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Abstract 

 

 

Contemporary theory on the evolution of metazoan immune systems is primarily derived 

of work on a few historically established model species (including Drosophila, human, and 

mouse). Though these species have provided invaluable insight into the molecular and cellular 

components of immunity, they nonetheless cannot alone provide sufficient phylogenetic contrast 

to accurately capture the nuances of immunity evolution. In the modern sequencing era of 

comparative biology, studies leveraging transcriptomic and genomic datasets have provided 

valuable insight into the ancestry of immunity molecular toolkits within Deuterostomia – a 

superphylum comprised of Hemichordata (acorn worms and pterobranchs), Echinodermata 

(urchins, sea stars, and their allies), and Chordates (tunicates, lancelets, and vertebrates). In my 

PhD thesis, I focus on remedying a gap in knowledge by improving representation of 

hemichordates in the context of immunity and place these findings in the framework of 

deuterostome evolution. 

This dissertation contains one literature review and three research chapters (Chapters 2-

5). Chapter 2 is zoological account of the hemichordate clade, Enteropneusta (commonly called 

acorn worms). In addition to overviewing the anatomy, physiology, and diversity within the clade, 

this publication also highlights the sparsity of immunology within the phylum.  Chapter 3 focuses 

on the Toll-like receptor (TLR) pathway, a central component of pathogen recognition and innate 

immunity signaling. This chapter was the first published work of my dissertation, and its findings 

provided the groundwork for the subsequent chapters. Chapter 4 concerns the molecular toolkit 

involved in antiviral immunity in the acorn worm hemichordate, Saccoglossus kowalevskii. The 

capacity for S. kowalevskii to recognize and transcriptionally react to viral stimulus is described. 

This work is a critical step forward for hemichordate immunology and towards inferring the 

ancestry of deuterostome immunity evolution. The final data chapter (Chapter 5) expands upon 

the work of Chapter 3 by investigating the evolution of key innate immunity proteins across 

Metazoa, with focus on deuterostome taxa. For this work, I developed a bioinformatic tool called 

TIAMMAt (Taxon-Informed Adjustment of Markov Model Attributes). This study highlights the 

value of improving the representation of non-model species in comparative evolutionary studies 

using immunity as a case study.  
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Chapter 1: Introduction 

1.1 General Introduction and Background 

Innate immunity represents a robust line of defense against pathogens. Interestingly, some 

components of innate immune systems possess homology dating back to the origins of Metazoa 

(Gauthier et al., 2010). In contrast, adaptive immune systems have evolved several times, with the 

gnathostome immunoglobulin-based system often regarded as the most evolutionarily complex 

(Litman et al., 2010). Whereas there is a large body of work delineating molecular determinants 

and cellular interfaces of innate and adaptive immunity of vertebrates (Boehm, 2012), far less is 

known about the immune systems of invertebrates.   

Innate immune response 

pathways are initiated and regulated by 

a cohort of conserved pattern 

recognition receptors (PRRs) (Takeuchi 

and Akira, 2010). PRRs include, among 

others, Toll-Like Receptors (TLR), 

NOD-Like Receptors (NLR) and RIG-I-

Like Receptors (RLR) (Fig. 2). Ligation 

of PRRs by specific pathogen associated 

molecular patterns (PAMPs) elicits a 

range of signaling pathways often 

resulting in pro-inflammatory cytokine 

production (Akira and Takeda, 2004). 

Common PAMPs include 

lipopolysaccharide (Gram-negative bacteria), peptidoglycan (Gram-positive bacteria), dsRNA 

(viruses), and zymosan-A (fungi) – all of which are often intrinsically vital to the pathogen that 

may attack the animal.  

Although many conserved innate immune pathways exist across Metazoa, the TLR 

signaling pathway is among the most-well studied. Unlike receptors of adaptive immune systems, 

TLRs are not modified within a single individual by gene rearrangements (Litman et al., 2010). 

Interestingly, the number of TLRs varies across taxa, suggesting a possible mechanism for 

variation in the breadth of pathogen recognition controlled by expansions/reductions in the number 

 

Figure 1: Phylogeny of Deuterostomia – comprised 
of Hemichordata, Echinodermata, and Chordata. 
From Tassia et al. 2017. 
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of unique TLR proteins encoded in the genome.  Whereas vertebrate lineages typically possess 10-

19 TLR homologs, cephalochordate genomes code up to 72 TLRs, tunicates only 3, and urchins 

over 200 (Buckley and Rast, 2015; Tassia et al., 2017).  Additionally, signaling adaptors vary 

among specific TLR orthologs – sometimes inducing specialized cytokine production, such as 

antiviral interferons (Fig. 2) (Akira and Takeda, 2004; Medzhitov, 2001). The large variation of 

 

Figure 1: Major PRR signaling pathways including Toll-like receptor (TLR) signaling (right), 
NOD-like receptor (NLR) signaling (center), and RIG-1-like receptor (RLR) signaling (left).   
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TLR gene number, combined with a lack of functional data (aside from vertebrates and echinoderm 

larvae), creates a gap in knowledge about the ancestral characteristics of deuterostome innate 

immune pathways. 

Alongside TLRs, NLRs and RLRs similarly rely on the recognition and binding of PAMPs 

to initiate molecular immunity signal transduction which, like TLRs, leads to activation of IRF- 

and/or NFkB-driven cytokine expression (Fig. 2) (Loo and Gale, 2011). However, unlike TLRs, 

which are type-I transmembrane proteins, NLRs and RLRs act cytoplasmically (Takeuchi and 

Akira, 2010) and are comparatively understudied. Whereas individual TLRs and/or NLRs 

recognize a broad suite of PAMPs indicative of bacterial, fungal, or viral infection, RLRs 

exclusively recognize viral nucleic acid moieties (Loo and Gale, 2011). Akin to TLRs and their 

associated signaling pathways, NLRs and RLRs have also been shown to play roles in the immune 

response of both vertebrates and invertebrates (Lange et al., 2011; Zhang et al., 2014), indicating 

these PRR-driven pathways also represent an evolutionarily ancient branch of metazoan innate 

immunity present well before the origin of vertebrates. 

Recent availability of genomic data (Cannon et al., 2014; Simakov et al., 2015) combined 

with a strongly supported phylogeny for all major deuterostome groups (Cannon et al., 2014; Near 

et al., 2012; Telford et al., 2014) provides an unprecedented opportunity to explore evolution of 

deuterostome innate immunity. Together, hemichordates (pterobranchs and enteropneusts, or 

acorn worms) and echinoderms form Ambulacraria, the sister clade to chordates (Fig. 1) (Cannon 

et al., 2014). Modern hemichordates, unlike extant echinoderms, possess several morphological 

(e.g., pharyngeal gill slits) and molecular traits (e.g., anteroposterior axis-patterning gene 

boundaries within the adult nervous system) often considered chordate synapomorphies which can 

be more accurately attributed to the deuterostome last common ancestor (Brown et al., 2008; Lowe 

et al., 2015; Peterson and Eernisse, 2001).  

Over the course of my doctoral dissertation, I employ a balance of bioinformatic and 

molecular methods to investigate immunity in hemichordates, a subject overlooked within 

scientific literature since the 1980’s (Millar and Ratcliffe, 1987a, 1987b; Rhodes and Ratcliffe, 

1983). The works described below fill a major taxonomic gap in immunity research among 

deuterostome taxa, ultimately providing contrast essential to accurately inferring the ancestral state 

of immunity in the last common ancestor to deuterostomes. 
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Chapter 2: Enteropneust Morphology* 

 

2.1 Introduction 

Enteropneusts, also called acorn worms, are free-living, vermiform deuterostomes found 

often associated with soft, subtidal sediments or associated with the epibenthos of the deep-sea 

(Figure 1) (Tassia et al. 2016). First collected in the Marshall Islands of the Indo-Pacific by 

Eschscholtz in 1825, Ptychodera flava was initially considered to be an undescribed species of sea 

cucumber. Eschscholtz’s work went unnoticed, however, and most early works on acorn worms 

was centered around the description of Balanoglossus clavigerus by Delle Chiaje in 1829. Though 

several enteropneust taxa would be described in the subsequent decades, it would not be until 1870 

when Gegenbaur would erect the name Enteropneusti (Greek – εντερο: ”entero,” intestine; 

πνευμον: ”pneumon,” lung) following Kowalevsky (1866) when enteropneust gill slits were first 

described. The name Hemichordata was not erected until 1885 when Bateson allied enteropneusts 

within Chordata under the premise of homologous developmental schemes. Whereas the name 

Hemichordata remains in use today, the original placement of Hemichordata within Chordata was 

rebutted in 1893 by Spengel and ultimately ejected from Chordata by Van der Horst (1939) – 

substantiated by Metschnikoff’s (1881) assertion to unify Enteropneusta and Echinodermata under 

the name Ambulacraria based on larval morphology. However, the alliance of these phyla and their 

phylogenetic placement as sister to Chordata would not be substantialized and formalized until 

Halanych (1995) using 18S rDNA sequence data (see section 2.5 Phylogeny). To date, 108 

enteropneust species have been described (Tassia et al. 2016) and are organized into four major 

groups: Harrimaniidae, Spengelidae, Ptychoderidae, and Torquaratoridae (Figure 1) (Cannon et 

al. 2014). 

 

 

 

 

 
*This chapter has been published as: Tassia MG, Cannon JT, Halanych KM. 2018. “9. Enteropneusta”. Miscellaneous 
Invertebrates, edited by A. Schmidt-Rhaesa. Berlin, Boston: De Gruyter, 299-326. 
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Figure 1: The four major enteropneust groups. A) Harrimaniidae, Saccoglossus kowalevskii; 
B) Spengelidae, Schizocardium californicum (adapted from Gonzalez et al. 2017); C) 
Ptychoderidae, Ptychodera flava (from Röttinger & Lowe 2012); D) Torquaratoridae, Yoda 
purpurata (from Holland et al. 2005). 
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2.2 Morphology  

2.2.1 General Anatomy  

Size among acorn worm species ranges from meiofaunal, such as in Meioglossus 

psammophilus (611μm; Worsaae et al. 2012), to the especially large Balanoglossus gigas (Muller 

1898) described from the Brazilian intertidal – exceeding 1.5m in length as an adult. Body 

coloration varies widely among genera, but often falls into the fleshy tan to washed orange hues 

for infaunal species. Strikingly, coloration in epibenthic deep-sea taxa varies more broadly, 

including ranges of translucencies (e.g., Allapasus aurantiacus), purple (Yoda purpurata), and 

deep red (Tergivelum cinnebarium). Enteropneusts are particularly soft bodied and lack any gross 

sclerotized structures; as such, they are prone to fragmentation during collection. Osborn et al. 

(2011) even remark, “Most torquaratorid [enteropneusts] are poorly muscularized, gelatinous and 

fragile in the extreme.” The acorn worm body plan is partitioned into three major body regions, 

from anterior to posterior: proboscis, collar, and trunk (also referred to as protosome, mesosome, 

and metasome, respectively). 

Proboscis morphology varies from species to species in a gradient from short and “acorn-

shaped” (e.g., Ptychodera flava) to long and vermiform when relaxed (e.g., Saccoglossus 

kowalevskii). In the most commonly studied infaunal genera (e.g., Ptychodera and Saccoglossus), 

the proboscis’ primary roles are in locomotion (specifically burrowing) and probing within the 

environment in association with feeding (Ritter 1902). Preceding the mouth, on the ventral surface 

of the proboscis, a pre-oral ciliary organ has been strongly implicated in the feeding and 

chemosensation (Knight-Jones 1952, Gonzalez & Cameron 2009). In epibenthic deep-sea 

torquaratorids, however, the role of the proboscis is unclear. Torquaratorids uniquely possess, “[A] 

proboscis and collar each conspicuously broader from side-to-side than in their other dimensions 

(anteroposterior and dorsoventral) …” (Holland et al. 2005). Among the remaining families, 

however, the proboscis is rounded, conical, or vaguely cylindrical with a single coelom, and is 

well-muscularized with circular and longitudinal muscle. In some species, a dorsal groove may 

extend anteriorly from the proboscis stalk (Deland et al. 2010). 

Posteriorly, the proboscis narrows to a slender stalk and terminates connecting to the dorsal 

interior of the collar (Figure 2A). In some species, one or two proboscis pore(s) may be present 

on the dorsal surface of the proboscis stalk associated with the glomerulus (Cameron 2002b) (see 
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section 2.2.7 Excretory and Circulatory System). Internally, the proboscis contains a blind 

buccal diverticulum called the stomochord (Figure 2A) (Bateson 1885). Although early scholars 

hypothesized the stomochord as homologous to the chordate notochord (see Annona et al. 2015), 

some even suggesting it as a bona fide notochord (Bateson 1885), canonical notochord-specifying 

 

Figure 2: Generalized enteropneust anatomy. A) Proboscis; B) Collar and trunk. Diagrams 
inspired by Bullock 1945, Benito & Pardos 1997, Cameron 2005). 
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transcription factors are absent in 

the developing hemichordate 

stomochord (Satoh et al. 2014). 

The stomochord appears to 

function as a scaffold for several 

essential organ systems including 

the dorsal blood-vessel sinus, 

pericardium, and glomerulus – collectively referred to as the heart-kidney, or proboscis, complex. 

Interestingly, the heart-kidney complex is reportedly absent from torquaratorids, with the 

exception of the genus Allapasus (Priede et al. 2012), though this may be in part due to the 

diffuculty of preservation when collecting deep-sea taxa. Ventral to the stomochord is a 

cartilaginous Y-shaped proboscis skeletal element derived of stomochord basement membrane 

(Figure 3) (Burdon-Jones 1956). The proboscis skeleton bifurcates posteriorly as two horns and 

terminates within the collar coelom. Additionally, species belonging to the enteropneust family 

Spengelidae possess proboscis horns which extend the full length of the collar – a diagnostic 

synapomorphy for the family Spengelidae (Cameron & Perez 2012). This contrasts with horns of 

Ptychodera flava (Ptychoderidae) or Saccoglossus kowalevskii (Harrimaniidae) which terminate 

partially through the collar (Hyman 1959). The proboscis skeleton is also reduced to a medial plate 

or altogether absent in Torquaratoridae. 

The enteropneust collar is a cylindrical feature intermediately situated between the 

proboscis and trunk (Figure 2). Collar tissue may partially overlap proboscis and mouth (called a 

collarette when present), while to a lesser degree overlapping with the trunk posteriorly. At the 

ventral boundary between collar and proboscis is the mouth (Figure 2A). Notably, without 

assistance from the proboscis, enteropneusts are unable to extrinsically close their mouth (Knight-

Jones 1953). Collar external morphology may differ among taxa by circumferential depressions or 

smooth-to-ruffled collarettes (Figure 1) (Hyman 1959). Akin to proboscis morphology, deep-sea 

torquaratorids display the most morphologically striking collars among extant enteropneust groups 

– sometimes possessing broad lateral lips which likely assist in funneling epibenthic sediment to 

the mouth (Figure 1D) (Priede et al. 2012).  

 

Figure 3: Protoglossus koehleri proboscis skeleton, 
lateral view. Anterior terminus on left, posterior termini 
on right. Overall length is approximately 1mm.  
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 The third and most 

posterior body region is the 

trunk. In a generalized 

enteropneust model (Figure 

2B), the trunk can be 

partitioned into three 

subsections (listed from 

anterior to posterior): 1) 

Branchiogenital region 

containing reproductive 

structures and pharyngeal 

gut, 2) Hepatic region 

containing digestive gut 

(also called intestine) and 

hepatic sacs, and 3) Post-

hepatic/Caudal region, 

sometimes terminating a post-anal tail in juvenile harrimaniids (Colwin & Colwin 1953). In 

ptychoderids and torquaratorids, the boundaries between all three trunk sections are readily visible 

and boundary demarcations can often be pronounced (Holland et al. 2005). In contrast, 

Harrimaniids lack hepatic saccules; as a result, the boundary between pharyngeal and digestive 

gut can often only be distinguished by the termination of gill slit iteration (Hyman 1959). 

Spengelids may or may not possess hepatic sacs, and do not possess genital wings, a reproductive 

structure discussed below (Cameron & Perez 2012).  

Both the relative length and morphology of the branchiogenital region varies between 

groups. Ptychoderids and torquaratorids possess flat, lateral extensions which curl dorsally to form 

the genital wings where gonads are stored (Figure 4). Whereas the genital wings do not persist 

past the branchiogenital region in ptychoderids, the lateral wings of torquaratorids can continue 

along the entire length of the trunk (however, gonads may only present in the most anterior portions 

(Priede et al. 2012). Stereobalanus (Harrimaniidae) uniquely possesses four short gonads 

immediately posterior to the collar (see Reinhard 1942). External morphology may be entirely 

insufficient for distinguishing between trunk regions in some species. The number of enteropneust 

 

Figure 4: Diagrammatic reconstruction of Balanoglossus 
highlighting genital wings (adapted from Packard 1968). Col., 
Collar; Ep., Epidermis; G.(s.), Gonads (section); G.(c.), Gonads 
(cutaway); Gl., Gut lumen; Gon., Gonopore; Ls., Lateral septum; 
Ph., Pharynx; Prob., Proboscis; Tr., Trunk.   
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gill slits can vary from one (Meioglossus psammophilus, Worsaae et al. 2012) to indeterminate 

(Balanoglossus aurantiacus, Harmer 1910) – with additional pairs added with age. Gill slits are 

found in an iterative, paired series of punctate-to-vertical slits flanking the mid-dorsum of pharynx 

epithelium (Figure 2B, 5A). Homologous to those familiar in chordates, additional gill slits arise 

through a coordination between gut epithelium (i.e. gill slit formation) and the epidermis (i.e. gill 

pore formation) (Gillis et al. 2012). During development, gill slit pairs form on either side of the 

pharynx’s dorsolateral surface and are often ellipsoid in shape. Over time, gill pore apices will 

begin to extend dorsally, separated by a medial tissue extension called secondary gill bars (or 

tongue bars), finally forming their mature U-shape (Figure 5B). Between individual gill slits, 

primary gill bars (or septa) provide structural support for the gill apparatus and, similar to 

secondary gill bars, septa are primarily composed of fibrillar collagen (Benito & Pardos 1997, 

Rychel et al. 2005). In ptychoderids and some spengelids, lateral skeletal elements (referred to as 

synapticles) join primary and secondary gill bars as lateral “bridges”; this feature is absent in 

members of Harrimaniidae and Torquaratoridae (Cameron 2005, Holland et al. 2009, Deland et al. 

2010, Priede et al. 2012, Osborn et al. 2013). Pharyngeal gill slits do not join directly to the 

epidermal gill pores in enteropneusts; instead, each gill slit opens first to a single branchial pouch, 

 

Figure 5: Pharyngeal morphology during development (A) and in adult Saccoglossus 
kowalevskii (B). A) Developmental scheme of gill slit morphogenesis highlighting ventral 
tongue bar extension (figure adapted from Hyman 1959). B) Adult S. kowalevskii highlighting 
external pharynx morphology. Scale bar ≈ 500μm. 
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or atrium (Figure 2B) (Hyman 1959). In most species, individual gill slits possess a single atrium 

such as in the ptychoderid Balanoglossus misakiensis (Hyman 1959). Contrasting most other 

enteropneusts, the harrimaniid Stereobalanus canadensis possesses a single fused atrium with a 

single consolidated gill pore shared by the entire pharyngeal apparatus (Reinhard 1942).  

Posterior to the branchiogenital trunk region resides the hepatic region, or digestive gut– 

often distinguishable by the initiation of externally visible paired hepatic sacculations, termination 

of gill slit iteration, and/or tapering and termination of genital/lateral wings. Across enteropneust 

families, however, some of these features may or may not be present. In ptychoderids, the 

hepatic/digestive gut is readily visible by the tapering of the genital wings and conspicuous hepatic 

caeca along the mid-dorsum. Harrimaniids lack genital wings and external hepatic caeca; thus, 

digestive gut is most easily recognized by the termination of gill slit iteration. Spengelids and 

torquaratorids possess a mixture of these hepatic region features. Schizocardium californicum 

(Spengelidae) possesses both genital wings and hepatic caeca, whereas Glandiceps hacksi 

(Spengelidae) lacks exteriorly visible hepatic caeca (Cameron & Perez 2012). In torquaratorids, 

genital wings may be well-defined and restricted to a region coinciding with the pharynx (i.e., a 

traditional branchiogenetic region as seen in Yoda purpurata) or persist the entire length of the 

trunk (e.g. Allapasus spp.) (Holland et al. 2012, Priede et al. 2012), making it an unreliable feature 

for demarcating branchiogenital from digestive gut in some torquaratorid species. Hepatic 

sacculations are present but may be occluded visually by other trunk morphologies and are not as 

pronounced as in ptychoderids; when visible, hepatic intestine is most easily recognized by a 

region of dark coloration following the branchiogenital trunk (Priede et al. 2012). Finally, the 

posthepatic trunk is comparably featureless relative to the previously mentioned trunk regions 

(Hyman 1959). A ventral, vacuolated cord referred to as the pygochord (Willey 1899a) has been 

reported in the posthepatic trunk of Saxipendium coronatum (Woodwick & Sesenbaugh 1985), 

Ptychodera flava (Eschscholtz 1825), and Glossobalanus berkleyi (Willey 1931) to be present in 

the posterior posthepatic gut. However, its presence in histological preparations has been proposed 

to be an artifact of tissue collapse during fixation (Cameron 2005) drawing skepticism to it’s 

biological validity. 
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Figure 6: Enteropneust integument. Figure recreated from Benito & Pardos (1997). A) 
Diagrammatic representation; B) Epidermis of the proboscis (magnified x460); C) Middorsal 
epidermis of the proboscis stalk (magnified x460). ba, blood amoebocyte; fg, fine grain cell; 
gc, coarse grain cell; go, goblet cell; mt, mesothelium; mu, mucous cell; n, nucleus; nt, nerve 
net; sc, supporting cell; ?, undetermined gland cell. 
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2.2.2 Integument 

 The integument is richly punctuated with glandular cells which secrete a thick mucus 

involved in feeding (Barrington 1940, Knight-Jones 1953, Cameron 2002a), locomotion (Knight-

Jones 1952; Hyman 1959), and defense (Millar & Ratcliffe 1987). Mucus secretions have also 

been implicated in tube-building for both extant Antarctic acorn worms (Halanych et al. 2013) and 

fossil members (Caron et al. 2013); though this trait of building tubes (temporary or permanent) is 

not shared by most extant enteropneusts.  

The enteropneust integument generally consists of a dense pseudostratified epithelium of ciliated 

and glandular cells situated above an intraepithelial nerve plexus apical to the basal lamina (Figure 

6) (Saita et al. 1978, Welsch 1984, Benito & Pardos 1997). Both glandular and ciliated epithelial 

cells possess a thin, stalk-like structure which traverses through the intraepithelial nerve layer to 

connect epidermal cells to the basal membrane. Multiple glandular cell morphologies have been 

categorized and detailed (e.g., mucous cells, mulberry cells, goblet cells, fine granular cells); for 

more detail on these cell morphologies and reported functions, see Benito & Pardos, 1997 (Figure 

6A). Schneider (1902) and Hyman (1959) both suggest a thin, “reticulated membrane” may 

separate the epithelium and nervous layer. This tissue, however, has not been confirmed by 

electron microscopy (Benito & Pardos 1997). Ciliated-to-glandular compositional ratios, 

epidermal thickness, and nerve layer thickness can vary between, and within, the three major body 

regions of acorn worms.  

