNA genes are involved more frequently in mitochondrial gene rearrangements
than protein-coding or ribosomal genes [27, 55]. It is possible that the asymmetrical and trun-
cated structure of the Strigamia tRNAs leads to randomly located tandem repeats occurring si-
multaneously at many locations along the mitochondrial genome. Extensive gene
rearrangement could alternatively be explained by small direct repeats. In ranid frogs, transpo-
sitions in terminal inverted or direct repeats have created non-functional copies of trnL2 in the
same position as the functional copy. Transposition of the repeated copy has subsequently re-
sulted in a copy of trnL2 that is 5kb away from the ‘usual’ position observed in other verte-
brates [56]. This pattern of rearrangement is similar to that observed in Strigamia, where trnL2
is inverted from the ancestral position and has been translocated into the coding region, over-
lapping with rrnS and rrnL.

In our phylogenetic analysis, a sister-group relationship is weakly supported between Geo-
philomorpha (Strigamia maritima) and Scolopendromorpha (Scolopocryptos sp.) The mito-
chondrial gene order of Scolopocryptos sp has recently been shown as identical to that of the
arthropod ‘ground plan’ represented by Limulus polyphemus, except for the interchanged posi-
tions of trnL1 and trnL2 [58] (Fig. 3). It appears, therefore, that no meaningful phylogenetic
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information can be derived from comparing the gene order of these two species, as any differ-
ences would be Strigamia specific. Further sequencing of mitochondrial genomes from addi-
tional members of the Geophilomorpha would show whether such extensive rearrangement is
unique to Strigamia and hence a recent innovation or found commonly throughout this order
of centipedes and hence a more ancient event. It is also apparent that the novel gene order
found in the Strigamiamitochondrial genome contrasts with the exceptionally conservative
gene content and arrangement observed in its nuclear genome [16].

Phylogenetic Inference
Resolving the inter-relatedness of the Myriapoda, and determining their position within the
Arthropoda, remains a difficult phylogenetic problem. In our Bayesian phylogeny (Fig. 4), the
myriapods form a poorly resolved clade with the chelicerates, thus favouring the Myriochelata
and Pancrustacea hypothesis over that of a monophyletic Mandibulata [19]. Our ML analysis
(Fig. 5) resolves a paraphyletic Myriapoda, placing Chilopoda as sister group to Crustacea +
Hexapoda, separate from the Diplopoda + Symphyla grouping. Pauropoda are resolved as sis-
ter group to the Chelicerata. SH-like branch support for the node splitting off (Diplopoda +
Symphyla (Chilopoda (Crustacea + Hexapoda))) is only very low [0.22]. Phylogenies derived
from mitochondrial DNA of other arthropod members have also resolved Myriochelata [20,
59, 60], but this is not always a well-supported grouping [20]. As mitochondrial DNA has a
high A+T content—averaging approximately 70% in metazoan taxa—the likelihood of compo-
sitional bias and multiple substitutions means that phylogenies derived from mitochondrial
genes are particularly prone to systematic error [24, 61]. Ecdysozoan phylogenies based on a
much larger set of nuclear genes support a monophyletic Mandibulata and monophyletic Myr-
iapoda once systematic error has been carefully dealt with [62]. It therefore seems probable
that the data we have in this analysis is too small a sample, as well as possibly suffering from
systematic error due to obvious compositional biases, to reconstruct these relationships
accurately.

In this study, the centipedes, Chilopoda, are resolved as a monophyletic grouping, and the
relationships within the order correspond with those derived from previous molecular analyses
of nuclear ribosomal and nuclear protein-coding genes [33]. Scutigeromorpha, represented by
Scutigera coleoptrata in our analysis, is found as the sister group to the three remaining centi-
pede orders represented in our phylogeny (Lithobiomorpha, (Bothropolys sp., Lithobius forfica-
tus and Cermatobius longicornis); Scolopendromorpha (Scolopocryptos sp.) and
Geophilomorpha (Strigamia maritima)) with BPP = 1 and SH-like support = 0.99. Together
with the Craterostigmomorpha—an order from which no mitochondrial genes have been se-
quenced—these three orders form the Pleurostigmomorpha. Our phylogenies therefore con-
form to the widely-held view that Scutigeromorpha are the ‘sister-order’ to the four remaining
orders forming the Pleurostigmomorpha [33]. Our phylogenies also support the sister-group
relationship between Geophilomorpha (Strigamia maritima) and Scolopendromorpha (Scolo-
pocryptos sp.) with 0.77 BPP and 0.76 SH-like support in our ML phylogeny.

We sequenced the first complete mitochondrial genome of a geophilomorph centipede.
Phylogenetic analyses using mitochondrial protein-coding genes were unable to support a
monophyletic Mandibulata, but did support a monophyletic Chilopoda with inter-relatedness
conforming to the view that Scutigeromorpha are the sister group to the four remaining chilo-
pod orders comprising the Pleurostigmomorpha. Gene order of the Strigamiamitochondrial
genome is unique compared to any other arthropod, or indeed any other metazoan, mitochon-
drial genome studied. This unusual organisation contrasts with the notably conservative nucle-
ar genome [16]. Further sequencing and analysis of mitochondrial genomes from this order of
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centipedes is therefore required to see whether this unusual gene order is unique to Strigamia,
or common to members of the Geophilomorpha.
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