Proboscis integument is comprised of a uniform mixture of columnar ciliated cells and a 

variety of glandular cells (Figure 6B). The nerve layer becomes thickest at the proboscis stalk 

where it spatially dominates the integument (Figure 6C) (Benito & Pardos 1997). In stark contrast, 

the collar possesses considerable variation in integument histological composition, alternating 

between visually distinct transverse regions of densely-to-intermediately packed glandular cells 

(diffused by columnar ciliated cells). The number of these epidermal annulations in the collar 

integument varies between species, ranging from three in Ptychoderids (Spengel 1893) to five in 

the harrimaniid Protoglossus (Burdon-Jones 1956). Finally, the trunk integument is also densely 

packed with glandular epithelia (Barrington 1940) and is thinnest at the boundaries of individual 

hepatic sacculae and epidermal annulations (when present) (Schneider 1902, Hyman 1959, 

Barrington 1965, Benito & Pardos 1997). The intraepidermal nerve layer also becomes thickest in 
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the dorsal- and ventral-apices of the trunk – forming the dorsal and ventral trunk nerve cords, 

respectively (Bullock 1940, Silén 1950). Though, it should be noted that these are structurally 

intraepidermal, in contrast to the bona fide collar nerve cord (see section 2.2.5 Nervous System).  

 

2.2.3 Body Cavities 

 As adults, enteropneusts generally possess five major body coeloms: an unpaired proboscis 

coelom (protocoel), paired collar coeloms (mesocoels), and paired trunk coeloms (metacoels) 

(Harmer 1910); each possessing a peritoneum and are derived of enterocoely during development 

(Hyman 1959, Kaul-Strehlow & Rottinger 2015). A sixth smaller coelomic cavity, which will later 

differentiate into the pericardial/heart vessel, emerges shortly after the other five major coelomic 

cavities via schizocoely (Kaul-Strehlow & Stach 2011). Coelomocytes (i.e., free-wandering 

nonepithelial cells) can be often be found migrating within coelomic cavities. According to Benito 

and Pardos (1997), coelomocytes possess the capacity for amoeboid movement and likely share a 

progenitor cell lineage with blood cells. Experimental evidence also suggest enteropneust 

coelomocytes are involved in immune reactions (Rhodes & Ratcliffe 1983). In addition to 

coelomocytes, enteropneust coeloms are filled with a transparent fluid that is poorly characterized.  

 In most acorn worm taxa, the relative distribution of protocoel within the proboscis is often 

reduced compared to the space occupied by muscle and connective tissue. In most taxa, the 

protocoel cavity is restricted to the posterior-most region of the proboscis, often only surrounding 

the heart-kidney complex (Hyman 1959). In contrast, the protocoel of Protoglossus koehleri 

(Caullery & Mesnil 1900) extends to the tip of the proboscis (Burdon-Jones 1956). Dorsal and 

ventral mesenteries/septa may be present in the proboscis coelom near the proboscis stalk – nearest 

to the heart-kidney complex – dividing the protocoel into left and right halves (Hyman 1959). 

However, septa morphology, presence/absence, and length vary from species to species within and 

between enteropneust families. In Saccoglossus kowalevskii (Harrimaniidae), the heart vesicle 

functions as the dorsal septum, separating the protocoel into left and right halves towards the 

proboscis base (Hyman 1959), and entirely lacks a ventral proboscis septum (Cameron et al. 2010). 

In contrast, bona fide dorsal and ventral mesenteries are present in Protoglossus koehleri (Burdon-

Jones 1956), another harrimaniid. Posteriorly, the protocoel may terminate blindly at the boundary 

of the proboscis and collar or open to the environment via 1-2 proboscis pores (Figure 2A) 
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associated with the posterior partitions of the protocoel. Although the number and orientation of 

the proboscis pore(s) varies between species, the majority of described species possess a single 

proboscis pore associated with the left, and often larger, protocoel partition (Hyman 1959, Benito 

& Pardos 1997, Cameron et al. 2010, Deland et al. 2010, Cameron & Perez 2012). Proboscis pores 

appear to be absent altogether in torquaratorids (Holland et al. 2005, Holland et al. 2009, Holland 

et al. 2012). Proboscis pores and their association with the enteropneust excretory system will be 

discussed in section 2.2.7 Excretory System below.  

 Although the mesocoel develops as a paired organ, a defined septum dividing the left and 

right compartments is entirely lost in most adult enteropneust species – though this partition is still 

maintained in members of the harrimaniid genus Protoglossus (Burdon-Jones 1956, Deland et al. 

2010). In taxa which possess incomplete, or partially lack, mesocoel mesenteries, often the dorsal 

mesentery is still present as a fragment between the dorsal collar epidermis and the collar cord (see 

section 2.2.5 Nervous System), which is exemplified in the ptychoderid genus Ptychodera 

(Hyman 1959, Luttrell et al. 2012). Anteriorly, the collar coelom extends two projections, on either 

side of the buccal cavity, into the protocoel of the proboscis stalk where it secretes a semi-ridged 

material called chondroid tissue which is associated with proboscis skeleton (Hyman 1959). This 

serves as a cartilage-like scaffolding element for the proboscis skeleton and is especially well-

developed in harrimaniids and spengelids (Hyman 1959, Deland et al. 2010). In the posterior 

regions of the mesocoel, two coelomic ducts, located on either side of the buccal cavity at the level 

of the gill slits, project from the collar coelom into the first pair of gill slits (Figure 2B). The 

mesocoel ducts ultimately connect the collar coelom to the external environment by way of the 

branchial system (Spengel 1893, Hyman 1959, Benito & Pardos 1997). 

 The trunk coelom, or metacoel, like the collar coelom, is developmentally paired. Whereas 

the metacoel’s ventral mesentery is often complete in adult acorn worms, the dorsal mesentery is 

frequently incomplete – extending only as far as the dorsal blood vessel from the dorsum. The lack 

of a complete septum ultimately yeilds a contiguous cavity between the left and right halves of the 

trunk coelom. In most described taxa, the transverse septum isolating metacoel from mesocoel 

does not directly correspond to the external collar-trunk boundary – again, with the exception of 

Protoglossus (Burdon-Jones 1956). Instead, the transverse septum separating the two body cavities 

often invades as evaginations from the trunk coelom into the collar coelom as two disparate 
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features (Figure 2B) (Hyman 1959). First, peribuccal coelomic diverticulae may project anteriorly 

from the metacoel surrounding the buccal cavity and often extends further dorsally than ventrally. 

This trait is exhibited by ptychoderids, some harrimaniids (e.g., variably present across 

Saccoglossus spp. and notably lacking in Protoglossus), some spengelids (e.g., present in 

Schizocardium and absent in Glandiceps), and it is unclear whether peribuccal diverticulae are 

present in Torquaratoridae (Cameron 2005, Cameron et al. 2010, Deland et al. 2010, Cameron & 

Perez 2012). The second coelomic projection from the trunk coelom is a paired perihaemal cavity 

surrounding the dorsal vessel. The paired perihaemal cavities may project as far as the proboscis 

skeleton in the proboscis stalk (Harmer 1910, Hyman 1959); when fully developed, these cavities 

are often filled with longitudinal muscle and may or may not coalesce into a single unpaired cavity 

in the anterior collar still surrounding the dorsal blood vessel (Hyman 1959).   

  Alongside the five coeloms comprising the major body cavities in the proboscis, collar, 

and trunk, the pericardium is an unpaired coelomic organ situated dorsally upon the stomochord 

(Figure 2A) (Spengel 1893, Schepotieff 1907, Van der Horst 1939, Benito & Pardos 1997). The 

function of the pericardium as the central motor to the enteropneust circulatory system will be 

covered in the section 2.2.7 Circulatory & Excretory System below. Between the pericardium 

and the dorsal surface of the stomochord is the blood-vessel sinus, a cavity (sensu lato) on which 

 

Figure 7: Light micrographs of transverse sections of the proboscis from Deland et al. (2010). 
A) Saccoglossus pusillus showing the arrangement of proboscis longitudinal musculature in 
concentric rings. B) Protoglossus mackiei showing the arrangement of proboscis longitudinal 
musculature in radial plates. C) Mesoglossus macginitiei showing the diffuse arrangement of 
the proboscis longitudinal musculature. plm, proboscis longitudinal muscles. Scale bar = 
500μm. 
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the pericardium’s contractile nature acts to motivate blood circulation across the enteropneust 

body.  

  

2.2.4 Musculature  

 Beneath the proboscis-integument’s basal lamina lies a uniform layer of circular muscle 

which varies in thickness from relatively thin in ptychoderids (Hyman 1959, Cameron & Ostiguy 

2013) to conspicuously thick in spengelids (Cameron & Perez 2012). Beneath the circular muscle 

layer, proboscis longitudinal muscles have been reported to possess several forms of organization 

(Figure 7). Harrimaniids have the most reported variation in longitudinal muscle arrangements 

among enteropneust families, organized as concentric rings (diagnostic of the genus Saccoglossus; 

Figure 7A), radial plates (present in the genera Stereobalanus, Harrimania, Horstia, and 

Protoglossus; Figure 7B), or diffuse (present in the genera Ritteria, Saxipendium, and 

Mesoglossus; Figure 7C) (Deland et al. 2010). The arrangement of longitudinal muscle fibers in 

ptychoderids is as radial plates (Spengel 1893, Deland et al. 2010), diffuse in Spengelids (Cameron 

& Perez 2012), and diffuse or radially arranged in Torquaratorids (Holland et al. 2012, Priede et 

al. 2012). Longitudinal muscle fibers in the proboscis may be physically partitioned by the dorsal 

protocoel mesentery. Proboscis musculature is instrumental to acorn worm locomotion, both in the 

more common sediment-dwelling species (e.g. Saccoglossus spp.; Knight-Jones 1952, Hyman 

1959) and epibenthic animals (e.g., Allapasus isidis; Jones et al. 2013).  

Collar musculature is most well-documented within Ptychoderidae by Spengel (1893), Van 

der Horst (1939), and Hyman (1959). A layer of circular muscle lies directly beneath the basal 

lamina of the collarette proximal to the proboscis stalk (Figure 8). Opposite to this, anchoring to 

the exterior tissues of the collarette, bundles of muscle separate basal lamina and the circular 

muscle layer, ultimately traversing diagonally through the collar coelom and attaching to the 

collar-trunk septum proximal to the buccal cavity. In Harrimaniids and Spengelids, the 

longitudinal muscles in the collar are present as two bundles, each flanking the buccal cavity on 

the left or right (Deland et al. 2010, Cameron & Perez 2012).  Internally, a layer of circular muscle 

surrounds the buccal epithelium. Interestingly, conspicuously dense muscle fibers are present on 

the left and right sides of the buccal cavity in Tergivelum (Holland et al. 2009), a synapomorphy 
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for the genus (Priede et al. 2012). The perihaemal coeloms are also filled with longitudinal muscle 

(Hyman 1959). 

 Similar to the proboscis and collar, trunk muscle organization varies between major 

enteropneust groups (Hyman 1959). In members of Ptychoderidae, circular muscle fibers are 

exterior to the longitudinal muscle (Spengel 1893, Cameron & Ostiguy 2013). In contrast, the 

circular muscle layer in Spengelids lies beneath the longitudinal muscles of the trunk (Cameron & 

Perez 2012). Harrimaniids lack trunk circular muscle fibers, which constitutes a diagnostic feature 

for the family (Deland et al. 2010). In harrimaniids, however, the longitudinal muscles, which 

dominantly occupy either side of the trunk’s ventral septum, may form two dense longitudinal 

bands (Hyman 1959, Deland et al. 2010). There is little reported evidence for muscle organization 

in torquaratorid trunks.  

 

Figure 8: Sagittal section diagram through a generalized ptychoderid collar adapted from Van 
der Horst (1939). Figure is oriented as ventrum on the right and anterior pointed upward. cm, 
circular muscle filling peribuccal coelom of buccal cavity; ep, epidermis; lm, longitudinal 
muscle; m, mouth; om, oblique muscle; pa, peribuccal artery (subsection of the lateral arteries, 
see section 2.2.7 Circulatory System); pc, proboscis coelom; ph; pharynx; ps, proboscis 
skeleton; tc, trunk coelom. 
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The pericardial epithelium can be regionally subdivided into an outer protocolemic 

epithelium and an inner pericardial epithelium (Figure 9) (Spengel 1893, Schepotieff 1907, Van 

der Horst 1939, Benito & Pardos 1997). These two regions are richly muscularized as myoepithelia 

and their patterns are most well-described in Saccoglossus (Harrimaniidae; Balser & Ruppert 

1990) and Glossobalanus (Ptychoderidae; Benito & Pardos 1997). The muscle arrangement of the 

two epithelial surfaces are perpendicularly arranged relative to one another, with longitudinal 

muscles in the protocoelomic epithelium and circular muscles in the pericardial epithelium – an 

arrangement hypothesized to optimize contractile pressure (Benito & Pardos 1997). In the 

spengelid genus Schizocardium, the pericardium bifurcates anteriorly – a diagnostic character for 

the genus (Cameron & Perez 2012). Van der Horst (1939) additionally describes two species of 

 

Figure 9: Diagrammatic cross section of enteropneust heart-kidney complex. c, coelomocytes; 
e, epidermis; ec, epidermal cilia; h, heart; ip, pericardial epithelium; l, stomochord lumen; op, 
protocoel epithelium; p, pericardium; ps, protocoel; st, stomochord epithelium. 
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Balanoglossus which possess a pericardium which completely encloses the blood-vessel sinus – 

superficially resembling the closed anatomy of the vertebrate heart (Hyman 1959). 

 

2.2.5 Nervous System & Sensory Structures 

Enteropneust nervous systems have been extensively documented in the classic works of 

Bullock (1940, 1945), Silén (1950) (considering Glossobalanus marginatus), and Knight-Jones 

(1952) (considering Saccoglossus ruber, previously S. cambrensis), as well as being discussed in 

the broader anatomical surveys of Van der Horst (1939), Dawydoff (1948), and Hyman (1959).  

Acorn worm nervous systems take form dominantly as an intraepidermal (or 

basiepidermal) nerve plexus – filling space between epidermal cell stalks and the basal lamina, 

permeating anteroposteriorly, circularly, and obliquely (Figure 6B & C) (Bullock 1945, Hyman 

1959). Within the proboscis, the nerve plexus is often homogenous and disperse from anterior to 

posterior, with a particular exception among some species in the genus Saccoglossus, where nerve 

fibers condense mid-dorsally (Figure 10) (Bullock 1945, Knight-Jones 1952, Cameron et al. 

2010). Between species, the relative thickness of the nerve plexus layer within the epidermis also 

varies. Just anterior to the proboscis stalk, nerve fibers aggregate and tend to radiate circularly 

resembling a nerve ring (Knight-Jones 1952, Hyman 1959). In the proboscis Saccoglossus, the 

longitudinal nerve bundles originating at the nerve ring radiate anteriorly towards the tip of tip of 

the proboscis (Knight-Jones 1952). Nerve fibers condense dorsolaterally within the proboscis stalk 

(resembling a fan-shape) and are weakly structured ventrally, nearly absent below the proboscis 

skeleton within the stalk (Bullock 1945, Knight-Jones 1952). The nerve plexus of the collar is 

organized irregularly anteriorly, and nerves become increasingly longitudinally oriented in the 

posterior collar epidermis, ultimately joining the prebranchial nerve rings within the posterior 

collar (Figure 10C). Within the trunk, the intraepithelial nerve plexus persists constitutively while 

also condensing both dorsally and ventrally to form nerve cords, with the ventral nerve cord 

conspicuously denser than its dorsal counterpart in most enteropneust taxa (Spengel 1893, Van der 

Horst 1939, Bullock 1945, Silén 1950, Knight-Jones 1952), with a possible exception among 

torquaratorids (Priede et al. 2012). Generally, the trunk’s nerve plexus shows greater organization 

in ventral and anterior portions than the dorsal and posterior portions, respectively (Knight-Jones 

1952).  



23 
 

 

 

Figure 10: Diagrammatic representation of nervous system organization in Saccoglossus 
cambrensis (Adapted from Knight-Jones 1952). In all images, anterior is left and posterior is 
right. A) Gross organization of nervous system across body regions. Scale bar = 2mm. B) 
Sagittal section of posterior proboscis, collar, and anterior trunk found within the box 
highlighted in A. Scale bar = 0.5mm. C) Transverse section of posterior proboscis at the level 
of the left-most dotted line in A. Scale bar = 0.5mm. a, anterior nerve ring; an, anterior 
neuropore; b, longitudinal nerve bundles; cc, collar coelom; co; crescentic nerve bundle of the 
pre-oral ciliary organ; d, dorsal nerve bundle of the trunk; dp, dorsal nerve bundle of the 
proboscis; fn, fan-shaped thickening of the dorsal proboscis nerve-layer; nc, neurocord; pn, 
posterior neuropore; r, prebranchial nerve ring(s); v, ventral nerve bundle of the trunk; I-V, 
various histological regions of the dorsal collar epidermis. 
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In addition to the nerve plexus, enteropneusts possess only a single truly internalized nerve 

cord (often referred to as the collar cord) held within the dorsum of the collar which is contiguous 

with the dorsal intraepidermal nerve plexus both anteriorly towards the proboscis and posteriorly 

towards the trunk. The collar cord possesses nerve fibers primarily oriented in a longitudinal 

manner and the cord may contain a continuous lumen (e.g., Ptychodera bahamensis), lack any 

internal cavity, (e.g., Schizocardium peruvianum), or possess small, scattered crescentic spaces 

called lacunae (Bullock 1945, Silén 1950, Knight-Jones 1952, Hyman 1959, Deland et al. 2010, 

Cameron & Perez 2012, and Cameron & Ostiguy 2013). The collar cord cavity may also open to 

the environment via anterior and/or posterior neuropores, with the former being absent in 

Ptychoderidae (Cameron 2005, Knight-Jones 1952).  

The collar cord has classically received much attention as the hypothesized nervous center 

in enteropneusts – primarily made based on its gross morphological similarity to the dorsal hollow 

nerve cord of chordates. Unlike the traditional dorsal hollow nerve cord of chordates, the collar 

cord is restricted to a relatively small region of the enteropneust, appears to be exclusively involved 

in signal conduction and not information processing (Dilly et al. 1970, Cameron & Mackie 1996), 

and is not a site of concentration for efferent nerves (Bullock 1945, Silén 1950, Knight-Jones 1952, 

Hyman 1959, Ruppert 2005). Despite these discrepancies, the collar cord of hemichordates does 

arise developmentally through coordinated tissue movements reminiscent of chordate neurulation 

(Nomaksteinsky et al. 2009). Interesting still, Lowe et al. (2003) have shown the ectodermal nerve 

plexus of Saccoglossus kowalevskii expresses orthologs to 22 chordate central nervous system 

patterning genes in an identical anteroposterior pattern as their counterparts in the chordate central 

nervous system – further complicating central nervous system homology between enteropneust 

and chordate nervous systems. With the advent of molecular tools addressing homology of tissues, 

the homology of the hemichordate collar cord and chordate dorsal hollow nerve cord has been the 

subject of intense experimental scrutiny and remains a topic of great interest (see Luttrell et al. 

2012, Miyamoto & Wada 2013, and Kaul-Strehlow et al. 2017). 

Sensory cells are dispersed across most epidermal regions, though especially concentrated 

on the surface of the proboscis. Notably, on the ventral surface of the proboscis anterior to the 

mouth, a U-shaped preoral ciliary organ is present and likely functions in chemoreception (Bullock 

1940, Brambell & Goodhart 1941, Bullock 1945, Knight-Jones 1952). The preoral ciliary organ 
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has also been hypothesized to be homologous to the 

cephalochordate wheel-organ and vertebrate 

hypophysis (Brambell & Cole 1939, Gonzalez & 

Cameron 2009), though this hypothesis has yet to 

receive experimental support. With regard to 

photoreception, the enteropneust tornaria larvae 

possess apical eye-spots (see section 2.3 

Reproduction & Development), and adult worms 

are known to be negatively phototaxic, possessing 

light-sensitive tissues concentrated in the collar and 

proboscis (Hess 1936, Hess 1938). The availability 

of genetic datasets for a wide range of 

hemichordate taxa (Cannon et al. 2014), in addition 

to full genome sequences on Ptychodera flava and 

Saccoglossus kowalevskii (Simakov et al. 2015), 

have facilitated the identification of opsin genes 

among hemichordates and other ambulacrarians 

(D’Aniello et al. 2015), ultimately laying a 

foundation for further study on photoreception 

among hemichordates as well as many invertebrate 

deuterostomes.  

 

2.2.6 Digestive & Branchial Systems 

2.2.6.1 Digestive System 

 The enteropneust digestive system is 

organized as an alimentary canal of four major 

partitions: buccal tube, pharynx, esophagus, and 

intestine. As mentioned above (see section 2.2.1 

General Anatomy), histological and/or external regionalization of these partitions may or may 

not be readily apparent by gross anatomy in a taxon-specific manner.  

 

Figure 11: Light micrograph cross 
sections of enteropneust pharyngeal gut 
morphology. A) Glossobalanus 
hartmanae (Ptychoderidae) from 
Cameron & Ostiguy (2013). Scale bar = 
0.5mm. B) Schizocardium californicum 
(Spengelidae) from Cameron & Perez 
(2012). Inset focuses on dorsal blood 
vessel. Scale bar = 0.5mm (0.3mm for 
inset). bv, blood vessel; ebr, epibranchial 
ridge; gb, gill bar; gbe, gill bar 
epithelium; gd, gonad; gp, gill pore; hbs, 
hypobranchial strip; nb, nerve bundle; pl, 
pharyngeal lumen; pr, parabranchial 
ridge; tlm, trunk longitudenal muscle. 
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 The mouth, which opens ventrally between the proboscis and ventral collarette, is followed 

by the buccal tube, a digestive cavity lined with a ciliated and vacuolated columnar epithelium 

borne exclusively within the collar (Van der Horst 1939, Knight-Jones 1953). Anteriorly, a buccal 

diverticulum (commonly called the stomochord) extends into the proboscis and acts primarily as 

a scaffolding element for the heart-kidney complex. It should be mentioned the homology of the 

stomochord to the chordate notochord has been hotly debated since Bateson (1886) (for further 

reading, see Newell 1952, Silén 1954, and Annona et al. 2015) but will not be discussed further in 

that context here. Diagnostic of spengelid taxa, the stomochord additionally possesses a long 

anterior process extending into the proboscis muscle matrix (Hyman 1959). Internally, the 

stomochord is histologically similar to the buccal tube and has been reviewed extensively in Benito 

& Pardos (1997). The buccal tube may also possess lateral constrictions caused by the pressing of 

the two horns of the proboscis skeleton (Figure 3) into the lateral surfaces of the tube (Hyman 

1959).   

Posterior to the buccal tube following the collar-trunk boundary, the digestive tract 

progresses into the pharynx (Figure 2B). Dorsoventral differentiation between digestive (ventral) 

and branchial (dorsal) pharynx is often present (Figure 11), though varies between taxa. For 

example, the ratio between digestive and branchial pharynx in the genus Protoglossus is more or 

less equal (Deland et al. 2010). Similarly, in Ptychodera flava the dorsoventral bias is slight, 

though distinguishable by the presence of a lateral constriction separating the two (Figure 11A & 

B) (Hyman 1959). Notably, this same constriction is also present among torquaratorids (Priede et 

al. 2012). In contrast, the genus Schizocardium is diagnosable by the presence of gills extending 

nearly the whole circumference of pharyngeal gut, relieving only a small hypobranchial strip for 

digestive pharynx (Figure 11C & D) (Cameron & Perez 2012). Regarding the digestive portion 

of the pharynx, it is composed primarily of glandular and ciliated cell types (Knight-Jones 1953). 

Posteriorly, the branchial components (see section 2.2.6.2 Branchial System) of the pharynx 

diminish gradually, giving way to the esophagus. 

The esophagus immediately follows the termination of gill slit posterior of the pharynx. 

Within the esophagus, the gut epithelium may become increasingly undulatory in transverse 

section (as is the case for most harrimaniid taxa and Spengelidae) or remain consistent along its 

length (as is the case for Ptychoderidae and the harrimaniid genus Protoglossus) (Hyman 1959). 
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In Glandiceps (Spengelidae), the esophagus becomes dorsoventrally differentiated as it progresses 

– with increased furrow depths localized to the ventral epithelium (Spengel 1907). In the esophagi 

of some spengelid and harrimaniid taxa, dorsal pores (hypothesized to be degenerate gill slits by 

Hyman 1959) may be present (see Deland et al. 2010, Cameron et al. 2010, and Cameron & Perez 

2012 for taxon-specific details), allowing for communication between the esophageal lumen and 

the environment. 

The fourth and final section of the gut is intestine. Anteriorly, the intestine may possess 

readily visible dorsal hepatic sacculations arranged in bilaterally-organized pairs (present in 

ptychoderids and Schizocardium) and are involved in digestion when present (Bridges & 

Woodwick 1994). In the absence of these organs, the dorsal epithelium of the intestine may still 

be distinguishable from the rest of the intestinal epithelium through the presence of brown-green 

pigment and is intensely glandular (Hyman 1959) – likely performing digestive functions similar 

to the hepatic sacculations described above. In Ptychoderid taxa, a longitudinally oriented 

dorsolateral groove may also be present on one or both sides of the intestinal lumen (Figure 11A 

& B) – often diminishing and disappearing posteriorly (Cameron & Ostiguy 2013). Following the 

hepatic region, digestive epithelium remains primarily ciliated and is referred to as posthepatic 

intestine. Whereas in most enteropneust taxa the posthepatic intestine is relatively featureless 

(terminating at the anus), ptychoderids feature a longitudinally oriented subepithelial band 

ventrally situated to the intestinal lumen (Willey 1899a). Although its function is unclear, the 

pygochord has also been posited to be homologous to the chordate notochord (Willey 1899b), 

though with little success (Annona et al. 2015).  

 

2.2.6.2 Branchial System  

 The enteropneust branchial system is present on the dorsolateral surfaces of the pharyngeal 

gut and commonly conforms to a similar gross morphology across species (Figure 2B). A notable 

exception to this pattern is in Stereobalanus, where extensive fusion of branchiogenital tissues has 

occurred (Reinhard 1942). The number of gill slit pairs can be a valuable diagnostic feature (Van 

der Horst 1939) and can vary anywhere between a single pair in the meiofaunal taxon Meioglossus 

psammophilus (Worsaae et al. 2012) to indeterminate in Balanoglossus aurantiacus (Harmer 

1910). The number of gill slits present in an individual also increases ontogenically, with new pairs 
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Figure 12: Parasagittal section through gill slits and associated structures adapted from Benito 
& Pardos (1997). External environment oriented towards the top of the image. 1, primary gill 
bar (or septum); 2, secondary gill bar (or tongue bar); at, atrium; ep, epidermis; gp, gill pore; 
gps, gill pore sphincter; gr, gill skeletal rod; gs, gill slit; lc, lateral cilia; n, nerve net; pc, 
pharyngeal cilia; ph, pharynx lumen; po, podocytes; sv, septal blood vessel; sy, synapticle; tbc, 
tongue bar coelom; tbv, tongue bar vessel.   



29 
 

being added on the posterior boundaries of the pharynx with age (Hyman 1959). In an evolutionary 

context, molecular and phylogenetic studies investigating the homology between hemichordate 

and chordate gill slits have supported a single common ancestry, placing the origin of pharyngeal 

gill slits at the last common ancestor of deuterostomes (Halanych 1995, Gillis et al. 2012).  

Internally, the enteropneust branchial system initially develops as bilaterally symmetric 

pores distending from the dorsolateral surfaces of the pharyngeal epithelium and fusing with 

ectodermal epithelium of the trunk (Figure 2B) (Bateson 1885). Each gill slit remains separated 

from its sister via a dorsal strip of gut epithelium called the epibranchial ridge (Figure 11C & D). 

Beginning ellipsoidal in shape, the ventromedial surface of the gill slit’s epithelium extends 

dorsally while the gill silt itself extends ventrally on either side, ultimately forming the gill pore’s 

mature U-shape (Figure 5). The tissue intermediate to the two “prongs” of each U-shaped slit is 

referred to as a tongue bar (or secondary bar) and contains coelomic space internally; in contrast, 

the tissue separating each U-shaped gill aperture is called a septum (or primary bar) and is solid in 

construction (Harmer 1910, Hyman 1959). The lateral surface of each gill slit is richly ciliated 

(Figure 12), likely to facilitate water flow for gas exchange (Benito & Pardos 1997). As such, the 

branchial system is well vascularized (see section 2.2.7 Excretory & Circulatory Systems) (van 

der Horst 1939, Hyman 1959).  

Primary and secondary gill bars are structurally fortified by the inclusion of hairpin-shaped 

skeletal elements comprised of acellular cartilage (Cole & Hall 2004, Rychel et al. 2005, Rychel 

& Swalla 2007). Each skeletal element is approximately U-shaped, but inverted relative to the gill 

slit ultimately allowing each skeletal element to extend one arm into the primary gill bar (i.e., the 

septum) and the second arm into the secondary gill bar (i.e., tongue bar; Figure 13) (Spengel 1893, 

Van der Horst 1939). Whereas each primary and secondary gill bar contains two rods extended by 

two individual skeletal elements (with the exception of the first and last gill slit which are only 

supported by a single skeletal element), the rods extending into each tongue bar remain separated 

whereas the rods within each septum become fused (Figure 13) (Burdon-Jones 1956, Hyman 

1959). Successive skeletal elements may also contain lateral processes, collectively called 

synapticulae, connecting skeletal rods of the tongue bars to those of the septa. The 

presence/absence of synapticulae varies extensively among hemichordate taxa – present in 
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Ptychoderidae, Spengelia (Spengelidae), and Schizocardium (Spengelidae), and absent in 

Torquaratoridae, Harrimaniidae, and Willeyia (Spengelidae) (Cameron 2005, Deland et al. 2010). 

Externally, individual gill slits communicate to the environment by first opening into an 

atrium (or branchial sac) – a cavity intermediate between the gill slit and the circular gill pore 

situated on the dorsolateral surface of the epidermis (Figure 2B & 12) (Dawydoff 1948, Hyman 

1959). For most enteropneusts, each gill slit is paired with a single branchial sac, although the first 

few gill slits may share a common atrium and 

gill pore (Van der Horst 1939, Hyman 1959). In 

contrast, Dawydoff (1948) additionally 

described the gill slits of Balanoglossus 

misakiensis (Ptychoderidae), Willyia bisulcate 

(Spengelidae), and Glossobalanus ruficollis 

(Ptychoderidae) are often partitioned in such a 

way that multiple gill slits are grouped together 

to share single atria and their associated gill 

pores. More discrepant still, each row of the 

branchial apparatus in Stereobalanus 

canadensis is associated with a single deep 

longitudinal slit on the pharynx – unique among 

enteropneusts (Reinhard 1942).  

 

2.2.7 Excretory & Circulatory Systems 

 The enteropneust circulatory system is 

regionally specialized and comprised of an 

anterior and posterior provision relative to the contractile pericardium and blood-vessel sinus (or 

heart), both of which are situated dorsally upon the stomochord (Figures 2A, 9, & 14) (Spengel 

1893, Schepotieff 1907, Van der Horst 1939). The anatomy of the pericardium itself is covered in 

section 2.2.3 Body Cavities above. Following contraction of the pericardium, arterial blood passes 

anteriorly into the glomerulus sinus – the primary excretory organ of the enteropneust. The 

glomerulus is composed of many small blood sinuses lined with monocellular podocytes essential 

 

Figure 13: Gill skeletal structures as 
illustrated from a dorsal cutaway of the 
pharyngeal gut epithelium. Arms of two 
adjacent skeletal elements fuse within 
primary gill bars, whereas arms extending 
into tongue bars remain separate entities. 
Dotted line represents hypothetical 
separation between skeletal elements without 
synapticulae (left) and skeletal elements 
possessing synapticulae (right). bw, body 
wall; er, epibranchial ridge; gs, gill slit; pg, 
primary gill bar (septum); se, skeletal 
element; sg, secondary gill bar (tongue bar); 
sy, synapticulae 
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to the filtering blood of metabolic waste which is ultimately converted into urine and excreted via 

the proboscis pore (Balser & Ruppert 1990, Benito & Pardos 1997).   

Following filtration in the glomerulus, the circulatory system functionally bifurcates. 

Anteriorly, a dorsal and ventral artery supply blood to the proboscis (Figure 14A). These arteries 

reside within the dorsal and ventral proboscis mesenteries, respectively, until reaching the 

proboscis wall where they both branch considerably (Van der Horst 1939, Hyman 1959). 

Posteriorly, blood leaves the glomerulus via two lateral arteries flanking either side of the 

proboscis complex, penetrates into the collar, and finally wraps ventrally – coalescing as the 

ventral blood vessel (Figure 14A). The collar itself is supplied blood by a ventral collar artery – 

an anterior projection of the ventral blood vessel – imbedded in the ventral collar septum when 

present (Hyman 1959). The collar is additionally supplied blood by two lacunar networks 

occupying the coelomic surface beneath the epidermis and buccal tube epithelium.  

 

Figure 14: Diagram of vascular system and blood flow across enteropneust anatomy. Arrows 
denote the direction of blood flow for their associated structures. A) Generalized schematic of 
blood flow and various vascular structures. B) Magnification of branchial vascular system. ba, 
afferent branchial artery; bv, efferent branchial vein; dv, dorsal vessel; eb, epidermal blood 
plexus; g, glomerulus; gs, gill slit; h, heart; la, lateral (peribuccal) arteries; lp, lateral 
pharyngeal vessel; pa, proboscis arteries; pv, proboscis veins; vs, venous sinus; vv, ventral 
vessel. 
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The ventral vessel’s primary function is as the main artery supplying blood to the trunk 

(Figure 14). The circulatory system’s organization differs between the pharyngeal and post-

pharyngeal gut. Associated with both the left and right halves of the pharynx, a lateral vessel 

supplies blood to the enteropneust’s branchial apparatus (Figure 14). Each individual gill slit 

receives two arteries which permeate the lateral sides of a tongue bar (see section 2.2.6.2 

Branchial System) and branch into an arteriole plexus (Figure 14B). From here, blood enters 

venous extensions of dorsal blood vessel and is ultimately transported anteriorly to the heart sinus 

via the dorsal blood vessel, completing the cycle from the perspective of the branchial system 

(Pardos & Benito 1984). With respect to blood supply in non-pharyngeal trunk tissues, the ventral 

blood vessel diverts blood into the subepithelial plexus of the epidermis and subepithelial lacunae 

of the gut where it ultimately rejoins with the dorsal blood vessel, completing the circulatory cycle 

from the perspective of non-pharyngeal trunk tissues (Pardos & Benito 1990).  

 Enteropneust blood is comprised of two major components: blood pigment and blood cells 

(Benito & Pardos 1997). Blood pigment is extracellular and ranges from 15-25nm – data 

interpolated primarily from Saccoglossus (Dilly 1969, Balser & Ruppert 1990) and Glossobalanus 

(Wilke 1972, Pardos & Benito 1990). Blood cells (also called amoebocytes or amoeboid cells) are 

poorly characterized but are known to extend pseudopodial processes which facilitated pinocytosis 

of blood pigment particles (Pardos & Benito 1990).  

 

2.3 Reproduction & Development 

2.3.1 Reproductive System 

 Enteropneusts are dioecious, though generally indistinguishable based on external 

morphology with the exception of some tissue translucency permitting visibility to the 

differentially pigmented gonads of males and females. The gonads themselves are often 

internalized within the genital ridges of the branchiogenital trunk or genital wings (present in 

Ptychoderidae and Torquaratoridae). Notably, however, Allapasus aurantiacus females possess 

primary ova which are carried externally in epidermal pouches (Holland et al. 2012). Gonads are 

round-to-ellipsoid in cross section and held within the dorsolateral peritoneum of the trunk coelom 

(Figures 4 & 11). Each gonad’s associated gonopore is often associated with a single gill slit. 
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Enteropneusts naturally free-spawn and fertilization is external. Spawn timing in vivo is largely 

undocumented across taxa and is primarily anecdotal when available (Burdon-Jones 1951, Urata 

et al. 2012). Female egg masses are often imbedded deeply within diffuse mucus cords, and the 

number of eggs can range from under 100 to several thousands (Burdon-Jones 1951). Ova are 

relatively large for invertebrates (300-1000μm in diameter), and sperm follow the conventional 

animal arrangement (Colwin & Colwin 1962, Benito & Pardos 1997). Among harrimaniids, which 

are direct developers, eggs are particularly yolky (Kaul-Strehlow & Rottinger 2015).  

2.3.2 Development 

 Enteropneusts undergo either direct development (Harrimaniidae; Figure 15A-F) or 

indirect development by way of a tornaria larva (Ptychoderidae, Spengelidae; Figure 15G-L). The 

developmental mode of Torquaratorids is currently undocumented, though brooding has been 

described in the torquaratorid taxon Coleodesmium (Osborn et al. 2013). Developmental biology 

among direct developers has been most extensively studied in the genus Saccoglossus including 

S. kowalevskii (Bateson 1885, Bateson 1886, Colwin & Colwin 1953, Kaul-strehlow & Stach 

2013), S. pusillus (Davis 1908), and S. horsti (Burdon-Jones 1952), whereas indirect development 

has been sampled across genera including the spengelids Schizocardium californicum (Gonzalez 

et al. 2017) and Glandiceps hacksi (Urata et al. 2014), as well as in the ptychoderid genera 

Balanoglossus (Morgan 1891, Morgan 1894, Stiasny 1914a, Stiasny 1914b, Urata & Yamaguchi 

2004, Miyamoto & Saito 2007) and Ptychodera (Tagawa et al. 1998, Nakajima et al. 2004, Nielsen 

& Hay-Schmidt 2007). In the context of preparation of embryos for cell and molecular biology, 

studies have focused on Saccoglossus kowalevskii, Ptychodera flava, and Schizocardium 

californicum (Lowe et al. 2004, Gonzalez et al. 2017). 

 Regardless of developmental mode, early cleavage events following fertilization and 

through to gastrulation are consistent across Enteropneusta (Kaul-Strehlow & Rottinger 2015). 

Upon fertilization, the vitelline envelope lifts from the zygote’s cell membrane – the degree of 

separation varies between taxa (Urata & Yamaguchi 2004, Kaul-strehlow & Stach 2013). 

Enteropneust development follows the canonical holoblastic radial cleavage pattern; as such, the 

first two cleavages (zygote  2-cell  4-cell) occur in the meridional plane and are oriented 

perpendicularly with respect to one another. The third cleavage (4-cell  8-cell) occurs in the 

longitudinal plane, producing two layers of cells (i.e., animal and vegetal poles). Fourth cleavage 
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produces a single layer of 8 cells in the animal pole (future anterior ectoderm), whereas the four 

vegetal pole cells cleave longitudinally to yield a large vegetal tier (future middle/posterior 

ectoderm) and small vegetal tier (future endomesoderm) (Darras et al. 2011). Prior to gastrulation, 

the embryo flattens out along the anteroposterior axis, and the archenteron begins invaginating at 

the vegetal pole.  

 Following gastrulation in direct developers, such as Saccoglossus kowalevskii, the 

blastopore closes off, and the embryo begins to elongate along the anteroposterior axis (Colwin & 

Colwin 1953). Transversely in the posterior region of the embryo, a ciliated band forms 

(opisthotroch, Figure 15A), and the embryo can be seen spinning around within the vitelline 

envelope as a result of ciliary beating. As the ciliated embryo elongates, the external demarcations 

separating proboscis, collar, and trunk begin to form. First, a single groove develops 

circumferentially about the anterior regions of the embryo – demarcating the differentiating 

proboscis. This event coincides internally with the separation of the protocoel from the anterior 

archenteron while the paired meso- and metacoels begin to evaginate from the middle and posterior 

lateral-archenteron, respectively, via enterocoely (Kaul-strehlow & Stach 2013). At this point, pale 

pigment spots appear across the embryo (Colwin & Colwin 1953). Next, a second groove forms 

posterior to the first groove (though to a shallower depth) and delimits the boundary between collar 

and trunk (Figure 15B). This groove’s appearance occurs coincidentally with the full separation 

of the meso- and metacoels from the archenteron (Kaul-Strehlow & Stach 2013). The sixth 

coelomic cavity, the pericardium, also differentiates at this point; in contrast to the other coeloms, 

however, the pericardium forms through schizocoely of the dorsal epidermis near the 

dorsoposterior regions of the proboscis cavity (Kaul-Strehlow & Stach 2011). Once the three major 

body regions are demarcated, the embryo elongates along its anteroposterior axis and flexes 

ventrally (commonly referred to as the early-kink phase, Figure 15C). A groove is sometimes 

visible along the dorsal midline as elongation and flexion is initiated (Colwin & Colwin 1953; 

Figure 15D). Prior to hatching, a single pair of gill pores perforate the dorsolateral surface of the 

anterior trunk; all following gill slits develop post-hatching and settlement (Figure 15E) (Colwin 

& Colwin 1953, Kaul-strehlow & Stach 2013). For Saccoglossus kowalevskii, developmental 

timing has been well characterized and is consistent – requiring approximately 5 days from 

fertilization to juvenile hatching at 22 ̊C (Colwin & Colwin 1953, Lowe et al. 2004, Kaul-Strehlow 
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Figure 15. Late developmental schemes of Saccoglossus kowalevskii (direct developer, A-F) 
and Balanoglossus misakiensis (indirect developer, G-L) as portrayed in Kaul-Strehlow & 
Rottinger (2015). A) Late gastrula; B) Early kink; C) Dorsal flexure; D) One-gill-slit hatchling; 
E) Early settling juvaline. Arrowheads denote ventrally-biased elongation; F) Three-gill-slit 
juvenile; G) Early hatched Heider-stage tornaria; H) Late Heider-stage tornaria; I) Early 
Metschnikoff-stage tornaria; J) Late Metschnikoff-stage tornaria; H) Spengel-stage tornaria; 
I) Agassiz-stage tornaria. af, aboral field; at, apical tuft; co, collar; gs, gill slit; gp, gill pore; 
mo, mouth opening; ne, neotroch; nu, neurotroch; of, oral field; op, opisthotroch; pa, perianal 
feed; pat, postanal tail; pr, proboscis; tr, trunk.  
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& Rottinger 2015). Following hatching, the juvenile enteropneust utilizes the opisthotroch to 

swim, followed by settlement in sediment.   

 Indirect developing enteropneusts possess a larval intermediate called a tornaria larva 

(Bateson 1885, Tagawa et al. 1998). Following blastopore closure at the end of gastrulation, the 

internal protocoel separates from the archenteron, elongates dorsally, and fuses with the ectoderm 

to form the larval hydropore (a future proboscis pore) while the archenteron simultaneously 

extends towards the ventral ectoderm. Finally, the protocoel extends a thin process the anterior tip 

of the embryo underneath the future apical tuft while the archenteron bends ventrally in preparation 

for the development of the mouth post-hatching (Tagawa et al. 1998). At this point, the early 

tornaria larval stage hatches from the fertilization envelope as a Müller-stage tornaria (Kaul-

Strehlow & Rottinger 2015). Once hatched, the early tornaria larva’s apical tuft grows longer, the 

archenteron fuses with the ventral ectoderm to form the mouth, a perianal ciliary band emerges 

(telotroch), and the gut differentiates into the three gastrointestinal segments (esophagus, stomach, 

and intestine from anterior to posterior) while the overall size of the larva increases and elongates 

longitudinally (Tagawa et al. 1998, Nielsen & Hay-Schmidt 2007). This morphological stage is 

called the Heider-stage tornaria (Figure 15G & H). After gut segments have differentiated, the 

characteristic neotroch primary lobes of a dipleurula larvae develop and separates oral- and aboral-

field – ultimately facilitating feeding in the Metchnikoff-stage tornaria (Figure 15I & J) (Bateson 

1885, Nielsen & Hay-Schmidt 2007). Eye spots may be visible proximal to the apical tuft 

(Brandenburger et al. 1973). A ventral ciliated band forming the neurotroch is also present at this 

stage (Kaul-Strehlow & Rottinger 2015). As growth continues, the perianal monociliated cells 

develop compound cilia and will eventually become the post-oral opisthotroch in the late-tornaria 

larva (Nielsen & Hay-Schmidt 2007). The larvae will develop secondary lobes (sometimes called 

tentacles) associated with the neotroch of the oral-field until a fully mature Krohn-stage tornaria 

is formed (Hadfield 2002) – at which point it can persist in the water column for an undetermined 

length of time.  

Transition from tornaria larva into a juvenile acorn worm is achieved through a regressive 

metamorphosis where several features become reduced. The first regressive metamorphic state is 

the Spengel-stage (Figure 15K), denoted externally by a reduction in overall larval size and the 

retrogression of the neotroch on the future proboscis (Hadfield 2002, Nielsen & Hay-Schmidt 
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2007, Kaul-Strehlow & Rottinger 2015). In coordination with the external modifications, the 

protocoel begins to enlarge within the preoral regions of the larva and the meso- and metacoels 

emerge via enterocoely (Kaul-Strehlow & Rottinger 2015). Next, the neotroch is lost entirely, and 

the adult body regions become distinct and elongate (Agassiz-stage, Figure 15L). A deep 

constriction demarcates the external boundary between proboscis and collar, the stomochord and 

its associated heart-kidney complex has developed internally, meso- and metacoels have expanded 

into their mature orientations, and one-to-few gill slits may be present on the dorsolateral surfaces 

of the trunk (Kaul-Strehlow & Rottinger 2015). Finally, at the time of settlement and 

metamorphosis, the larva will lose its opisthotroch and begins to resemble the adult morphology.    

2.4 Distribution & Ecology 

Enteropneusts are found throughout the world’s oceans, from the intertidal to >8,000 

meters in depth. Tassia et al. (2016) review the global distribution of recognized species, although 

the authors caution that much hemichordate biodiversity remains to be described, so any such 

report will be an underestimate. Enteropneusts are benthic, living in burrows, under stones, among 

algal holdfasts, or on the surface of deep sea sediments (Hyman 1959, Osborn et al. 2011). 

Saccoglossus and Balanoglossus are particularly known for their burrowing behavior. Some 

enteropneusts ingest sediment, extract organic material during digestion, and then produce a 

characteristic fecal casting on the benthic surface. Not all enteropneusts produce these castings, 

however. There have been few studies making use of time lapse imaging to study the fecal castings 

of deep sea torquaratorid enteropneusts (Smith et al. 2005, Anderson et al. 2011, Jones et al. 2013).  

Many enteropneusts give off a characteristic odor, presumably from the bromo-organics 

they produce, which have been hypothesized to be unpalatable defensive compounds (Thomas 

1972, Fielman and Targett 1995, King et al. 1995, Kicklighter et al. 2003). Kicklighter et al. (2004) 

found that Saccoglossus kowalevskii was unpalatable to two sympatric species of fish due to its 

high concentrations of 2,3,4-tribromopyrrole, although the worm was still readily consumed by a 

sympatric crab.  

There are few studies on acorn worms’ species interactions. Some species of enteropneusts 

have been reported to live inside the burrows of other species, for example, Glossobalanus 

ruficollis is found inside Balanoglossus carnosus burrows (Willey 1899c, Okuda 1939, Hyman 

1959). Protozoan parasites, particularly gregarines, have been reported in the hepatic sacs of 
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Balanoglossus clavigerus, Harrimaniia kupferri (Hyman 1959), and Glossobalanus minutus 

(Wakeman et al. 2014). A parasitic copepod in Ptycodera flava was described in Tung et al. (2014). 

Several species of ptychoderid have been observed to be bioluminescent, although the in vivo 

mechanism and the function of this response remain unknown (reviewed in Oba et al. 2017). 

While ecological studies on adult enteropneusts are scarce, research on larval ecology is 

even more rare. Little is known about larval feeding or predation in tornaria larvae. One recent 

study found that growth rates in the tornaria larvae of Schizocardium sp. from Texas were 

adversely affected by exposure to chemically dispersed crude oil (Almeda et al. 2014). Ecological 

interactions of both enteropneust adults and larvae will benefit greatly from increased scientific 

scrutiny in the future. 

 

2.5 Phylogeny 

Since the advent of molecular phylogenetics, there has been a consensus on relationships 

between the three major deuterostome phyla, Chordata, Echinodermata, and Hemichordata (see 

discussion in Halanych 2004, Swalla and Smith 2008, Kocot et al. 2010). Phylogenomics has 

further upheld Ambulacraria (Bourlat et al. 2006, Dunn et al. 2008, Lartillot and Philippe 2008, 

Philippe et al. 2009, Cannon et al. 2014, Simakov et al. 2015), and there is additional support for 

this clade from morphology (Cameron 2005, Ruppert 2005), and a combined analysis of 

ribosomal, mitochondrial and nuclear protein-coding genes (Bourlat et al. 2008). The 

Ambulacraria hypothesis suggests that shared morphological features between hemichordates and 

chordates, such as pharyngeal gill slits and the post-anal tail, were likely to have been present in 

the deuterostome ancestor.  

Given general agreement on the position of hemichordates within deuterostomes, focus has 

turned to resolving the relationships within Hemichordata. Historically, there were few explicit 

phylogenetic hypotheses, although traditional wisdom assumed pterobranchs and enteropneusts 

were reciprocally monophyletic taxa based on their disparate morphology and life history 

(Dawydoff 1948, Hyman 1959). Beginning with Halanych (1995), studies using 18S rDNA 

sequence data have recovered Enteropneusta as paraphyletic, with pterobranchs originating within 

the acorn worm lineage sister to Harrimaniidae (Cameron et al. 2000, Bourlat et al. 2003, Cannon  
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et al. 2009, Worsaae et al. 2012). In their 28S rDNA analyses, however, Winchell et al. (2002) 

found pterobranchs as sister to a monophyletic Enteropneusta, a result that has also been recovered 

by Cameron’s (2005) morphological cladistic analysis, and phylogenomics (Cannon et al. 2014).  

 
Figure 16. Phylogenetic hypothesis for the described genera of Enteropneusta. Tree 
summarizes molecular phylogenetic results from Cannon et al. 2009, Osborn et al. 2011, 
Worsaae et al. 2012, Cannon et al. 2013, Osborn et al. 2013, and Cannon et al. 2014, with the 
addition of morphological data from Holland et al. 2005 and Deland et al. 2010. Genus names 
followed by an asterisk are represented by morphological data only.  
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Within Enteropneusta, phylogenetic hypotheses have been lacking, although Hyman 

(1959) noted that harrimaniids were the least complex of the enteropneusts, followed by spengelids 

and ptychoderids. Aside from this type of subjective assessment, the earliest objective studies 

addressing hemichordate relationships included Halanych (1995), with 18S rDNA data from three 

hemichordate taxa, and Winchell et al. (2002), who included six hemichordates in a broader study 

on deuterostome relationships using 18S and 28S rDNA data. Cameron (2005) conducted a 

morphological cladistic analysis including all known hemichordate genera at the time, although 

resolution within Enteropneusta was poor.  

Cannon et al. (2009) specifically addressed hemichordate relationships using 18S rDNA 

and two mitochondrial markers; several subsequent studies have built upon the Cannon et al. 

(2009) dataset (Osborn et al. 2011, Worsaee et al. 2012, Cannon et al. 2013, Cedhagen and 

Hansson, 2013, Holland et al. 2013). Cannon et al. (2014) included 14 hemichordate species from 

all recognized families in a phylogenomic analysis of datasets consisting of 162-299 genes. 

Generally, these studies have recovered traditional monophyletic enteropneust families with the 

exception of placing the unusual harrimaniid Stereobalanus canadensis as sister to all other 

enteropneusts (Cannon et al. 2014, Li et al. under review). Saxipendium, which had been 

considered to constitute its own family, was also found to be nested within Harrimaniidae (Cannon 

et al. 2009, 2014, Deland et al. 2010). Additionally, ribosomal, phylogenomic, and mitochondrial 

datasets have suggested that Torquaratoridae is within Ptychoderidae (Cannon et al. 2013, 2014, 

Li et al. under review). Although represented by no more than two species in any molecular 

phylogenetic analysis to date, Spengelidae has been consistently recovered as sister to 

Torquaratoridae + Ptychoderidae. Harrimaniidae is sister to the remaining enteropneust families. 

Molecular phylogenetic analyses published to date have not contained sufficient species coverage 

to thoroughly test monophyly of most genera, nor the relationships of genera within families. A 

phylogenetic hypothesis for the relationships of described extant hemichordate genera is given in 

Figure 16.  

In addition to the described species of enteropneusts, there are several undescribed taxa 

that have been characterized molecularly or documented photographically (Cannon et al. 2009, 

Anderson et al. 2011, Osborn et al. 2011, Cannon et al. 2013). Cannon et al. (2009) include 

sequence data from a tornaria larva that is not phylogenetically close to any other species, falling 
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sister to the clade of Torquaratoridae + Ptychoderidae, but not within Spengelidae (Cannon et al. 

2009, Cannon et al. 2013, Osborn et al. 2013). In addition, there are at least six undescribed species 

of Torquaratoridae with published molecular sequence data (Cannon et al. 2009, Osborn et al. 

2011, Cannon et al. 2013), and many that have been photographed but not collected (Holland et 

al. 2005, Smith et al. 2005, Andersen et al. 2011, Osborn et al. 2011). Cannon et al. (2013) utilize 

molecular data to characterize a novel group of cold water harrimaniids that is split into four clades, 

as well as a distinct Icelandic harrimaniid that does not phylogenetically align with any other genus 

with available sequence data.  

 

2.6 Diversity  

In 2010, Deland et al. presented a revised taxonomy of Harrimaniidae based on historical 

collections, started over 100 years prior, from Ritter, Bullock and Rao. These collections, 

comprised of complete specimens, sections, notes, and micrographs, had been passed from Bullock 

to Burdon-Jones, who deposited the material at the Smithsonian Institution upon his retirement. 

Bullock contacted Cameron to complete the work, and after Bullock’s death in 2005, several 

papers have now been published posthumously based on this material (Cameron et al. 2010, 

Deland et al. 2010, Cameron & Perez 2012, Cameron and Ostiguy 2013), substantially updating 

(and consolidating) enteropneust taxonomy and improving representation of morphological 

diversity within select acorn worm groups. 

At the time of this publication, the 108 described enteropneust species are classified in four 

families, with no ordinal level classifications. Diversity within the group is underestimated, with 

some authors estimating species numbers closer to 500-1,000 (Appeltans et al. 2012). The four 

currently recognized enteropneust families are Ptychoderidae Spengel 1893, Spengelidae Willey 

1898, Harrimaniidae Spengel 1901, and Torquaratoridae Holland et al. 2005. In addition to these 

four families, Planctosphaeroidea is a rarely collected monotypic group known only as large, 

modified tornaria larvae of Planctosphaera pelagica. Whereas Planctosphaeroidea was once 

considered a separate class of hemichordate (Van der Horst 1936, Hyman 1959), it is now 

commonly considered to be the larva of an unknown enteropneust (Hadfield and Young 1983). 

These planktonic organisms can measure up to 25mm. They have been collected in the Atlantic 

and the Pacific, from depths of 75 to ~1000m, but only about 30 individuals have been collected 
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since their discovery in 1910 (Hart et al. 1994). Due to their uncertain affinities and taxonomic 

status, we have not included them in the classifications herein. 

In the following section, we briefly describe the four recognized families in the order they 

were described, and the genera that comprise them, also in order of year of description. This 

discussion is not intended to be a complete list of synonyms and collection sites. For further details, 

see Supplementary Table 1 from Tassia et al. (2016). Many significant identifying characteristics 

of enteropneust species are internal morphology that must be observed via histological sectioning. 

In the following section, external anatomy has been emphasized, with the intention that this 

discussion may prove useful for non-specialists to identify acorn worms in the field. References to 

more thorough internal anatomical descriptions are given under each genus. For a taxonomic key 

to the families of Enteropneusta see Deland et al. (2010), which also contains a key to the genera 

of Harrimaniidae. Cameron and Perez (2012) provides a key to the genera of Spengelidae; 

Cameron and Ostiguy (2013) provides a key to the genera of Ptychoderidae. Information for family 

and genus descriptions is from these sources unless otherwise indicated.  

 

Ptychoderidae Spengel 1893 

Ptychoderidae includes 44 species in three recognized genera, Ptychodera, Glossobalanus, 

and Balanoglossus. Ptychoderids have been described as the most derived enteropneusts, due to 

structures such as synapticles in the gill slits, pronounced regionalization of the trunk, and lateral 

septa (Hyman 1959). Ptychoderidae is defined by the absence of abdominal pores, and the presence 

of lateral septa in the trunk. The primary and secondary gill bars are connected via synapticles. 

The pericardium is simple, and there are dorsal nerve roots in the collar. Hepatic caeca are usually 

present, and the horns of the proboscis skeleton rarely extend past the anterior half of the collar 

(Cameron and Ostiguy 2013).  

Ptychoderids develop indirectly via tornaria larvae. Ptychodera flava has also been the 

subject of the majority of studies to date on indirect development among enteropneusts (e.g., 

Tagawa et al. 1998, Henry 2001, Nakajima et al. 2004, Lin et al. 2016). More recently, 

Balanoglossus misakiensis and Balanoglossus simodensis have been proposed as models for 

hemichordate indirect development, in part due to the ease with which these species can be reared 
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in the lab (Urata and Yamaguchi 2004, Miyamoto and Saito 2007, Ikuta et al. 2009, Miyamoto et 

al. 2010, Miyamoto and Saito 2010).  

In molecular systematics studies, the relationships between the three ptychoderid genera 

are extremely variable. Glossobalanus is non-monophyletic in several studies (Cannon et al. 2013, 

Osborn et al. 2013), suggesting some sequences may have been misidentified, or this genus 

requires systematic revision. Ptychodera flava, the first hemichordate to be described, is now one 

of two enteropneust species to have a complete published genome (Simakov et al. 2015).  

 

Ptychodera Eschscholtz 1825 

In Ptychodera species, the atrium opens via long slits that are exposed in their entirety to 

the outside. The genital wings are well developed.  

Ptychodera flava had the highest reported species distribution in Tassia et al. (2016), 

although the population and species boundaries within Ptychodera are in need of further 

assessment. Urata (2015) analyzed 18S rDNA and mitochondrial 16S rDNA from Ptychodera 

flava specimens in Japan and found that these sequences were identical to sequences from 

Ptychodera flava collected in Moorea (Cannon et al. 2009), over 10,000 kilometers away, 

suggesting that this species may indeed have an extensive geographic distribution. 

 

Balanoglossus Delle Chiaje 1829 

As in Ptychodera, the genital wings in Balanoglossus are well developed. The primary 

distinction between Ptychodera and Balanoglossus in terms of external anatomy is that 

Balanoglossus has small pores opening to the atrium, rather than fully exposed long gill slits.  

 

Glossobalanus Spengel 1893 

In Glossobalanus, there are genital ridges, rather than the genital wings found in other 

ptychoderid genera. The genital ridges usually extend into the hepatic region of the trunk. In most 
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species, the hepatic sacs are consistent in shape and size, and ordered in two rows. Gill slits are 

small in Glossobalanus. 

 

Spengelidae Willey 1899 

Schizocardium, Willeyia, Glandiceps, and Spengelia comprise Spengelidae (20 species), 

which is defined by the presence of a digit-like projection, or “vermiform process”, at the anterior 

end of the stomochord. Spengelids additionally have a layer of circular muscle inside the layer of 

longitudinal muscle in the trunk, and the horns of the proboscis skeleton are long, generally 

extending through the entirety of the collar. They typically do not have dorsal nerve roots arising 

from the collar cord. Spengelids are described as having a combination of ptychoderid and 

harrimaniid features. For example, Spengelia and Schizocardium possess gill slit synapticles, 

whereas Glandiceps and Willeyia do not (Hyman 1959). In species where development is known, 

spengelids develop via tornaria larvae (e.g., Glandiceps – Rao 1953, Urata et al. 2014; 

Schizocardium californicum – Gonzalez et al. 2017). In general, this group contains many rare and 

poorly-studied species, thus there are few studies on spengelids. Illustrating this, a specimen of 

Glandiceps abyssicola, not seen since its discovery on the Challenger expedition in 1873, was 

recently rediscovered (Holland et al. 2013). However, there has been progress on developmental 

biology in Schizocardium californicum (Gonzalez et al. 2017) and has gained attention as an 

emerging model species for indirect developing enteropneusts.  

 

Schizocardium Spengel 1893 

The digit-like projection at the anterior end of the stomochord is very long in 

Schizocardium. The gill slits are also very long, extending almost the entire circumference of the 

pharyngeal trunk, leaving only a narrow hypobranchial strip of digestive pharynx. Synapticles are 

present, there are no dorsal gonads in the branchial region, and the hepatic sacs are pronounced. 

Additionally, the pericardium bifurcates anteriorly into long tubes, and these are surrounded by a 

paired glomerulus.  
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Glandiceps Spengel 1891 

Synapticles, nerve roots, and hepatic sacs are absent. The ventral part of the pharynx is 

well developed. Glandiceps has an unusual swimming behavior, and swarms of swimming acorn 

worms have been described near Java (Spengel 1909) and in the Seto Inland Sea of Japan (Ikeda 

1908, Yoshimatu and Nishikawa 1999).  Urata et al. (2012) observed swimming behavior in 

cultured specimens of Glandiceps hacksi and found that the worms could readily leave their 

burrows and swim by contorting their proboscis into a pear shape, flattening their trunk 

dorsoventrally, and wiggling their trunks. Worms swam on average 71 seconds, with the longest 

observed swimming time of 165 seconds (Urata et al. 2012).  

Spengelia Willey 1898 

Synapticles are present, hepatic sacs are absent, and nerve roots may be present or absent. 

Pericardial diverticula are short, and there are dermal pits in the genital region.   

 

Willeyia Punnet 1903 

The collar in Willeyia is longer than it is broad. Synapticles, nerve roots, and hepatic sacs 

are all absent. The pericardial diverticula are short, and dorsal gonads are absent.  

 

Harrimaniidae Spengel, 1901  

Harrimaniidae (40 species) is comprised of members of the genera Saccoglossus, 

Harrimania, Stereobalanus, Protoglossus, Mesoglossus, Ritteria, Saxipendium, Horstia, 

Meioglossus, and Xenopleura. Harrimaniids are defined by the absence of many features; 

including circular muscles in the trunk, lateral septa, gill slit synapticles, and hepatic caeca (Deland 

et al. 2010).  

Harrimaniids have direct development, with a non-descript larval stage bearing little 

resemblance to tornaria. Saccoglossus kowalevskii has become a well-known study organism for 

developmental work (Colwin and Colwin 1949, 1953, 1962, Stach and Kaul 2011, Kaul-Strehlow 

and Stach 2013) and developmental gene expression work (Lowe et al. 2003, 2006, Aronowicz 



46 
 

and Lowe 2006, Lowe 2008, Darras et al. 2011, Green et al. 2013). These studies have yielded 

important insights by comparing hemichordate and chordate development. The Saccoglossus 

kowalevskii genome is now available (Simakov et al. 2015). 

 

Saccoglossus Schimkewitsch 1892 

The genus Saccoglossus is most recognizable for the extremely long proboscis found in 

most of its members. Typically at the proboscis length is at least twice the width, but it may be 

much longer, and the proboscis has a middorsal longitudinal groove. The collar is generally very 

short relative to the proboscis. The longitudinal muscle fibers of the proboscis are arranged in 

concentric rings (Figure 7A).  

 

Harrimania Ritter 1900 

 Harrimania’s proboscis is cone-shaped, and is slightly longer than it is broad, the 

longitudinal muscles of the proboscis are arranged in radial plates (Figure 7B), and there are often 

two proboscis pores. The collar is broader than it is long, and the horns of the proboscis skeleton 

are very long, even reaching into the trunk in some species (Cameron 2002, Deland et al. 2010). 

The gonads form rows of simple sacs dorsally and laterally (Deland et al. 2010).  

 

Stereobalanus Spengel 1901 

Stereobalanus is an unusual genus with four genital regions (two dorsolateral and two 

ventrolateral) immediately posterior to the collar. Broad gill openings with externally visible gill 

tongues are found between these paired gonad regions, opening to a single fused atrium (Reinhard 

1942). The longitudinal musculature of the proboscis is arranged in radial plates (Figure 7B).  
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Xenopleura Gilgrist 1925 

This genus is described from a single specimen from the southern tip of Africa and is 

reportedly viviparous. Xenopleura is characterized by medullary folds in the dorsal trunk. 

Longitudinal muscles in the proboscis are diffuse (Figure 7C), and there is a single proboscis pore.  

 

Protoglossus van der Horst 1935 

There is a deep dorsal groove at the posterior end of the short and conical proboscis in 

Protoglossus. Additionally, the pre-oral ciliary organ is prominent and horseshoe-shaped. The 

proboscis longitudinal musculature is radial (Figure 7B), and there is a single proboscis pore on 

the left side. The horns of the proboscis skeleton extend to the posterior of the collar, which creates 

ridges on each side of the buccal cavity. The anterior edge of the collar is ruffled (Deland et al. 

2010).  

 

Saxipendium Woodwick & Sensenbaugh 1985 

Commonly called “the spaghetti worm”, Saxipendium coronatum is a member of deep sea 

hydrothermal vent communities. The proboscis skeleton is crown-shaped in cross section, with 

long horns that curve backwards. The longitudinal muscles in the proboscis are diffuse (Figure 

7C).  

Deland et al. (2010) formally synonymized Saxipendiidae Woodwick and Sensenbaugh 

(1985) into Harrimaniidae after molecular phylogenetic analyses demonstrated that Saxipendium 

coronatum belonged in this group (Cannon et al. 2009). A second species, Saxipendium 

implicatum, was described in Holland et al. (2012) from seamounts in the deep sea off the central 

coast of California.  

 

Horstia Deland et al. 2010 

In Horstia, the proboscis is quite short and rounded, with longitudinal musculature 

arranged in radial plates (Figure 7B). The gonads project from the trunk surface as modules. The 
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gill pores are found on an elevated ridge, and the trunk itself narrows posteriorly from the collar 

(see Figure 2A, Deland et al. 2010).  

 

Mesoglossus Deland et al. 2010 

Based primarily on Ritter’s unpublished manuscript written ca. 1900, Deland et al. (2010) 

erected the genus Mesoglossus to contain those species formerly of the genus Saccoglossus where 

the longitudinal musculature of the proboscis is arranged diffusely (Figure 7C), rather than in 

concentric rings (which is a defining character of Saccoglossus) or radial bundles. The proboscis 

is additionally approximately twice as long as it is wide, without a dorsal groove. Only lateral 

gonads are present, no dorsal gonads. There is one proboscis pore, generally on the left. 

Ritteria Deland et al. 2010 

 Ritteria has a short proboscis, and the longitudinal muscles of the proboscis are dispersed 

(Figure 7C). There is a single well-developed proboscis pore on the left side of the proboscis stalk, 

which is very reduced. The collar is wider than it is long. There are two pairs of dorsolateral genital 

ridges, and the branchial pores are found in a groove between these ridges.  

 

Meioglossus Worsaae et al. 2012 

A genus of meiofaunal harrimaniid acorn worm, Meioglossus, has been described from 

material found in Bermuda and Belize (Worsaae et al. 2012). The genus is characterized as 

microscopic, interstitial, and having a completely ciliated body. The proboscis is elongated and 

has a pair of proboscis pores at the base. The collar region is more than half the length of the 

proboscis. The sole described species, Meioglossus psammophilus, reaches a maximum body 

length of 0.6mm, making it the smallest known enteropneust (Worsaae et al. 2012).  

 

Torquaratoridae Holland et al. 2005  

Torquaratoridae was described in 2005 based on morphological analysis of a few 

specimens collected in the deep northeastern Pacific (Holland et al. 2005). This family now 
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contains seven species in five genera, Torquarator, Tergivelum, Allapasus, Yoda, and 

Coleodesmium. To date, all torquaratorids have been found at 350 meters or greater. Broad-

collared acorn worms have been photographed in the deep sea since the 1960’s (Bourne and 

Heezen 1965, Ewing and Davis 1967), but due to the extreme fragility of these animals, collecting 

intact specimens for species description has not been possible until recent advances in deep sea 

remote-operated vehicles (ROVs) (Osborn et al. 2011). Molecular phylogenetic results have 

indicated that Torquaratoridae is sister to Ptychoderidae (Cannon et al. 2009, Holland et al. 2009, 

Osborn et al. 2011, Worsaae et al. 2012). Torquaratorid life history is still poorly understood, 

although some species demonstrate unusual characteristics relative to their shallower cohorts. For 

example, videos taken by ROV have shown Allapasus aurantiacus both burrowing and drifting 

above the benthos, indicating a possible benthopelagic life history (Holland et al. 2012). 

Torquaratorids are characterized by a broad proboscis and collar, and the proboscis 

skeleton is either absent or greatly reduced to a small plate. Synapticles are absent, and there are 

prominent hepatic caeca. The adult stomochord is separated from the buccal cavity of the collar or 

is otherwise absent (Holland et al. 2005, Osborn et al. 2011). 

  

Torquarator Holland et al. 2005 

As the first described genus of Torquaratoridae, many of the characters used in the 

diagnosis of Torquarator bullocki, such as the relative breath of the collar, the absence of 

synapticles, etc., have subsequently been shown to be diagnostic of the whole family. Uniquely, 

Torquarator bullocki is described as having a proboscis skeleton with very short anterior and 

posterior horns, which makes this the sole example of Torquaratoridae where the proboscis 

skeleton is at all elaborated beyond a simple plate. Unlike other described species in this family, 

there is no molecular sequence data for Torquarator bullocki. 

 

Tergivelum Holland et al. 2009 

There are currently two described species of Tergivelum, T. baldwinae and T. 

cinnabarinum. The primary external diagnostic character of Tergivelum is paired “black veils” that 
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run along 30-50% of the length of the trunk immediately following the collar. These structures 

were lost in collected specimens of T. cinnabarinum but were evident in images taken prior to 

collection. Internally, this genus is characterized by prominent buccal muscles on the left and right 

side of the mouth, which are strikingly robust in contrast to the remaining musculature. The two 

species are morphologically very similar, and are distinguished by color, with T. baldwinae being 

dark brown and T. cinnabarinum named for its red, cinnabar coloration.  

 

Allapasus Holland et al. 2012 

The proboscis complex in this genus is located in the proboscis stalk, more posteriorly than 

in other enteropneust families, and contains a plate-like proboscis skeleton without skeletal horns 

and no pericardial sac. In the female holotype specimen of A. aurantiacus, numerous ovaries are 

located in lateral wings that run the length of the trunk. Each ovary holds a single primary oocyte 

and is contained in a pouch of epidermal tissue that is connected to the lateral wing tissue by a thin 

stalk. A. aurantiacus and A. isidis are very similar, with primary differences in the descriptions 

relating to the fact that the holotype of A. aurantiacus is female, while the A. isidis holotype is 

male. The two species differ in color, however, with A. aurantiacus being orange and A. isidis 

yellow.   

There are no observations of either of the two species of Allapasus leaving a fecal trail. 

Behavioral observations are limited to Allapasus aurantiacus, which has been observed partially 

burrowed in sea floor sediments. This burrowing may be facilitatied by the musculature in the 

proboscis and collar, which are both more robust than in other torquaratorids. Prior to collection, 

the A. aurantiacus holotype was recorded drifting a few centimeters above the sediment, 

apparently after voiding its gut contents, with no evidence of muscular undulations. 

 

Yoda Priede et al. 2012 

The name Yoda comes from the shape of elongated lateral lips that account for two thirds 

of the width of the collar, and taper to points, resembling the ears of the Star Wars character, Yoda. 

The sole described species of this genus, Yoda purpurata, is dark reddish purple in color. 
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Specimens have been observed fully exposed on the seafloor surface, creating an irregularly 

meandering fecal trail.  

 

Coleodesmium Osborn et al. 2013 

The sole described species of Coleodesmium, C. karaensis has a unique tubular sheath in 

the proboscis skeleton surrounding the collar nerve cord. In contrast to Allapasus, which is 

otherwise similar in general outward shape, the musculature in the proboscis and collar is weakly 

developed. The single collected specimen is a brooding female with embryos at differing stages of 

early development located on the surface of the pharyngeal region. This species was collected in 

the Russian Arctic at a depth of about 350 meters, marking the shallowest reported collection of a 

torquaratorid enteropneust.   
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Chapter 3: Toll-like Receptor Pathway Evolution in Deuterostomes† 

3.1 Abstract 

 Animals have evolved an array of pattern-recognition receptor families essential for 

recognizing conserved molecular motifs characteristic to pathogenic microbes. One such family is 

the Toll-Like receptors (TLRs). Upon pathogen binding, TLRs initiate specialized cytokine 

signaling catered to the class of invading pathogen. This signaling is pivotal for activating adaptive 

immunity in vertebrates, suggesting a close evolutionary relationship between innate and adaptive 

immune systems. Despite significant advances towards understanding TLR-facilitated immunity 

in vertebrates, knowledge of TLR-pathway evolution in other deuterostomes is limited. By 

analyzing genomes and transcriptomes across 37 deuterostome taxa, we shed light on the evolution 

and diversity of TLR pathway signaling elements. Here, we show that the deuterostome ancestor 

possessed a molecular toolkit homologous to that which drives canonical MYD88-dependent TLR 

signaling in contemporary mammalian lineages. We also provide evidence that TLR3-facilitated 

antiviral signaling predates the origin of its TCAM1-dependence recognized in the vertebrates. 

SARM1, a negative regulator of TCAM1-dependent pathways in vertebrates, was also found to be 

present across all major deuterostome lineages despite the apparent absence of TCAM1 in 

invertebrate deuterostomes. Whether the presence of SARM1 is due to its role in immunity 

regulation, neuron physiology, or a function of both is unclear. Additionally, Bayesian 

phylogenetic analyses corroborate several lineage-specific TLR gene expansions in urchins and 

cephalochordates. Importantly, our results underscore the need to sample across taxonomic groups 

to understand evolutionary patterns of the innate immunity foundation on which complex 

immunological novelties arose.  

 

3.2 Significance statement 

 Innate immunity provides critical defense against pathogen invasion, and mutations in its 

cellular mechanisms have been implicated in autoimmunity, immune suppression, and other 

diseases. However, knowledge of innate immunity pathways is largely biased towards model 

 
†This chapter has been published as: Tassia MG, Whelan NV, Halanych KM. 2017. Toll-like receptor pathway 
evolution in deuterostomes. Proceedings of the National Academy of Sciences 114, 7055-7060 
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species. As such, evolutionary 

interpretations suffer from large 

taxonomic gaps ultimately weakening the 

strength of evolutionary inference. Our 

phylogenetic approach shows the 

molecular machinery of the canonical 

TLR pathway was present in the last 

deuterostome ancestor prior to the rise of 

chordate lineages. Thus, TLR pathways 

with multiple gene-gene interactions 

have been conserved for over 500 million 

years within vertebrates. Moreover, we 

provide evidence suggesting TLR3 may 

represent an ancient, evolutionarily 

conserved molecular interface for viral 

immune-stimulation present across 

Deuterostomia.  

 

3.3 Introduction 

Innate immunity provides vital 

cellular and molecular defense against 

invading pathogens (1). Unlike 

immunological memory facilitated by 

jawed vertebrate immunoglobulins (2) 

and lamprey variable lymphocyte 

receptors (3), molecular components of 

innate immunity do not recombine to 

diversify the breadth of defensive 

molecules (4). Thus to provide 

substantial defense against a diversity of 

 

Figure 1: Diagram of major TLR pathways. Upon 
ligand binding and receptor dimerization, TLRs 
interact with a TIR-domain-containing adaptor 
protein. Canonically, TLR signal transduction 
occurs through the MYD88-dependent pathway 
(left). In some cases, such as with TLR3 and TLR4, 
TLRs require other TIR-domain-containing 
adaptors to successfully signal for cytokine 
expression (right). SARM1, a TIR-domain-
containing negative regulator for TCAM1-
dependent signaling pathways, is not shown. Red 
ellipses denote conserved TIR domains. 
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infectious agents with limited resources, the innate immune system exploits evolutionarily 

conserved pathogen-associated molecular patterns (PAMPs) (1, 4). PAMPs, such as Gram-

negative lipopolysaccharide or viral double-stranded RNA (dsRNA), often serve fundamental 

biological roles (4). Such structures are typically conserved over evolutionary time, providing 

targets for animal pattern-recognition receptors (5). Although there are many well-recognized 

families of innate immunity pattern-recognition receptors, Toll-like receptors (TLRs) evolved 

early in animals and have been extensively studied in model systems (6).  

TLRs, named after the Toll protein in Drosophila melanogaster (7), are a group of type-I 

transmembrane glycoproteins localized to plasma membranes and endosomes (8). All TLRs 

possess three major regions: extracellular domain of tandem leucine-rich repeats (LRRs), a 

transmembrane helix, and a cytoplasmic Toll/interleukin-1 receptor (TIR) domain. The breadth of 

TLR-facilitated immunity is determined by the ectodomain structure of LRRs and their associated 

glycosylated superstructure (8). Upon binding to PAMPs, TLRs dimerize, and a signal is 

transduced cytoplasmically via the TIR domain. Receptor dimers subsequently interact with 

cytoplasmic TIR-domain containing adaptor proteins (i.e. MYD88, TIRAP, TCAM1, and/or 

TCAM2) (9). Canonical signaling is mediated by MYD88 (10) (Fig. 1). This MYD88-dependent 

pathway proceeds through IRAK1/4, TRAF6, TAB1/2, and M3K7, terminating in activation of 

NF-kB for translocation to the nucleus where it acts as a transcription factor for a host of pro-

inflammatory cytokines (10). This pathway rapidly provokes an inflammatory response and 

recruits additional phagocytic cells to confine and neutralize invading pathogens (11). Once 

thought to possess limited immune potential, research in jawed vertebrates has revealed that 

several TLRs possess pathogen-specific signaling pathways, and are vital for activating adaptive 

immunity pathways (12). 

TLRs are functionally partitioned into two categories: those localized to host cell 

membranes and primarily recognize microbial cell membrane components (TLR1, 2, 4, 5, 6, and 

10) and those localized to endosomes and recognize nucleic acids (TLR3, 7, 8, and 9) (10). TLR3, 

a vertebrate ortholog responsible for recognizing viral dsRNA, stimulates downstream signaling 

exclusively through the TIR-domain containing adaptor TCAM1 (9, 10). Independent of MYD88, 

TLR3 not only initiates downstream NF-kB activation, but it also initiates type-I interferon 

signaling that is fundamental to antiviral immunity (10). Concurrent with TLR3 activation and 
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interaction with TCAM1, another TIR-

domain-containing protein, SARM1, 

increases in concentration and subsequently 

acts as a negative regulator for the TCAM1-

dependent pathway (9). This negative 

feedback loop is vital for efficient TLR-

signaling regulation where overstimulation 

would be harmful to the host (10). The 

remaining two TIR-domain containing 

adaptors, TIRAP and TCAM2, are 

individually insufficient for TLR signal 

transduction. Instead, these proteins function 

as “sorting” proteins – with TIRAP promoting 

MYD88-dependent pathways and TCAM2 

promoting TCAM1-dependent signaling pathways (9). In contrast to early viewpoints which 

suggested innate immunity acted merely as a molecular bridge to adaptive immunity (13), the 

presence of pathogen-specialized TLR signaling pathways and their involvement in signaling 

immune responses indicates innate immunity itself acts as a barrier to microbe pathogenesis. 

Jawed vertebrates possess approximately 10 TLRs that have been functionally 

characterized. Far less is known of TLR diversity among other deuterostome groups. In addition 

to vertebrates, Deuterostomia consists of echinoderms (e.g. sea stars and urchins), hemichordates 

(acorns worms and pterobranchs), cephalochordates (lancelets), and tunicates (e.g., sea squirts) 

(Fig. 2). Genome surveys have revealed the purple urchin Strongylocentrotus purpuratus and the 

lancelet Branchiostoma floridae have expanded repertoires of 253 and 72 TLRs, respectively (15–

18). In these species, the majority of TLRs appear to be the result of lineage-specific expansions 

as opposed to gene loss in jawed vertebrates (17, 18). How these TLR expansions affect breadth 

of pathogen recognition has yet to be determined. In contrast, the tunicate Ciona intestinalis 

appears to possess only three TLRs, though C. intestinalis TLRs have broader PAMP recognition 

than those known in mammalian systems (19). Saccoglossus kowalevskii, an acorn worm 

hemichordate, has been reported to possess eight TLRs (18). 

 

Figure 2. Deuterostome relationships as 
reported by recent phylogenomic studies (14). 
Echinoderms and hemichordates form the 
superphylum Ambulacraria – the sister group 
to Chordata. 
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In addition to TLRs, several immunity-related features appear to be evolutionarily and 

functionally conserved across deuterostome lineages including: pathogen-responsive phagocytic 

cell types, regulation of canonical cytokine homologs upon immune challenge, and differential 

regulation of TLR orthologs upon microbial challenge (Table 1). TLRs in the lancelet 

Branchiostoma belcheri have been shown to undergo obligatory MYD88 interactions to activate 

downstream NF-kB, consistent with observations in mammals (24).  In the urchin S. purpuratus, 

gut epithelia have been shown to undergo stereotypical inflammatory responses in the presence of 

bacterial agents (21). This inflammatory response elicits specialization and migration of 

phagocytic cell-types to regions of infection – mediated in part by TNFs and IL-17 signaling 

homologs (21). As a group, these conserved immune mechanisms suggest the ancestor of all 

Table 1. Functional conservation of immunity elements among invertebrate 
deuterostomes 

 Chordata Ambulacraria 

 Tunicata Cephalochordata Echinodermata Hemichordata 

Phagocytes/ 
Coelomocytes Present (22) Present (20) Present (21) Present (20) 

Cytokines 
and/or TFs* 
expressed in 
infection 

NF-kB, IL-1, 
TNFα (19, 22) 

NF-kB, IL-17, 
IRFs (24-26) 

NF-kB, TNF,  
IL-17s (21, 23) Unknown 

TLRs 
Subcellular 
expression 

Cell membrane 
+ endosomes 
(19) 

Cell membrane 
and/or endosomes 
(24) 

Unknown Unknown 

Cell/Tissue 
expression 

Pharynx and 
gut (19) 

Epidermis, 
pharynx, and gut 
(24) 

Coelomocytes 
and gut 
epithelium (18) 

Unknown 

PAMP-
dependent 
regulation 

Present (19) Present (5) Present (18) Unknown 

Molecular 
interactions 

Activates NF-
kB; induces 
TNFα 
expression (19) 

Activates NF-kB 
via MYD88 (24) Unknown Unknown 

*TFs= Transcription Factors 
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deuterostome possessed a common innate immunity toolkit with evolutionarily conserved 

function.   

Although origins and ancestral function of TLR signaling among animals are currently 

unclear, MYD88-facilitated TLR signaling is known to have been present in the bilaterian ancestor 

(6, 28). In contrast, virus-targeted TCAM1-dependent TLR signaling is only known from studies 

in select vertebrate taxa (e.g., mouse, human, and zebrafish) (9).  As such, available evidence 

suggests TCAM1-facilitated TLR signaling evolved in the vertebrate lineage at a similar time as 

the emergence of adaptive immunities (29). This hypothesis has been supported by the reported 

absence of a TCAM1 homolog among invertebrate model systems (9, 16, 17). However, past 

comparisons between established vertebrate and invertebrate models provide limited phylogenetic 

resolution required for an accurate understanding of TLR pathway evolution. In this study, we 

seek to illuminate the complement of TLR pathway components possessed in early deuterostomes 

and inform subsequent molecular innovation among contemporary lineages. 

 

3.4 Results and Discussion 

3.4.1 TLR signaling adaptors and their associated pathways 

Employing bioinformatics tools (Fig. S1) to analyze genomic and transcriptomic data from 37 

invertebrate deuterostome taxa, including humans which was used as a genomic control (Table 

S1), our findings suggest the deuterostome ancestor possessed homologs to all canonical MYD88-

dependent TLR signaling components (Table 2). The presence of downstream TLR signaling 

elements across all major deuterostome lineages may indicate conserved function of the pathway. 

The notion of conservation and a shared immunological ancestry among deuterostomes is 

supported by studies that show functional similarity between invertebrate deuterostomes and 

vertebrate lineages (Table 1). Mentioned previously, TLRs require MYD88 mediation to activate 

NF-kB in the lancelet (24) and the TLR-mediated and NF-kB activation has also been shown in 

the tunicate C. intestinalis (19). Homologs to several TLR-pathway induced cytokines are 

expressed in immune challenged invertebrates, and have been implicated in inflammatory and 

immune responses for sea urchin embryos (21).  
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Although all other MYD88-dependent signaling mediators were identified by conserved 

domain architectures, invertebrate deuterostomes appear to lack a typical TAB2 signaling mediator 

(Table 2 & Fig. S2). TAB2, which facilitates coupling TRAF6 to the TAB1/M3K7 complex and  

 

activating NF-kB (Fig. 1), was frequently identifiable by primary sequence homology but unable 

to be corroborated by assessment of typical domain architecture (except in the human control 

dataset). Specifically, each putative homolog identified lacked the N-terminal CUE domain 

essential in vertebrates for substantial activation of NF-kB (31). When placed in a phylogenetic 

framework, including both known TABs and those identified in this study, TAB2 orthology was 

supported with high confidence (bootstrap = 100%; Fig. S3) suggesting TAB2’s CUE domain is 

a vertebrate-specific novelty. As TAB2 homologs without the CUE domain were independently 

identified in 22 different datasets, the lack of the CUE domain is assumed to be correct and not 

due to sequence assembly error. Interestingly, a functional TAB2 homolog that contains a CUE 

domain has been also reported in Drosophila melanogaster (32). This finding suggests 

convergence between vertebrate and D. melanogaster TAB2s regarding a CUE domain – perhaps 

Table 2. Presence of TLR pathway signaling homologs in 
deuterostomes*. 

 TIR-domain-containing Adaptors 
 MYD88 TIRAP TCAM1 TCAM2 SARM1 
Hemi. + +  + + 
Echi. +    + 

Ceph. + +  + + 
Tuni. +    + 
Vert. + + + + + 

  

 Signaling Mediators 

 IRAK1/4 TRAF6 TAB1 TAB2 M3K7 
Hemi. + + + + + 
Echi. +   +† + + + 

Ceph. + + + + + 
Tuni. +   +† + + + 
Vert. + + + + + 

 
*See Fig. S2 for species-specific homolog numbers. 
†Identified only in targeted molecular studies (17,30). 
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selected for by molecular kinetics. Under a binary parsimony framework (i.e., presence vs. 

absence), a single deuterostome loss-and-regain event is equally parsimonious. Provided the CUE 

domain’s potentially ancient eukaryotic origins (independent of TAB2 homology (33)), 

understanding evolution of this domain will require much deeper taxon sampling within Metazoa.  

The second major pathway-defining protein, TCAM1, could not be identified in any 

genomic or transcriptomic dataset sampled herein aside from humans (Table 2 & Fig. S2). In 

mammals, TCAM1 is necessary for TLR3-facilitated antiviral cytokine signaling via interferons, 

as well as sufficient for TLR4 signal transduction (9, 10). Despite absence of TLR3’s obligatory 

signaling adaptor, we found strong phylogenetic support (99% posterior probability) for TLR3 

orthologs among invertebrate deuterostomes (Figs 3, S4, & S5). The sole exception was within 

tunicates, but the absence of TLR3 orthologs in tunicates is unsurprising given their apparent TLR 

reduction (34). If function of these TLR3 orthologs is conserved across taxa, the implication is that 

antiviral TLR3 signaling predates the origin of the TCAM1-dependent pathway. Molecular 

evidence suggests the use of interferons (the primary antiviral cytokine family activated in TLR3-

facilitated signaling) and their upstream transcriptional regulators (interferon regulatory factors; 

IRFs) for antiviral function are a vertebrate innovation (35, 36). Strikingly, IRFs from the lancelet 

Branchiostoma belcheri have been shown to effectively recognize promoter regions of several 

human interferons (26), and are tightly regulated in response to dsRNA infection (24). These 

observations are consistent with the hypothesis that antiviral TLR3 signaling predates the 

emergence of TCAM1. Further molecular investigation will be required to determine the binding 

specificity of invertebrate TLR3 orthologs and their downstream signaling components. Such 

studies will be invaluable for understanding the ancestry and functional evolution of antiviral TLR 

signaling as well as identifying subsequent vertebrate-specific molecular innovations. 

The third TIR-domain-containing adaptor, SARM1, acts in a negative feedback-loop for 

TCAM1-dependent pathways (e.g. TLR3 and TLR4), providing robust regulation where 

overexpression may yield deleterious effects. We found SARM1 to be present among all 

deuterostome phyla, despite the apparent absence of TCAM1 (Table 2 & Fig. S2). Thus, 

SARM1’s function in TLR signaling regulation may have existed prior to the origin of the 

TCAM1-dependent pathway in mammals. This conclusion is supported by research on the lancelet 

B. belcheri where SARM1 was found to play an inhibitory role for MYD88-dependent signaling 
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Figure 3. Deuterostome TLR tree generated using full TLR protein sequences in ExaBayes. 
Human and mouse TLRs, as well as Drosophila Toll, are included as positive controls and 
have been highlighted in red for orientation to known orthology groups. Tips have been 
removed for ease of interpretation; see Figs S4 & S5 for more detail. All nodes have ≥95% 
posterior probability. 
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rather than TCAM1-dependent signaling (37). SARM1 has also been shown to be central for a 

variety of neuronal processes (e.g. maintenance, behavior, and development (38)) and is a key 

player in injury-induced axon apoptosis in vertebrates (39). Additionally, SARM1 is implicated in 

embryological neuron development prior to its function in TLR signaling regulation during B. 

belcheri ontogenesis (37). Thus, our detection of SARM1 homologs among invertebrate 

deuterostomes may be independent of TLR signaling, but rather a function of is role in neuron 

physiology/injury. Whether the original function of SARM1 was neuronal physiology/apoptosis, 

immunity regulation, or a coordination of these functions is still unclear.  

The last two TIR-domain-containing adaptors TCAM2 and TIRAP are individually 

insufficient for TLR signal transduction. Rather, TCAM2 and TIRAP facilitate recruitment of 

TCAM1 and MYD88, respectively, providing downstream signaling specialization contingent 

upon the PAMP-bound TLR ortholog. Although our bioinformatics pipeline identified putative 

TCAM1 and TIRAP homologs among hemichordates and cephalochordates, orthology could not 

be supported when placed in a phylogenetic framework. These proteins may interact directly with 

TLRs and/or other TIR-domain-containing adaptors; however, functional characterization will be 

required to elucidate their molecular signaling roles.  

 

3.4.2 Lineage specific TLR expansions 

Evidence for TLR expansions, as reported in echinoderms and lancelets (17, 18), could not 

conclusively be detected in hemichordates (Figs. 3, S4, & S5). A possible exception appears in the 

acorn worm Ptychodera flava, whose genome possesses 27 TLR homologs. However, a large 

group of P. flava’s TLRs (n=13) possess multiple cysteine-rich LRR clusters (atypical even when 

compared to Drosophila-like multi-cysteine cluster TLRs) and large regions that do not match any 

characterized protein domain (40, 41). When placed in a phylogenetic framework (Fig. 3, S4, & 

S5), these TLRs form a monophyletic clade (100% posterior probability) closely related to 

homologs of more typical TLR structure. Considering the structural divergence from all other 

TLRs sampled in this study, these TLRs may possess functional divergence specific to P. flava. In 

contrast, Saccoglossus kowalevskii, for which a genome is also available (Table S1), possesses 13 

TLRs.  
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Using genomic gene-model datasets, coupled with transcriptomic evidence, we were only 

able to identify 104 TLRs in the urchin S. purpuratus and 19 in the lancelet B. floridae which could 

be confidently corroborated by domain architecture. Our estimates of TLR diversity in these two 

species are fewer than previously reported, possibly suggesting overly-stringent homolog 

detection standards (see below). However, our methods identified all TLRs, signaling mediators, 

and gene variants present in the human gene-model dataset, a control for our bioinformatics 

pipeline. In an attempt to identify sources of error, we employed the bioinformatics pipeline used 

in Buckley & Rast, 2012 (18) on the most recent versions of the S. purpuratus and B. floridae 

genomes available at the time of this study (Table S1), and we were still unable to replicate 

previously reported numbers of TLRs (253 and 72, respectively). Even when modifying detection 

methods in such a way that would likely result in high false-discovery rates, we detected at most 

185 and 39 TLRs in S. purpuratus and B. floridae, respectively. A large clade of S. purpuratus 

TLRs contained consistent overlapping domain signals from the cytoplasmic TIR domain and what 

appear to be cytoplasmic LRRs (Figure S5). Although this may merely be a domain-prediction 

artifact, the S. purpuratus genome was the only dataset to consistently show this predicted 

structure. The function of expanded TLR repertoires in immune function or coopted for other roles 

remains unclear without further functional investigation. 

With regard to S. purpuratus, the discrepancy between our results and previous reports (16, 

18) can be attributed to two differences in the approach of bioinformatics workflows. First, our 

bioinformatics pipeline identifies unique peptide sequences that cannot be locally clustered by 

100% identity, thus removing any translational redundancies and/or fragments of longer contigs 

(see TLR Pathway Homolog Identification below). This greatly reduces chances of including 

variants of the same TLR polypeptide that only differs by an N-terminal and/or C-terminal 

extension and thus cannot be confidently concluded to be unique TLRs. Second, extrinsic 

pseudogene prediction (16, 18) was not included in our analysis. If one combines the number of 

TLR pseudogenes identified in Buckley and Rast, 2012 (18) with the number of TLRs identified 

through our overestimation pipeline, results are consistent with previous estimates. Notably, 

however, we were only able to reach this result when deliberately overestimating the number of 

TLRs encoded in the S. purpuratus genome. We suspect that similar reasons led to discrepancies 

between our results and those previously reported for B. belcheri (18).  
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3.5 Conclusions  

The last common deuterostome ancestor inherited a molecular toolkit sufficient for 

MYD88-dependent TLR signaling. However, unlike pathways in select model vertebrate taxa and 

Drosophila, conditions for complete signal transduction in the deuterostome ancestor likely lacked 

a typical TAB2 signaling mediator. TLR3 orthologs were recovered with strong phylogenetic 

support across invertebrate deuterostomes despite the apparent absence of its obligate signaling 

adaptor, TCAM1, which is currently known only from vertebrates. Given our findings, coupled 

with functional evidence for evolutionarily, and functionally conserved antiviral signaling 

mechanisms (26), we hypothesize that TLR3-facilitated antiviral cytokine signaling predates the 

origin of the TCAM1-dependent pathway. Considering the ubiquity of marine viruses (42) and 

their obligate virus-host interactions, extant deuterostome lineages may have inherited a TLR3-

mediated antiviral defense from their most recent common ancestor, which was a marine organism. 

TLR3-mediated antiviral defense would then have been subsequently modified in vertebrates.  

 

3.6 Materials and Methods 

3.6.1 Data Acquisition and Assembly 

Datasets used for analyses, identified homologs, and their respective accession numbers 

are available in Table S1. cDNA downloaded as raw Illumina RNA-seq reads were digitally 

normalized via khmer (43) and assembled with Trinity using default parameters (44). Data 

generated on 454 sequencing platforms were assembled via 454’s NEWBLER. With regard to 

genomic data, only predicted and confirmed gene models were used for homolog identification. A 

total of 37 taxa were analyzed. Notably, transcriptomic datasets are only evaluated for presence of 

homologs and no conclusions were made on the absence of any particular homolog. Similarly, 

several transcriptomic datasets (such as the pterobranch hemichordates Cephalodiscus nigrescens 

and Rhabdopleura normani) had relatively low numbers of unique contigs and yielded no 

detectable homologs. Taxa included in this study were selected to represent phylogenetic depth 

and distribution representative of all major deuterostome groups while maintaining 

biocomputational feasibility by limiting vertebrate sampling. 
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3.6.2 TLR Pathway Homolog Identification 

Transdecoder (version 2.0.1) (45) was used on nucleotide sequences to identify putative 

open-reading frames (ORFs) and their associated protein sequences. Following TransDecoder’s 

log-likelihood scoring metric, high-scoring, small ORFs encapsulated by larger ORFs of the same 

reading frame were consolidated to avoid redundancy. Extracted amino-acid sequences were 

additionally clustered by 100% identity using CD-HIT (version 4.6.1) (46) to control for 

translation redundancies and fragments. Following translation, amino-acid sequences were queried 

against the SwissProt database (downloaded May 2015) (47) using blastp (version 2.2.29+) (48) 

with an e-value cutoff of 1E-4. Sequences with best-hits to target proteins were annotated for 

protein domain architecture using the SMART (40) and Pfam (41) databases included in 

InterProScan (version 5.17-56.0) (49). Domain architectures were cross-referenced with the 

putative homology for each sequence to control for non-target or fragmented proteins. Absence of 

stop-codons was not used as a criterion for removal as putative TLR genes because of the potential 

for extensive data-loss; additionally, this type of filtering merely controls for C-terminal 

fragments. TMHMM (version 2.0c) (50) was used to predict TLR transmembrane helices; 

however, absence of a transmembrane helix was not used as a criterion for TLR structural 

homology as TLRs with known transmembrane helices (i.e., human and mouse TLR9) lacked 

confident transmembrane predictions with this software. The complete homolog identification 

bioinformatic pipeline can be found at https://github.com/mtassia/Homolog_identification and is 

diagramed in Fig. S1.  

Leucine-rich repeats were additionally annotated with LRRfinder (51) to filter for 

particularly short fragments (See Table S2 for TLR domain architecture criteria) or TLR products 

of erroneous gene-prediction. As LRRfinder’s prediction confidence statistics were unreliable and 

appeared to prioritize over prediction rather than under prediction given its performance on human 

TLRs, we did not remove TLRs with predicted LRR coordinates lying within cytoplasmic regions 

(as was the case for a group of S. purpuratus TLRs). Novel hemichordate TLRs identified from 

Saccoglossus kowalevskii and Ptychodera flava genomes were mapped back to their respective 

genomes using BWA-MEM (version 0.7.12) (52) to confirm gene-models and check for overlap.  

 

 



80 
 

3.6.3 Phylogenetic Analyses  

To evaluate orthology of recovered sequences, human and mouse TLR pathway protein 

sequences (in addition to Drosophila TOLL) were obtained from SwissProt database and used for 

phylogenetic inference. We used the E-INS-I alignment algorithm in MAFFT (version 7.215) (53), 

which optimizes alignments for sequences of multiple domains separated by hypervariable 

regions, to align complete TLR amino acid sequences. ProtTest (version 3.4) (54) was used to test 

and select best-fit amino acid substitution rates employing the Bayesian Inference Criterion (BIC). 

A gene tree of TLRs was inferred with ExaBayes (version 1.4.2) (55). ExaBayes was executed 

with two parallel runs of four Metropolis-coupled chains analyzed for 1x106 generations (sampled 

every 500 generations) using a gamma-distributed rate-heterogeneity, empirical amino acid state 

frequencies, and a fixed amino acid substitution model (WAG). All chains appeared to converge 

and convergence statistics are available in Table S3. Partitioning TLRs by cytoplasmic, 

transmembrane, and extracellular regions was tested using PartitionFinder (version 1.1.1) (56); 

however, partitioned analyses did not improve phylogenetic resolution. A majority rule consensus 

tree was generated after discarding the first 25% sampled MCMC generations (250,000) as burn-

in and visualized with Mesquite (version 3.10) (57). All nodes with posterior probabilities less 

than 95% were collapsed. Two additional TLR phylogenetic analyses were inferred using only 

TIR domains to compare with previous results of TLR orthology inference (58, 59). Methods, 

results, and topologies for TIR-domain-only trees are available via “Constrained phylogenetic 

inference of TLRs” sections of the supplement and Fig. S6, respectively. Aligning matrices of 

full TLR contigs provided greater nodal support and increased resolution relative to the TIR-

domain only tree (Figs. 3 & S6). Non-TLR gene trees were inferred using RAxML’s (version 

8.0.23) (60) rapid bootstrap analysis with subsequent best-fit tree inference. Amino acid 

substitution matrices for non-TLR gene trees were also inferred using ProtTest and phylogenetic 

analyses were run with gamma-distributed rate-heterogeneity and empirical amino acid state 

frequencies. RAxML was preferred over ExaBayes for small gene trees due to its accessibility 

when working with small datasets and short computation time.  
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3.6.4 TLR Overestimation Pipeline 

Genome assemblies of Branchiostoma floridae and Strongylocentrotus purpuratus (Table 

S1) were analyzed in an attempt to detect TLR diversifications similar to previous findings (17, 

18). Whole genome scaffolds were translated in all open reading frames using EMBOSS’ getorf 

(61) command with a minimum peptide length of 75 amino acids. Sequences were annotated for 

Pfam domains using HMMER with default detection thresholds. Polypeptides possessing TIR and 

LRRs were considered ‘complete’ and subsequently clustered by 100% identity by cd-hit to 

remove any sequences that may have been fragments of larger sequences in datasets. Domain 

architecture was not used to validate TLR homology in this reanalysis to provide highest possible 

‘TLR’ counts. Although this pipeline was assembled in an attempt to maximize overestimation of 

TLRs in a given genome, we were still unable to identify the magnitude of TLR diversity identified 

in previous studies (17, 18). 
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3.9 Supporting Information 

Constrained phylogenetic inference of TLRs. Utilizing the same base dataset, TIR 

domains amino acid sequences were extracted from TLRs, aligned, and placed in both a likelihood 

and Bayesian phylogenetic framework using the bioinformatic workflow described in the 

Materials and Methods of the main text. Although both resulting likelihood and Bayesian TIR-
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domain-only topologies (Fig. S6) were consistent with the topology generated using full TLR 

sequences (Fig. 3), support values in the TIR domain only tree were low, and the resulting topology 

lacked the resolution yielded by using whole TLR alignment matrices. Despite being allowed to 

run for nearly double the number of generations as the full TLR Bayesian analysis, MCMC 

convergences statistics for the TIR-domain-only matrix were reflective of less stationary sampling 

of parameter space relative to each MCMC chain when compared to the full TLR analysis (asdsf 

= 1.11% and 0.60%, respectively; Table S3). According to ExaBayes’ recommended convergence 

diagnostics, an asdsf value of 1.11% still falls within the “acceptable convergence” range, whereas 

≤ 1.00% is regarded as “excellent convergence” (55). We expect orthology inference across 207 

sequences using an amino acid matrix of only 246 sites is insufficient for phylogenetic inference 

at our target depth. Furthermore, by inclusion of a broad distribution of deuterostome taxa – more 

accurately representing deep deuterostome phylogeny – we are able to more reliably align 

complete TLR sequences which would be impossible when restricted to comparisons between 

model species (e.g., S. purpuratus vs. C. intestinalis vs. mouse).    
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Figure S1. Diagram of bioinformatic pipeline for homology identification. See details in 
Materials and Methods in main text. 

 



89 
 

 

 

Figure S2. Matrix containing number of homologs identified per taxon. Taxa informed by both 
transcriptomic and genomic data are indicated in bold. Cells lacking values represent missing 
data for taxa informed solely by transcriptomic evidence. In contrast, gene absence is denoted 
with “0” only in taxa for which we analyzed genomic data. A cladogram depicting relationships 
among taxa is to the right of the matrix. Blocks/clades are colored by phylum: Hemichordata = 
green, Echinodermata = blue, and Chordata = red. 
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Figure S3. TAB1/2/3 gene-tree built using RAxML (60) rapid bootstrap analysis (1000 
replicates) and subsequent inference of best-fitting tree topology. Truncated TAB2’s identified 
among invertebrate deuterostomes ally with human, mouse, and Drosophila TAB2/3s. Bold 
names reflect sequences downloaded from public data repositories (Table S1). 
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Figure S4. Detailed Bayesian gene-tree of deuterostome TLRs. Reference sequences from 
human, mouse, and Drosophila are highlighted in bold red font whereas deuterostome 
sequences derived from genomic data are bold. Sub-tree contains Toll homology group, P. flava 
“TLR” expansion, reference TLR groups, TLR3 homology group, and Branchiostoma floridae 
TLR expansion. Clade color highlights are the same as those presented in Fig. 3. Black circles 
denote nodes with 100% posterior probability. Clades supported by less than 95% posterior 
probability have been collapsed. Saccoglossus kowalevskii TLRs with asterisks (*) denote 
TLRs which were obtained from the revised S. kowalevskii genome (62). 
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Figure S5. Detailed Bayesian gene-tree of deuterostome TLRs. Reference sequences from 
human, mouse, and Drosophila are highlighted in bold red font whereas deuterostome 
sequences derived from genomic data are bold. Sub-tree contains Strongylocentrotus 
purpuratus TLR expansion. Clade color highlights are the same as those presented in Fig. 3. 
Black circles denote nodes with 100% posterior probability. Clades supported by less than 95% 
posterior probability have been collapsed. Saccoglossus kowalevskii TLRs with asterisks (*) 
denote TLRs which were obtained from the revised S. kowalevskii genome (62). 
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Figure S6. TIR-domain-only TLR amino acid trees. Topologies are consistent with those 
displayed in Figs. 3, S4 and S5, though with considerably lower resolution and node support 
values. A) Tree produced using RAxML; all nodes have ≥75% bootstrap support. B) Tree 
produced using ExaBayes; all nodes have ≥95% posterior probability.  
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Table S1: Accession numbers associated with molecular datasets and TLR pathway homologs 
identified per taxon. SRAs and genome assemblies are publicly available via NCBI 
(www.ncbi.nlm.nih.gov). TLR pathway homologs are available via figshare 
(10.6084/m9.figshare.4987169).  

Datasets Analyzed 

Taxon Clade 
Data 
Type 

# Unique 
proteins Accession # 

Asymmetron 
lucayanum 

Chordata: 
Cephalochordata 

T 48578 SRR1138336 

Branchiostoma 
floridae 1 

Chordata: 
Cephalochordata 

T 41091 SRR923751  

Branchiostoma 
floridae 2 

Chordata: 
Cephalochordata 

GM 27622 GCA_000003815.1 Version 2 CDS 

Branchiostoma 
floridae 3  

Chordata: 
Cephalochordata 

GA N/A GCF_000003815.1 

Botryllus 
schlosseri 

Chordata: Tunicata T 71778 SRR1604859 

Ciona intestinalis 
1 

Chordata: Tunicata T 10356 SRR1324870 

Ciona intestinalis 
2 

Chordata: Tunicata GM 15290 GCF_000224145.2 CDS 

Oikoleura dioica Chordata: Tunicata T 25709 SRR1693766 
Homo sapiens Chordata: Vertebrata GM 92248 GCF_000001405.30 CDS 

Astrotomma 
agassizii 

Echinodermata: 
Asteroidea 

T 26264 SRR1695485 

Labidiaster 
annulatus 

Echinodermata: 
Asteroidea 

T 16573 SRR1695480 

Odontaster 
validus 

Echinodermata: 
Asteroidea 

T 160 SRR1695479 

Patiria miniata Echinodermata: 
Asteroidea 

T 29570 SRR1138705 

Dumetocrinus 
antarcticus 2 

Echinodermata: 
Crinoidea 

T 39854 SRR5564112 

Dumetocrinus sp 
Antarctica 1 

Echinodermata: 
Crinoidea 

T 28635 SRR1695483 

Notocrinus 
virillis 

Echinodermata: 
Crinoidea 

T 43536 SRR5564113 

Oxycomathus 
japonicus 

Echinodermata: 
Crinoidea 

T 18972 SRR1138706 

Promachocrinus 
kerguelensis 1 

Echinodermata: 
Crinoidea 

T 546 SRR1695482 

Promachocrinus 
kerguelensis 2 

Echinodermata: 
Crinoidea 

T 20474 SRR5564111 

Lytechinus 
variegatus 1 

Echinodermata: 
Echinoidea 

T 8362 PRJNA62467 

Lytechinus 
variegatus 2 

Echinodermata: 
Echinoidea 

T 26739 SRR1139214 
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Strongylocentrot
us purpuratus 1 

Echinodermata: 
Echinoidea 

T 25384 PRJNA81157  

Strongylocentrot
us purpuratus 2 

Echinodermata: 
Echinoidea 

GM 32868 GCF_000002235.4 CDS 

Strongylocentrot
us purpuratus 3 

Echinodermata: 
Echinoidea 

GA N/A GCF_000002235.4 

Leptosynapta 
clarki 

Echinodermata: 
Holothuroidea 

T 33707 SRR1695478 

Parastichopus 
californicus 1 

Echinodermata: 
Holothuroidea 

T 23923 SRR1695477 

Parastichopus 
californicus 2 

Echinodermata: 
Holothuroidea 

T 12080 SRR1139198 

Ophiocoma 
echinata 

Echinodermata: 
Ophiuroidea 

T 25243 SRR1138707 

Ophionotus 
victoriae 

Echinodermata: 
Ophiuroidea 

T 377 SRR1695484 

Balanoglossus cf. 
aurantiacus 

Hemichordata: 
Enteropneusta 

T 35437 SRR1695460 

Glossobalanus 
marsinatus 

Hemichordata: 
Enteropneusta 

T 3735 SRR1695459 

Harrimaniidae 
sp. Iceland 

Hemichordata: 
Enteropneusta 

T 49117 SRR1695462 

Harrimaniidae 
sp. Norway 

Hemichordata: 
Enteropneusta 

T 55596 SRR1695463  

Ptychodera 
bahamensis 

Hemichordata: 
Enteropneusta 

T 30780 SRR1695458 

Ptychodera flava 
1 

Hemichordata: 
Enteropneusta 

T 9674 SRR1029584 

Ptychodera flava 
2 

Hemichordata: 
Enteropneusta 

GM 30537 GCA_001465055.1 

Saccoglossus 
kowalevskii 1 

Hemichordata: 
Enteropneusta 

T 5147 SRR071719  

Saccoglossus 
kowalevskii 2 

Hemichordata: 
Enteropneusta 

GM 22059 GCF_000003605.2 

Saccoglossus 
kowalevskii 3 

Hemichordata: 
Enteropneusta 

GM 29411 [See Simakov et al., 2016 (62)] 

Saccoglossus 
mereschkowskii 

Hemichordata: 
Enteropneusta 

T 41268 SRR1695461 

Schizocardium cf. 
brasiliense 

Hemichordata: 
Enteropneusta 

T 31767 SRR1695467 

Stereobalanus 
canadensis 1 

Hemichordata: 
Enteropneusta 

T 1890 SRR1697122 

Stereobalanus 
canadensis 2 

Hemichordata: 
Enteropneusta 

T 2224 SRR1695465 

Torquaratorid sp. 
Iceland 

Hemichordata: 
Enteropneusta 

T 25570 SRR1695468 

Torquaratorid sp. 
Norway 

Hemichordata: 
Enteropneusta 

T 33277 SRR1695469 

Cephalodiscus 
gracilis 

Hemichordata: 
Pterobranchia 

T 13366 SRR1695473 
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Cephalodiscus 
hodgsoni 1 

Hemichordata: 
Pterobranchia 

T 54201 SRR1695470 

Cephalodiscus 
hodgsoni 2 

Hemichordata: 
Pterobranchia 

GM 40310 See [10.6084/m9.figshare.4987169] 

Cephalodiscus 
nigrescens  

Hemichordata: 
Pterobranchia 

T 1782 SRR1695472 

Rhabdopleura 
normani 

Hemichordata: 
Pterobranchia 

T 361 SRR1695475 

Rhabdopleura sp. 
Iceland 

Hemichordata: 
Pterobranchia 

T 558 SRR1695476 

TLR Pathway Homologs Identified 

Species Homolog Sequence Header 
Astrotomma agassizii MAP3K7 AstagM3K7_1 
Astrotomma agassizii MAP3K7 AstagM3K7_2 
Astrotomma agassizii MAP3K7 AstagM3K7_3 
Astrotomma agassizii TAB2 AstAgTAB2_1 
Astrotomma agassizii TAB2 AstAgTAB2_2 
Astrotomma agassizii IRAK1 AsyluIRAK1_1 

Asymmetron lucayanum IRAK4 AsyluIRAK4_1 
Asymmetron lucayanum MAP3K7 AsyluM3K7_1 
Asymmetron lucayanum MAP3K7 AsyluM3K7_2 
Asymmetron lucayanum MAP3K7 AsyluM3K7_3 
Asymmetron lucayanum MYD88 AsyluMYD88_1 
Asymmetron lucayanum SARM1 AsyluSARM1_1 
Asymmetron lucayanum TAB1 AsyluTAB1_1 
Asymmetron lucayanum TAB2 AsyluTAB2_1 
Asymmetron lucayanum TLR AsyluTLR_1 
Asymmetron lucayanum TLR AsyluTLR_2 

Balanoglossus aurantiacus IRAK1 BalauIRAK4_1 
Balanoglossus aurantiacus MAP3K7 BalauM3K7_1 
Balanoglossus aurantiacus MYD88 BalauMYD88_1 
Balanoglossus aurantiacus MYD88 BalauMYD88_2 
Balanoglossus aurantiacus SARM1 BalauSARM1_1 
Balanoglossus aurantiacus SARM1 BalauSARM1_2 
Balanoglossus aurantiacus TAB1 BalauTAB1_1 
Balanoglossus aurantiacus TAB1 BalauTAB1_2 
Balanoglossus aurantiacus TAB2 BalauTAB2_1 
Balanoglossus aurantiacus TICAM2 BalauTCAM2_1 
Balanoglossus aurantiacus TICAM2 BalauTCAM2_2 
Balanoglossus aurantiacus TICAM2 BalauTCAM2_3 
Balanoglossus aurantiacus TICAM2 BalauTCAM2_4 
Balanoglossus aurantiacus TLR BalauTLR_1 
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Balanoglossus aurantiacus TLR BalauTLR_2 
Balanoglossus aurantiacus TLR BalauTLR_3 
Balanoglossus aurantiacus TLR BalauTLR_4 
Balanoglossus aurantiacus TLR BalauTOLL_1 
Balanoglossus aurantiacus TLR BalauTOLL_2 

Botryllus schlosseri MAP3K7 BotscM3K7_1 
Botryllus schlosseri MAP3K7 BotscM3K7_2 
Botryllus schlosseri MAP3K7 BotscM3K7_3 
Botryllus schlosseri MAP3K7 BotscM3K7_4 
Botryllus schlosseri MYD88 BotscMYD88_1 
Botryllus schlosseri MYD88 BotscMYD88_2 
Botryllus schlosseri SARM1 BotscSARM1_1 
Botryllus schlosseri SARM1 BotscSARM1_2 
Botryllus schlosseri SARM1 BotscSARM1_3 
Botryllus schlosseri SARM1 BotscSARM1_4 
Botryllus schlosseri SARM1 BotscSARM1_5 
Botryllus schlosseri TAB1 BotscTAB1_1 
Botryllus schlosseri TAB1 BotscTAB1_2 
Botryllus schlosseri TAB1 BotscTAB1_3 
Botryllus schlosseri TAB1 BotscTAB1_4 
Botryllus schlosseri TAB1 BotscTAB1_5 
Botryllus schlosseri TAB1 BotscTAB1_6 
Botryllus schlosseri TAB2 BotscTAB2_1 
Botryllus schlosseri TLR BotscTLR_1 

Branchiostoma floridae IRAK1 BraflIRAK4_1 
Branchiostoma floridae IRAK1 BraflIRAK4_2 
Branchiostoma floridae IRAK1 BraflIRAK4_3 
Branchiostoma floridae MAP3K7 BraflM3K7_1 
Branchiostoma floridae MYD88 BraflMYD88_1 
Branchiostoma floridae MYD88 BraflMYD88_2 
Branchiostoma floridae SARM1 BraflSARM1_1 
Branchiostoma floridae SARM1 BraflSARM1_2 
Branchiostoma floridae TAB1 BraflTAB1_1 
Branchiostoma floridae TAB1 BraflTAB1_2 
Branchiostoma floridae TAB2 BraflTAB2_1 
Branchiostoma floridae TAB2 BraflTAB2_2 
Branchiostoma floridae TICAM2 BraflTCAM2_1 
Branchiostoma floridae TICAM2 BraflTCAM2_2 
Branchiostoma floridae TIRAP BraflTIRAP_1 
Branchiostoma floridae TLR BraflTLR_1 
Branchiostoma floridae TLR BraflTLR_10 
Branchiostoma floridae TLR BraflTLR_11 
Branchiostoma floridae TLR BraflTLR_12 
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Branchiostoma floridae TLR BraflTLR_13 
Branchiostoma floridae TLR BraflTLR_14 
Branchiostoma floridae TLR BraflTLR_2 
Branchiostoma floridae TLR BraflTLR_3 
Branchiostoma floridae TLR BraflTLR_4 
Branchiostoma floridae TLR BraflTLR_5 
Branchiostoma floridae TLR BraflTLR_6 
Branchiostoma floridae TLR BraflTLR_7 
Branchiostoma floridae TLR BraflTLR_8 
Branchiostoma floridae TLR BraflTLR_9 
Branchiostoma floridae TLR BraflTOLL_1 
Branchiostoma floridae TLR BraflTOLL_2 
Branchiostoma floridae TLR BraflTOLL_3 
Branchiostoma floridae TLR BraflTOLL_4 
Branchiostoma floridae TLR BraflTOLL_5 
Cephalodiscus gracilis TIRAP CepgrTIRAP_1 

Cephalodiscus hodgsoni MAP3K7 CephoM3K7_1 
Cephalodiscus hodgsoni MYD88 CephoMYD88_1 
Cephalodiscus hodgsoni TAB1 CephoTAB1_1 
Cephalodiscus hodgsoni TAB1 CephoTAB1_2 
Cephalodiscus hodgsoni TAB2 CephoTAB2_1 
Cephalodiscus hodgsoni TAB2 CephoTAB2_2 
Cephalodiscus hodgsoni TIRAP CephoTIRAP_1 
Cephalodiscus hodgsoni TIRAP CephoTIRAP_1 
Cephalodiscus hodgsoni TLR CephoTLR_1 
Cephalodiscus hodgsoni TLR CephoTLR_2 
Cephalodiscus hodgsoni TLR CephoTLR_3 
Cephalodiscus hodgsoni TLR CephoTLR_4 
Cephalodiscus hodgsoni TLR CephoTLR_5 
Cephalodiscus hodgsoni TLR CephoTLR_6 
Cephalodiscus hodgsoni TLR CephoTOLL_1 
Cephalodiscus hodgsoni TLR CephoTOLL_2 
Cephalodiscus hodgsoni TLR CephoTOLL_3 

Ciona intestinalis IRAK1 CioinIRAK4_1 
Ciona intestinalis MAP3K7 CioinM3K7_1 
Ciona intestinalis MAP3K7 CioinM3K7_2 
Ciona intestinalis MYD88 CioinMYD88_1 
Ciona intestinalis MYD88 CioinMYD88_2 
Ciona intestinalis SARM1 CioinSARM1_1 
Ciona intestinalis TAB1 CioinTAB1_1 
Ciona intestinalis TAB2 CioinTAB2_1 
Ciona intestinalis TAB2 CioinTAB2_2 
Ciona intestinalis TLR CioinTLR_1 
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Ciona intestinalis TLR CioinTLR_2 
Ciona intestinalis TLR CioinTOLL_1 

Dumetocrinus antarcticus IRAK1 DumanIRAK1_1 
Dumetocrinus antarcticus IRAK1 DumanIRAK4_1 
Dumetocrinus antarcticus MAP3K7 DumanM3K7_1 
Dumetocrinus antarcticus MAP3K7 DumanM3K7_1 
Dumetocrinus antarcticus MAP3K7 DumanM3K7_2 
Dumetocrinus antarcticus MAP3K7 DumanM3K7_2 
Dumetocrinus antarcticus MYD88 DumanMYD88_4 
Dumetocrinus antarcticus TAB1 DumanTAB1_1 
Dumetocrinus antarcticus TAB1 DumanTAB1_2 
Dumetocrinus antarcticus TAB1 DumanTAB1_2 
Dumetocrinus antarcticus TAB2 DumanTAB2_1 
Dumetocrinus antarcticus TAB2 DumanTAB2_2 
Dumetocrinus antarcticus TAB2 DumanTAB2_3 
Dumetocrinus antarcticus TLR DumanTLR_1 
Dumetocrinus antarcticus TRAF6 DumanTRAF6_1 
Dumetocrinus antarcticus TRAF6 DumanTRAF6_2 
Dumetocrinus antarcticus TRAF6 DumanTRAF6_3 
Dumetocrinus antarcticus TRAF6 DumanTRAF6_4 

Harrimaniid sp. Iceland MAP3K7 HarIcM3K7_1 
Harrimaniid sp. Iceland MAP3K7 HarIcM3K7_2 
Harrimaniid sp. Iceland MAP3K7 HarIcM3K7_3 
Harrimaniid sp. Iceland MAP3K7 HarIcM3K7_4 
Harrimaniid sp. Iceland TAB1 HarIcTAB1_1 
Harrimaniid sp. Iceland TAB1 HarIcTAB1_2 
Harrimaniid sp. Iceland TAB1 HarIcTAB1_3 
Harrimaniid sp. Iceland TICAM2 HarIcTCAM2_1 
Harrimaniid sp. Iceland TIRAP HarIcTIRAP_1 
Harrimaniid sp. Iceland TLR HarIcTLR_1 
Harrimaniid sp. Iceland TLR HarIcTLR_2 
Harrimaniid sp. Iceland TLR HarIcTLR_3 
Harrimaniid sp. Iceland TLR HarIcTLR_4 
Harrimaniid sp. Norway MAP3K7 HarNoM3K7_1 
Harrimaniid sp. Norway MAP3K7 HarNoM3K7_2 
Harrimaniid sp. Norway MYD88 HarNoMYD88_1 
Harrimaniid sp. Norway SARM1 HarNoSARM1_1 
Harrimaniid sp. Norway SARM1 HarNoSARM1_2 
Harrimaniid sp. Norway TAB1 HarNoTAB1_1 
Harrimaniid sp. Norway TAB1 HarNoTAB1_2 
Harrimaniid sp. Norway TAB2 HarNoTAB2_1 
Harrimaniid sp. Norway TAB2 HarNoTAB2_2 
Harrimaniid sp. Norway TAB2 HarNoTAB2_3 
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Harrimaniid sp. Norway TICAM2 HarNoTCAM2_1 
Harrimaniid sp. Norway TICAM2 HarNoTCAM2_2 
Harrimaniid sp. Norway TLR HarNoTLR_1 
Harrimaniid sp. Norway TLR HarNoTLR_2 
Harrimaniid sp. Norway TRAF6 HarNoTRAF6_1 

Labidiaster annulatus MAP3K7 LabanM3K7_1 
Labidiaster annulatus TAB1 LabanTAB1_1 

Leptosynapta clarki MAP3K7 LepclM3K7_1 
Leptosynapta clarki MAP3K7 LepclM3K7_2 
Leptosynapta clarki MAP3K7 LepclM3K7_3 
Leptosynapta clarki MYD88 LepclMYD88_1 
Leptosynapta clarki TAB1 LepclTAB1_1 
Leptosynapta clarki TAB1 LepclTAB1_2 
Leptosynapta clarki TAB1 LepclTAB1_3 
Leptosynapta clarki TAB2 LepclTAB2_1 
Leptosynapta clarki TLR LepclTOLL_1 
Leptosynapta clarki TLR LepclTOLL_2 
Leptosynapta clarki TLR LepclTOLL_3 
Leptosynapta clarki TLR LepclTOLL_4 

Lytechinus variegatus MAP3K7 LytvaM3K7_1 
Lytechinus variegatus MYD88 LytvaMYD88_1 
Lytechinus variegatus SARM1 LytvaSARM1_1 
Lytechinus variegatus TAB1 LytvaTAB1_1 
Lytechinus variegatus TAB1 LytvaTAB1_2 
Lytechinus variegatus TAB2 LytvaTAB2_1 
Lytechinus variegatus TLR LytvaTLR_1 
Lytechinus variegatus TLR LytvaTLR_2 
Lytechinus variegatus TLR LytvaTOLL_1 
Lytechinus variegatus TRAF6 LytvaTRAF6_1 

Notocrinus virillis MAP3K7 NotviM3K7_1 
Notocrinus virillis MAP3K7 NotviM3K7_2 
Notocrinus virillis MAP3K7 NotviM3K7_3 
Notocrinus virillis MYD88 NotviMYD88_1 
Notocrinus virillis MYD88 NotviMYD88_2 
Notocrinus virillis MYD88 NotviMYD88_3 
Notocrinus virillis SARM1 NotviSARM1_1 
Notocrinus virillis TAB1 NotviTAB1_1 
Notocrinus virillis TAB2 NotviTAB2_1 
Notocrinus virillis TAB2 NotviTAB2_2 
Notocrinus virillis TAB2 NotviTAB2_3 
Notocrinus virillis TLR NotviTLR_1 
Notocrinus virillis TLR NotviTLR_2 
Notocrinus virillis TLR NotviTLR_3 
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Notocrinus virillis TLR NotviTLR_4 
Notocrinus virillis TRAF6 NotviTRAF6_1 

Oikiopleura dioica MAP3K7 OikdiM3K7_1 
Ophiocoma echinata MAP3K7 OphecM3K7_1 
Ophiocoma echinata TAB1 OphecTAB1_1 
Ophiocoma echinata TLR OphecTLR_1 
Ophiocoma echinata TRAF6 OphecTRAF6_1 

Oxycomathus japonicus IRAK1 OxyjaIRAK4_1 
Oxycomathus japonicus MAP3K7 OxyjaM3K7_1 
Oxycomathus japonicus MYD88 OxyjaMYD88_1 
Oxycomathus japonicus SARM1 OxyjaSARM1_1 
Oxycomathus japonicus TAB1 OxyjaTAB1_1 
Oxycomathus japonicus TAB2 OxyjaTAB2_1 
Oxycomathus japonicus TLR OxyjaTLR_1 

Parastichopus californicus MYD88 ParcaMYD88_1 
Parastichopus californicus TAB1 ParcaTAB1_1 
Parastichopus californicus TLR ParcaTLR_1 
Parastichopus californicus TRAF6 ParcaTRAF6_1 

Patiria miniata IRAK1 PatmiIRAK4_1 
Patiria miniata MAP3K7 PatmiM3K7_1 
Patiria miniata MAP3K7 PatmiM3K7_2 
Patiria miniata MYD88 PatmiMYD88_1 
Patiria miniata SARM1 PatmiSARM1_1 
Patiria miniata TAB1 PatmiTAB1_1 
Patiria miniata TAB2 PatmiTAB2_1 
Patiria miniata TRAF6 PatmiTRAF6_1 
Patiria miniata TRAF6 PatmiTRAF6_2 

Promachocrinus kerguelensis MAP3K7 ProkeM3K7_1 
Promachocrinus kerguelensis MAP3K7 ProkeM3K7_2 

Ptychodera bahamansis MAP3K7 PtybaM3K7_1 
Ptychodera bahamansis MYD88 PtybaMYD88_1 
Ptychodera bahamansis SARM1 PtybaSARM1_1 
Ptychodera bahamansis TAB1 PtybaTAB1_1 
Ptychodera bahamansis TAB1 PtybaTAB1_2 
Ptychodera bahamansis TAB2 PtybaTAB2_1 
Ptychodera bahamansis TICAM2 PtybaTCAM2_1 
Ptychodera bahamansis TICAM2 PtybaTCAM2_2 
Ptychodera bahamansis TICAM2 PtybaTCAM2_3 
Ptychodera bahamansis TLR PtybaTOLL_1 
Ptychodera bahamansis TRAF6 PtybaTRAF6_1 
Ptychodera bahamansis TRAF6 PtybaTRAF6_1 

Ptychodera flava IRAK1 PtyflIRAK1_1 
Ptychodera flava MAP3K7 PtyflM3K7_1 
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Ptychodera flava MYD88 PtyflMYD88_1 
Ptychodera flava SARM1 PtyflSARM1_1 
Ptychodera flava TAB1 PtyflTAB1_1 
Ptychodera flava TAB1 PtyflTAB1_2 
Ptychodera flava TICAM2 PtyflTCAM2_1 
Ptychodera flava TIRAP PtyflTIRAP_1 
Ptychodera flava TLR PtyflTLR_1 
Ptychodera flava TLR PtyflTLR_10 
Ptychodera flava TLR PtyflTLR_11 
Ptychodera flava TLR PtyflTLR_12 
Ptychodera flava TLR PtyflTLR_13 
Ptychodera flava TLR PtyflTLR_14 
Ptychodera flava TLR PtyflTLR_15 
Ptychodera flava TLR PtyflTLR_16 
Ptychodera flava TLR PtyflTLR_17 
Ptychodera flava TLR PtyflTLR_18 
Ptychodera flava TLR PtyflTLR_19 
Ptychodera flava TLR PtyflTLR_2 
Ptychodera flava TLR PtyflTLR_20 
Ptychodera flava TLR PtyflTLR_21 
Ptychodera flava TLR PtyflTLR_22 
Ptychodera flava TLR PtyflTLR_23 
Ptychodera flava TLR PtyflTLR_24 
Ptychodera flava TLR PtyflTLR_25 
Ptychodera flava TLR PtyflTLR_26 
Ptychodera flava TLR PtyflTLR_27 
Ptychodera flava TLR PtyflTLR_28 
Ptychodera flava TLR PtyflTLR_3 
Ptychodera flava TLR PtyflTLR_4 
Ptychodera flava TLR PtyflTLR_5 
Ptychodera flava TLR PtyflTLR_6 
Ptychodera flava TLR PtyflTLR_7 
Ptychodera flava TLR PtyflTLR_8 
Ptychodera flava TLR PtyflTLR_9 
Ptychodera flava TLR PtyflTOLL_1 
Ptychodera flava TLR PtyflTOLL_2 
Ptychodera flava TRAF6 PtyflTRAF6_1 

Saccoglossus kowalevskii IRAK1 SackoIRAK1_1 
Saccoglossus kowalevskii IRAK1 SackoIRAK4_1 
Saccoglossus kowalevskii MAP3K7 SackoM3K7_1 
Saccoglossus kowalevskii MAP3K7 SackoM3K7_2 
Saccoglossus kowalevskii MAP3K7 SackoM3K7_3 
Saccoglossus kowalevskii MYD88 SackoMYD88_1 
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Saccoglossus kowalevskii SARM1 SackoSARM1_2 
Saccoglossus kowalevskii TAB1 SackoTAB1_1 
Saccoglossus kowalevskii TAB2 SackoTAB2_1 
Saccoglossus kowalevskii TICAM2 SackoTCAM2_1 
Saccoglossus kowalevskii TICAM2 SackoTCAM2_1 
Saccoglossus kowalevskii TLR SackoTLR_1 
Saccoglossus kowalevskii TLR SackoTLR_10 
Saccoglossus kowalevskii TLR SackoTLR_11 
Saccoglossus kowalevskii TLR SackoTLR_2 
Saccoglossus kowalevskii TLR SackoTLR_3 
Saccoglossus kowalevskii TLR SackoTLR_4 
Saccoglossus kowalevskii TLR SackoTLR_5 
Saccoglossus kowalevskii TLR SackoTLR_6 
Saccoglossus kowalevskii TLR SackoTLR_7 
Saccoglossus kowalevskii TLR SackoTLR_8 
Saccoglossus kowalevskii TLR SackoTLR_9 
Saccoglossus kowalevskii TLR SackoTOLL_1 
Saccoglossus kowalevskii TRAF6 SackoTRAF6_1 
Saccoglossus kowalevskii TRAF6 SackoTRAF6_2 
Saccoglossus kowalevskii TRAF6 SackoTRAF6_3 

Saccoglossus mereschkowskii IRAK1 SacmeIRAK4_1 
Saccoglossus mereschkowskii IRAK1 SacmeIRAK4_2 
Saccoglossus mereschkowskii MAP3K7 SacmeM3K7_1 
Saccoglossus mereschkowskii MAP3K7 SacmeM3K7_2 
Saccoglossus mereschkowskii MYD88 SacmeMYD88_1 
Saccoglossus mereschkowskii MYD88 SacmeMYD88_2 
Saccoglossus mereschkowskii TAB1 SacmeTAB1_1 
Saccoglossus mereschkowskii TICAM2 SacmeTCAM2_1 
Saccoglossus mereschkowskii TICAM2 SacmeTCAM2_2 
Saccoglossus mereschkowskii TLR SacmeTLR_1 

Schizocardium brasiliense TICAM2 SchbrTCAM2_1 
Schizocardium brasiliense TICAM2 SchbrTCAM2_10 
Schizocardium brasiliense TICAM2 SchbrTCAM2_11 
Schizocardium brasiliense TICAM2 SchbrTCAM2_12 
Schizocardium brasiliense TICAM2 SchbrTCAM2_2 
Schizocardium brasiliense TICAM2 SchbrTCAM2_3 
Schizocardium brasiliense TICAM2 SchbrTCAM2_4 
Schizocardium brasiliense TICAM2 SchbrTCAM2_5 
Schizocardium brasiliense TICAM2 SchbrTCAM2_6 
Schizocardium brasiliense TICAM2 SchbrTCAM2_7 
Schizocardium brasiliense TICAM2 SchbrTCAM2_8 
Schizocardium brasiliense TICAM2 SchbrTCAM2_9 

Strongylocentrotus purpuratus MAP3K7 StrpuM3K7_1 
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Strongylocentrotus purpuratus MYD88 StrpuMYD88_1 
Strongylocentrotus purpuratus MYD88 StrpuMYD88_2 
Strongylocentrotus purpuratus SARM1 StrpuSARM1_1 
Strongylocentrotus purpuratus SARM1 StrpuSARM1_2 
Strongylocentrotus purpuratus SARM1 StrpuSARM1_3 
Strongylocentrotus purpuratus TAB1 StrpuTAB1_1 
Strongylocentrotus purpuratus TAB2 StrpuTAB2_1 
Strongylocentrotus purpuratus TAB2 StrpuTAB2_2 
Strongylocentrotus purpuratus TLR StrpuTLR_1 
Strongylocentrotus purpuratus TLR StrpuTLR_10 
Strongylocentrotus purpuratus TLR StrpuTLR_100 
Strongylocentrotus purpuratus TLR StrpuTLR_101 
Strongylocentrotus purpuratus TLR StrpuTLR_102 
Strongylocentrotus purpuratus TLR StrpuTLR_103 
Strongylocentrotus purpuratus TLR StrpuTLR_11 
Strongylocentrotus purpuratus TLR StrpuTLR_12 
Strongylocentrotus purpuratus TLR StrpuTLR_13 
Strongylocentrotus purpuratus TLR StrpuTLR_14 
Strongylocentrotus purpuratus TLR StrpuTLR_15 
Strongylocentrotus purpuratus TLR StrpuTLR_16 
Strongylocentrotus purpuratus TLR StrpuTLR_17 
Strongylocentrotus purpuratus TLR StrpuTLR_18 
Strongylocentrotus purpuratus TLR StrpuTLR_19 
Strongylocentrotus purpuratus TLR StrpuTLR_2 
Strongylocentrotus purpuratus TLR StrpuTLR_20 
Strongylocentrotus purpuratus TLR StrpuTLR_21 
Strongylocentrotus purpuratus TLR StrpuTLR_22 
Strongylocentrotus purpuratus TLR StrpuTLR_23 
Strongylocentrotus purpuratus TLR StrpuTLR_24 
Strongylocentrotus purpuratus TLR StrpuTLR_25 
Strongylocentrotus purpuratus TLR StrpuTLR_26 
Strongylocentrotus purpuratus TLR StrpuTLR_27 
Strongylocentrotus purpuratus TLR StrpuTLR_28 
Strongylocentrotus purpuratus TLR StrpuTLR_29 
Strongylocentrotus purpuratus TLR StrpuTLR_3 
Strongylocentrotus purpuratus TLR StrpuTLR_30 
Strongylocentrotus purpuratus TLR StrpuTLR_31 
Strongylocentrotus purpuratus TLR StrpuTLR_32 
Strongylocentrotus purpuratus TLR StrpuTLR_33 
Strongylocentrotus purpuratus TLR StrpuTLR_34 
Strongylocentrotus purpuratus TLR StrpuTLR_35 
Strongylocentrotus purpuratus TLR StrpuTLR_36 
Strongylocentrotus purpuratus TLR StrpuTLR_37 
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Strongylocentrotus purpuratus TLR StrpuTLR_38 
Strongylocentrotus purpuratus TLR StrpuTLR_39 
Strongylocentrotus purpuratus TLR StrpuTLR_4 
Strongylocentrotus purpuratus TLR StrpuTLR_40 
Strongylocentrotus purpuratus TLR StrpuTLR_41 
Strongylocentrotus purpuratus TLR StrpuTLR_42 
Strongylocentrotus purpuratus TLR StrpuTLR_43 
Strongylocentrotus purpuratus TLR StrpuTLR_44 
Strongylocentrotus purpuratus TLR StrpuTLR_45 
Strongylocentrotus purpuratus TLR StrpuTLR_46 
Strongylocentrotus purpuratus TLR StrpuTLR_47 
Strongylocentrotus purpuratus TLR StrpuTLR_48 
Strongylocentrotus purpuratus TLR StrpuTLR_49 
Strongylocentrotus purpuratus TLR StrpuTLR_5 
Strongylocentrotus purpuratus TLR StrpuTLR_50 
Strongylocentrotus purpuratus TLR StrpuTLR_51 
Strongylocentrotus purpuratus TLR StrpuTLR_52 
Strongylocentrotus purpuratus TLR StrpuTLR_53 
Strongylocentrotus purpuratus TLR StrpuTLR_54 
Strongylocentrotus purpuratus TLR StrpuTLR_55 
Strongylocentrotus purpuratus TLR StrpuTLR_56 
Strongylocentrotus purpuratus TLR StrpuTLR_57 
Strongylocentrotus purpuratus TLR StrpuTLR_58 
Strongylocentrotus purpuratus TLR StrpuTLR_59 
Strongylocentrotus purpuratus TLR StrpuTLR_6 
Strongylocentrotus purpuratus TLR StrpuTLR_60 
Strongylocentrotus purpuratus TLR StrpuTLR_61 
Strongylocentrotus purpuratus TLR StrpuTLR_62 
Strongylocentrotus purpuratus TLR StrpuTLR_63 
Strongylocentrotus purpuratus TLR StrpuTLR_64 
Strongylocentrotus purpuratus TLR StrpuTLR_65 
Strongylocentrotus purpuratus TLR StrpuTLR_66 
Strongylocentrotus purpuratus TLR StrpuTLR_67 
Strongylocentrotus purpuratus TLR StrpuTLR_68 
Strongylocentrotus purpuratus TLR StrpuTLR_69 
Strongylocentrotus purpuratus TLR StrpuTLR_7 
Strongylocentrotus purpuratus TLR StrpuTLR_70 
Strongylocentrotus purpuratus TLR StrpuTLR_71 
Strongylocentrotus purpuratus TLR StrpuTLR_72 
Strongylocentrotus purpuratus TLR StrpuTLR_73 
Strongylocentrotus purpuratus TLR StrpuTLR_74 
Strongylocentrotus purpuratus TLR StrpuTLR_75 
Strongylocentrotus purpuratus TLR StrpuTLR_76 
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Strongylocentrotus purpuratus TLR StrpuTLR_77 
Strongylocentrotus purpuratus TLR StrpuTLR_78 
Strongylocentrotus purpuratus TLR StrpuTLR_79 
Strongylocentrotus purpuratus TLR StrpuTLR_8 
Strongylocentrotus purpuratus TLR StrpuTLR_80 
Strongylocentrotus purpuratus TLR StrpuTLR_81 
Strongylocentrotus purpuratus TLR StrpuTLR_82 
Strongylocentrotus purpuratus TLR StrpuTLR_83 
Strongylocentrotus purpuratus TLR StrpuTLR_84 
Strongylocentrotus purpuratus TLR StrpuTLR_85 
Strongylocentrotus purpuratus TLR StrpuTLR_86 
Strongylocentrotus purpuratus TLR StrpuTLR_87 
Strongylocentrotus purpuratus TLR StrpuTLR_88 
Strongylocentrotus purpuratus TLR StrpuTLR_89 
Strongylocentrotus purpuratus TLR StrpuTLR_9 
Strongylocentrotus purpuratus TLR StrpuTLR_90 
Strongylocentrotus purpuratus TLR StrpuTLR_91 
Strongylocentrotus purpuratus TLR StrpuTLR_92 
Strongylocentrotus purpuratus TLR StrpuTLR_93 
Strongylocentrotus purpuratus TLR StrpuTLR_94 
Strongylocentrotus purpuratus TLR StrpuTLR_95 
Strongylocentrotus purpuratus TLR StrpuTLR_96 
Strongylocentrotus purpuratus TLR StrpuTLR_97 
Strongylocentrotus purpuratus TLR StrpuTLR_98 
Strongylocentrotus purpuratus TLR StrpuTLR_99 
Strongylocentrotus purpuratus TLR StrpuTOLL_1 
Strongylocentrotus purpuratus TLR StrpuTOLL_2 
Strongylocentrotus purpuratus TRAF6 StrpuTRAF6_1 

Torquaratorid sp. Iceland TAB1 TorIcTAB1_1 
Torquaratorid sp. Iceland TICAM2 TorIcTCAM2_1 
Torquaratorid sp. Iceland TICAM2 TorIcTCAM2_2 
Torquaratorid sp. Norway MAP3K7 TorNoM3K7_1 
Torquaratorid sp. Norway MYD88 TorNoMYD88_1 
Torquaratorid sp. Norway SARM1 TorNoSARM1_1 
Torquaratorid sp. Norway TAB1 TorNoTAB1_1 
Torquaratorid sp. Norway TAB1 TorNoTAB1_2 
Torquaratorid sp. Norway TAB2 TorNoTAB2_1 
Torquaratorid sp. Norway TICAM2 TorNoTCAM2_1 
Torquaratorid sp. Norway TICAM2 TorNoTCAM2_2 
Torquaratorid sp. Norway TLR TorNoTLR_1 
Torquaratorid sp. Norway TLR TorNoTLR_2 
Torquaratorid sp. Norway TLR TorNoTLR_3 
Torquaratorid sp. Norway TRAF6 TorNoTRAF6_1 
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Footnotes: Data type key: T = Transcriptome, GM = Genome gene models, GS = Genome 
Assembly 
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Table S2: SwissProt proteins (47) and their associated domain architectures 

SwissProt 
Accession Entry name Associated Domain Architectures 

P51617 IRAK1_HUMAN Death + Protein Kinase 
Q62406 IRAK1_MOUSE Death + Protein Kinase 

Q9NWZ3 IRAK4_HUMAN Death + Protein Kinase 
Q8R4K2 IRAK4_MOUSE Death + Protein Kinase 
O43318 M3K7_HUMAN Protein Kinase 
Q62073 M3K7_MOUSE Protein Kinase 
Q99836 MYD88_HUMAN TIR + Death 
P22366 MYD88_MOUSE TIR + Death 

Q6SZW1 SARM1_HUMAN TIR + SAM + SAM 
Q6PDS3 SARM1_MOUSE TIR + SAM + SAM 
Q15750 TAB1_HUMAN PPM-type Phosphatase 

Q8CF89 TAB1_MOUSE PPM-type Phosphatase 
Q9NYJ8 TAB2_HUMAN CUE + RanBP2-type Zinc-finger 
Q99K90 TAB2_MOUSE CUE + RanBP2-type Zinc-finger 
Q8IUC6 TCAM1_HUMAN TIR + RHIM 
Q80UF7 TCAM1_MOUSE TIR + RHIM 
Q86XR7 TCAM2_HUMAN TIR 
Q8BJQ4 TCAM2_MOUSE TIR 
P58753 TIRAP_HUMAN TIR 
Q99JY1 TIRAP_MOUSE TIR 
Q15399 TLR1_HUMAN TIR + ( > 3 LRRs) 

Q9EPQ1 TLR1_MOUSE TIR + ( > 3 LRRs) 
O60603 TLR2_HUMAN TIR + ( > 3 LRRs) 

Q9QUN7 TLR2_MOUSE TIR + ( > 3 LRRs) 
O15455 TLR3_HUMAN TIR + ( > 3 LRRs) 

Q99MB1 TLR3_MOUSE TIR + ( > 3 LRRs) 
O00206 TLR4_HUMAN TIR + ( > 3 LRRs) 

Q9QUK6 TLR4_MOUSE TIR + ( > 3 LRRs) 
O60602 TLR5_HUMAN TIR + ( > 3 LRRs) 
Q9JLF7 TLR5_MOUSE TIR + ( > 3 LRRs) 
Q9Y2C9 TLR6_HUMAN TIR + ( > 3 LRRs) 

Q9EPW9 TLR6_MOUSE TIR + ( > 3 LRRs) 
Q9NYK1 TLR7_HUMAN TIR + ( > 3 LRRs) 
P58681 TLR7_MOUSE TIR + ( > 3 LRRs) 

Q9NR97 TLR8_HUMAN TIR + ( > 3 LRRs) 
P58682 TLR8_MOUSE TIR + ( > 3 LRRs) 

Q9NR96 TLR9_HUMAN TIR + ( > 3 LRRs) 
Q9EQU3 TLR9_MOUSE TIR + ( > 3 LRRs) 
Q9BXR5 TLR10_HUMAN TIR + ( > 3 LRRs) 
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Q6R5P0 TLR11_MOUSE TIR + ( > 3 LRRs) 
Q6QNU9 TLR12_MOUSE TIR + ( > 3 LRRs) 
Q6R5N8 TLR13_MOUSE TIR + ( > 3 LRRs) 
P08953 TOLL_DROME TIR + ( > 3 LRRs) 

Q9Y4K3 TRAF6_HUMAN MATH + Ring-type Zinc-finger + Traf-
type Zinc Finger 

P70196 TRAF6_MOUSE MATH + Ring-type Zinc-finger + Traf-
type Zinc Finger 
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Table S3: Convergence statistics from Bayesian phylogenetic inference of deuterostome TLRs 
as computed by ExaBayes (version 1.4.2) (55).  

 # Gen. Statistic* Value Min Max Mean Median 

Full 
TLRs 10.0E6 

Parameter ESS  204 7360 1390 1280 
Parameter PSRF  1.00 1.00 1.00 1.00 
ASDSF 0.60%    
MSDSF 4.42%    

TIR-Only 19.6E6 

Parameter ESS  135 4030 1190 1080 
Parameter PSRF  1.00 1.01 1.00 1.00 
ASDSF 1.11%     
MSDSF 8.70%     

*ESS = Effective sample size, PSRF = Potential scale reduction factor, ASDSF = 
Average standard deviation of split frequencies, MSDSF = Maximum standard 
deviation of split frequencies. 
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Chapter 4: Induced Immune Reaction in the Acorn Worm, Saccoglossus kowalevskii, has 
Implications for Understanding the Evolution of Antiviral Immunity 

 

4.1 Abstract 

 Comparative genomics and evolutionary analyses leveraging species have provided strong 

evidence that the molecular toolkit required for a robust immune response was present in the last 

common ancestor to Deuterostomes – a superphylum of animals comprised of hemichordates, 

echinoderms, and chordates.  Although these genetic surveys provide essential groundwork for 

inferring the evolutionary history of immune gene families within the superphylum, there are very 

few studies which experimentally isolate genes directly involved in invertebrate deuterostome 

immunity. In this study, we perform a differential gene expression analysis on the hemichordate 

deuterostome, Saccoglossus kowalevskii, to identify genes directly implicated in the immune 

response against viral dsRNA. By comparing individuals injected with poly(I:C), a synthetic 

dsRNA analog and potent ligand of several pattern recognition receptors, to those injected with a 

buffer, we identify 455 genes which possess statistically significant changes (Wald’s adjusted p-

values < 0.05) in their mean expression following dsRNA exposure. Moreover, by performing 

these experiments in a time-dependent schema, we show that expressional variation for 368 genes 

can be explained by an interaction between time and treatment (LRT adjusted p-values < 0.05) – 

suggesting viral exposure elicits a dynamic transcriptomic response in S. kowalevskii. Although 

some differentially expressed genes possessed annotations congruent with canonical immune 

reactions known in vertebrates, many genes identified in S. kowalevskii could not be annotated and 

remain uncharacterized. Together, the transcriptional response and DEGs described in S. 

kowalevskii represent a substantial advance in establishing a phylogenetically informative and 

comparative framework necessary for elucidating the evolution of deuterostome immune systems. 

 

4.2 Significance Statement 

 Understanding the conserved genetic elements underlying molecular immunity is 

necessary to inform the evolutionary history which preceded the adaptive immune systems of 

vertebrates (Figure 1A). By investigating the transcriptomic response to viral stimulus in the 

invertebrate deuterostome, Saccoglossus kowalevskii, we provide vital phylogenetic contrast and 
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insight into the molecular mechanisms behind viral immunity. Despite possessing a similar innate 

immunity genetic repertoire to vertebrates, S. kowalevskii leverages many genes during its antiviral 

immune response which could not be annotated via database-dependent methods. Congruent with 

similarly structured studies in echinoderms, our findings suggest that vertebrates may have lost 

genetic complexity with regard to their innate immunity system following their divergence from 

the last common ancestor of deuterostomes. 

 

4.3 Introduction 

Evolutionary analyses of -omic scale data have shown that the molecular machinery 

responsible for pathogen recognition and transcriptional regulation of immunity effectors is 

broadly conserved across Deuterostomia (Figure 1A; see Chapters 3 & 5), implicating an already 

established and robust genetic toolkit sufficient for rapid host-defense in the LCA of 

deuterostomes. Although comparative molecular evolution studies provide invaluable evidence on 

the ancestry of immune gene/protein diversity, only a few invertebrate deuterostomes have been 

the subject of functional studies that characterize their genetic toolkit involved in immunity (Guo 

& Li 2021). Lack of taxonomic representation not only constrains inferences concerning ancestral 

vertebrate immunity but may also misrepresent the diversity of immune systems leveraged across 

deuterostomes. These effects become further exacerbated when considering the evolution and 

diversity of specialized immune responses such as antiviral immunity. 

Experiments leveraging RNA-seq for differential gene expression (DGE) analyses have 

provided valuable insight into the deployment of antiviral immune factors in echinoderms (Fuess 

et al. 2015; Ruiz-Ramos et al. 2020; Wu et al. 2020), the clade of invertebrate deuterostomes to 

have afforded the most attention with respect to viral disease ecology and immunology (Guo & Li 

2021, Hewson et al. 2014, Miner et al. 2018). DGE studies provide direct evidence identifying 

genes involved in antiviral immune reactions and can be placed in an evolutionary context to 

inform the ancestry of deuterostome immunity. Viruses have been shown to be the infectious agent 

behind sea star wasting disease, a particularly nefarious condition which has led to mass mortality 

events of sea stars across the Eastern Pacific (including the keystone species, Pisaster ochraceous 

(Schiebelhut et al. 2018), and several fatal diseases in the sea cucumber, Apostichopus japonicus 

(a Chinese aquaculture species with an economic value reportedly exceeding 5 billion USD in 
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Figure 1: A) Deuterostome phylogeny annotated for the evolution of key immunity pathways. 
Deut. = Deuterostome. B) Morphology of the hemichordate acorn worm, Saccoglossus 
kowalevskii. C) Plot of the number differentially expressed genes (DEGs) in treatment S. 
kowalevskii individuals per timepoint relative to control conditions (Wald’s adj. p < 0.05). 
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2012; Zhang et al. 2015, Guo & Li 2021). As such, genetic investigations into echinoderm 

immunity provide context not only for deuterostome immunity evolution, but also as important 

groundwork for future conservation efforts. Strikingly, DGE analyses have revealed that 

echinoderm immunity invokes many genes which cannot be sufficiently annotated – with only 

1183 (31.7% of total) differentially expressed genes (DEGs) in P. ochraceous receiving high-

confidence SwissProt annotations (Fuess et al. 2015), and 1180 (67.5% of total) DEGs in 

Holothuria leucospilota able to be annotated with at least a single GO (gene ontology) term (Wu 

et al. 2020). These findings highlight the importance of taxonomic representation in comparative 

immunology and genomic studies (David et al. 2019), as further phylogenetic comparisons are 

necessary to determine whether annotation inefficiency among echinoderm antiviral genes is due 

to novelty (and/or sequence divergence) or, instead, representative of an evolutionarily ancient 

antiviral toolkit which has been lost, or at least undocumented, in vertebrates.  

As sister phylum to the echinoderms (Halanych 1995, Cannon et al. 2014, Laumer et al. 

2019), hemichordates play an instrumental role in elucidating the ancestry of deuterostome traits, 

particularly in the field of evolutionary developmental biology (Lowe 2021). However, very little 

is known about hemichordate immunity. Hemichordate immunity received some attention in the 

1980s when the acorn worm hemichordate, Saccoglossus horsti, was shown to process phagocytes 

within the collar and trunk coelomic cavities (Figure 1B) that are responsive to in vitro bacterial 

infection (Rhodes & Ratcliffe 1983), and whole-body homogenate of the congeneric species, 

Saccoglossus ruber, exhibited strong antibacterial properties (Millar & Ratcliffe 1983). More 

recently, comparative genomics/transcriptomics have revealed that hemichordates inherited a 

molecular toolkit containing several major innate immunity protein families, including Toll-like 

receptors (TLRs) and their canonical pathway (Tassia et al. 2017), NOD-like receptors (NLRs), 

RIG-I-like receptors (RLRs), interferon regulatory factors (IRFs), and nuclear factor κB (NF-κB) 

family members (Chapters 3 & 5). Phylogenetic reconstruction of deuterostome TLRs has also 

provided strong support for hemichordates possessing a TLR3 ortholog (Tassia et al. 2017). 

Interestingly, type-I interferons, a group of secreted signaling molecules central to antiviral 

immunity (i.e., antiviral cytokines), are hypothesized to be a vertebrate novelty, as no clear 

homologs have been identified in hemichordates or any other invertebrate phylum (Majzoub et al. 

2019). Considering the molecular components canonically upstream of interferon transcription are 

conserved in hemichordates (i.e., TLR3, RLRs, and IRFs), the signaling molecules involved in 
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hemichordate antiviral immunity remains an open question. Nonetheless, the evolutionary 

conservation of TLR3, RLRs, and IRFs within Hemichordata fortifies the hypothesis that extant 

deuterostomes possess a shared antiviral immunity toolkit.  

Here, we describe an antiviral transcriptional immune response in the acorn worm, 

Saccoglossus kowalevskii (Figure 1B), and place our findings in a comparative and evolutionary 

framework. This experiment was designed to identify genes involved in S. kowalevskii’s defense 

against RNA viruses and provide insight into the time-dependent transcriptional effects following 

viral stimulus. To accomplish these objectives, we simulated an acute viral infection within the 

proboscis cavity (Figure 1B) by injecting S. kowalevskii individuals with the synthetic viral 

double-stranded RNA (dsRNA) analog, poly(I:C), a potent ligand of TLR3 and RLRs known to 

elicit an antiviral immune response within vertebrates (Kaur et al. 2019). Transcriptomes of 

individuals injected with poly(I:C) were compared against those from individuals which received 

a control injection containing only buffer (see Materials & Methods below).  For each 

experimental replicate (n = 4), worms were sacrificed at 0, 2, 4, 8, 12, and 24hrs post-injection 

(hpi) and individual sequencing libraries were independently constructed for three body regions 

(i.e., proboscis, collar, and trunk) from each worm. This design allowed us to control for tissue-

specific effects (Figure S1) and instead focus on systemic transcriptional effects in response to 

viral infection. In total, 144 transcriptomes were generated for our study (4 experimental replicates, 

2 treatment conditions per replicate, 6 timepoints per condition, 3 tissues per worm; Table S1).  

 

4.4 Results 

S. kowalevskii possesses an immune system capable of recognizing and transcriptionally 

reacting to dsRNA (Figure 1C, Figure 2). For each timepoint comparison, the number of DEGs 

reported and discussed henceforth are those which possessed statistically significant differences in 

mean expression between treatment individuals relative to control conditions at 0hpi (Wald’s 

adjusted p-value < 0.05 and FDR cutoff = 0.05). Consolidated across all time points, 455 genes 

were differentially expressed due to poly(I:C) exposure (Table 1). The largest quantifiable 

transcriptional effects occurred at 2hpi (148 DEGs) and 4hpi (223 DEGs), with gene expression 

primarily down-regulated at 2hpi (133/148 DEGs) and up-regulated at 4hpi (178/223 DEGs). At 

timepoints following 4hpi, transcriptional effects were comparatively more subtle (Figure 1C). A 
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Figure 2: Annotation overview of DEGs per timepoint relative to control conditions (Wald’s 
adj. p < 0.05) with focus on genes down-regulated 2hpi and up-regulated 4hpi. Circles depict 
Log2FC for a single gene in treatment individuals relative to control conditions at 0hpi, and 
bars extending from each circle represent Log2FC standard error. Genes are colored if their 
Log2FC > 1 (green) or Log2FC < 1 (red). PANTHER pathway annotations are shown DEGs 
up-regulated 4 hours post-injection (top) and down-regulated 2 hours post-injection (bottom). 
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total of 117 DEGs at 2hpi, 88 DEGs at 4hpi, 19 DEGs at 8hpi, 9 DEGs at 12hpi, and 45 DEGs at 

24hpi exhibit at least a 2-fold change in expression. A likelihood ratio test (LRT adjusted p-value 

< 0.05 and FDR cutoff = 0.05) showed that a significant amount of the count variation for 368 

genes was explained by the interaction between condition and time.  

To provide functional context to the transcriptional effects observed at each timepoint, 

DEGs were assigned function via the PANTHER classification system (Thomas et al. 2003, Mi et 

al. 2010, Mi et al. 2019). Because PANTHER’s functional classification relies on the assumption 

that orthologous proteins likely share similar functions (i.e., the ortholog conjecture; David et al. 

2020), DEGs at each timepoint were first assigned identifications according to their best-hit 

sequence within the SwissProt database, a subset of the UniProt Knowledgebase which contains 

protein sequences of known function (Uniprot Consortium 2021). Notably, only 283 DEGs (62.2% 

of all DEGs) could be confidently assigned a SwissProt ID by sequence similarity (DIAMOND 

blastx e-value > 0.001) (Table 1). Given the known roles of noncoding RNAs (ncRNAs) during 

mammalian immunity regulation (Turner et al. 2014), we additionally attempted to identify 

ncRNAs among DEGs without SwissProt IDs. Using the RNA search tool Infernal (Nawrocki & 

Eddy 2013), only seven genes across all timepoints could be partially annotated as ncRNAs from 

the Rfam database (Kalvari et al. 2021). 

S. kowalevskii’s transcriptional immune response contains many factors acting in pathways 

unrecognized from vertebrates (Figures S2–5). Only 46 DEGs (10.1% of all DEGs and 16.3% of 

those with assigned SwissProt IDs) could be correlated with PANTHER pathway data, and 106 

DEGs (23.3% of all DEGs and 37.5% of those with assigned SwissProt IDs) could be correlated 

Table 1: Summary statistics of treatment vs. control DEGs 
 

Differentially Expressed Genes 
(Wald's adjusted p < 0.05) 

# DEGs with SwissProt IDs 
(% of DEG Category with SwissProt IDs) 

Timepoint 
(vs. 0hrs) 

Total 
DEGs 

Up-reg. 
DEGs 

Down-reg. 
DEGs 

Total 
Annotated 

Up-reg. DEGs 
Annotated 

Down-reg. DEGs 
Annotated 

2hrs 148 15 133 91 (61%) 12 (80%) 79 (59%) 
4hrs 223 179 44 145 (81%) 108 (60%) 37 (84%) 
8hrs 26 7 19 18 (69%) 4 (57%) 14 (74%) 

12hrs 10 3 7 8 (80%) 3 (100%) 5 (71%) 
24hrs 48 18 30 21 (44%) 5 (28%) 16 (53%) 
Total 455 222 233 283 (62%) 132 (59%) 151 (65%) 
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with a PANTHER protein class. Among SwissProt IDs which possess PANTHER pathway 

annotations (Table S2), several notable immunity-associated pathways were present, including 

those associated with chemokine/cytokine-associated inflammatory responses (2- and 4hpi), 

apoptosis (2-, 4-, and 24hpi), interferon-gamma signaling (2hpi), and interleukin signaling (2- and 

4hpi). DEGs down-regulated at 2hpi and up-regulated at 4hpi were associated with greatest 

number of pathways (21 and 18 pathways, respectively) (Figure 2). In contrast, none of the DEGs 

at 12hpi could be associated with any of the 177 protein pathways within PANTHER.  

Protein class annotations were also greatest in the pool of down-regulated DEGs at 2hpi 

and up-regulated DEGs at 4hpi (16 and 32 protein classes, respectively). Within these groups, 

protein classes could be confidently assigned to 58 DEGs at 2hpi (39.1% of all DEGs at 2hpi and 

63.7% of those with assigned SwissProt IDs at 2hpi) and 81 DEGs at 4hpi (36.3% of all DEGs at 

4hpi and 55.9% of those assigned SwissProt IDs at 4hpi) (Table S2). Notably, 47.9% of all DEGs 

assigned protein classes, among those downregulated at 2hpi, (Table S2, Figures S4 & S5) were 

extracellular matrix proteins, suggesting a concerted change in cellular/tissue structure(s) in 

response to viral presence. In contrast, the greatest single proportion of protein class annotations 

up-regulated at 4hpi (i.e., ATP-binding cassette transporters) comprised only 10.3% of the protein 

classes annotated, suggesting the genes up-regulated at 4hpi confer a diverse array of biochemical 

roles.  

Gene Ontology (GO) term (Ashburner et al. 2000, Gene Ontology Consortium 2020) 

annotation followed a similar trend as PANTHER classification (Table S3), with only 106 DEGs 

assigned molecular function (23.3% of all DEGs and 37.5% of those assigned SwissProt IDs), 116 

assigned biological processes (26.1% of all DEGs and 41.0% of those assigned SwissProt IDs), 

and 140 assigned cellular components (30.8% of all DEGs and 49.5% of those assigned SwissProt 

IDs). Akin to PANTHER annotations, the greatest number of GO terms were assigned to 4hpi and 

2hpi (Table S3). 

Translated DEGs were also assigned KEGG Ontologies (KO; Aramaki et al. 2020) and 

Pfam domain annotation (Mistry et al. 2020). Unlike PANTHER which relies on sequence 

similarity metrics, KOs and Pfam domain annotations relied on databases of hidden markov 

models to infer homology between query sequences and database entries. Whereas 142 translated 



119 
 

DEGs could be assigned KOs (31.2% of all DEGs), 371 proteins could be annotated with at least 

one Pfam domain (81.5% of all DEGs).  

 

4.5 Discussion 

The acorn worm, Saccoglossus kowalevskii (Figure 2) showed a marked transcriptional 

response to injection of poly(I:C), a synthetic analog for viral dsRNA. Many of the DEGs observed 

in this response are orthologs to known viral immunity response genes in vertebrates (Tables S2 -

5) but numerous genes could not be annotated, perhaps indicating unrecognized mechanisms used 

during viral immunity among deuterostomes. Consistent with transcriptome-based differential 

gene expression studies in echinoderms (Fuess et al. 2015, Wu et al. 2020), S. kowalevskii’s 

immune response to dsRNA involves many genes which cannot be identified via translated 

similarity to SwissProt proteins (n = 172; 37.8% of all DEGs) or KEGG ontologies (n = 142; 

31.2% of all DEGs), substantially hindering broad functional inference for these genes. Whereas 

functional inference of the full protein may be difficult, broad annotation of proteins with Pfam 

domains (n = 371; 81.5% of all DEGs) does provide some predictive strength. Very few (n = 7) 

could be assigned even partial homology to known ncRNA families within Rfam, an important 

consideration that is necessitated by previous data showing ncRNAs play a role in mammalian 

immunity (Turner et al. 2014).  

By directly accounting for tissue-specific transcriptional effects in our experimental 

design, we are able to identify DEGs that represent S. kowalevskii’s systemic response to acute 

viral infection. This distinction is important, as discrete hematopoietic and immunocyte sources 

are yet to be identified among hemichordates (Chapter 2). Given work in urchin showing that 

immune cell recruitment following infection is similar to that known from vertebrates (Ho et al. 

2016), careful consideration was taken during the design of our experiment to account for 

immunity-dependent transcriptional effects which may occur in body territories distant from the 

injection site. Furthermore, nearly 90% of expressional variance across sequence libraries 

generated in this study can be attributed to tissue-specific transcriptomic differences – suggesting 

a high degree of tissue specialization between proboscis, collar, and trunk. 
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 In vertebrates, dsRNA viruses recognized by dendritic cells and macrophages promote the 

activation of NF-κB and IRFs, transcription factors responsible for the induction of pro-

inflammatory and/or antiviral cytokine expression (Mogensen & Paludan 2001). Whereas these 

transcription factors are known to be present across Metazoa (Chapter 5), their targets and the 

hypothetical cytokine/chemokine complement outside of mammals is poorly understood. 

Although the ideal experiment to determine the direct targets of NF-κB or IRF activation would 

utilize targeted expression-vectors, our study provides some insight into the downstream effectors 

of immune system activation (and potentially NF-kB and/or IRF activation). Importantly, 

functional annotation at each timepoint indicates S. kowalevskii’s defense against dsRNA viruses 

involves immune pathways that act in tightly regulated circuits where, in some cases, the same 

pathway may be simultaneously up- and down-regulated (e.g., apoptosis signaling is both up- and 

down-regulated at 2hpi) or consecutively regulated in opposing directions between timepoints 

(e.g., inflammation mediated by cytokine/chemokine signaling down-regulated at 2hpi, and up-

regulated at 4hpi) (Figures S2 & S3). In mammals, such effects are attributed to the avoidance of 

immunity overactivation, where inflammatory or apoptotic pathways can be re-routed towards 

deleterious conditions such as severe autoimmunity disorders (Blach-Olszewska & Leszek 2007). 

Further investigation into the regulatory machinery, and direct experimental evidence connecting 

transcription factor to their target genes, will be invaluable for determining the evolutionary 

relationship between regulatory effects in S. kowalevskii and other deuterostomes. 

In our study, we provide evidence that S. kowalevskii can recognize and respond to dsRNA 

by transcriptionally regulating genes homologous to those from biomedical model species that 

have prescribed canonical roles in immunity (Figure 2, S2-5); furthermore, these findings are 

congruent with findings among echinoderms (Fuess et al. 2015, Wu et al. 2020). Strikingly, 

however, we also identified many genes involved in S. kowalevskii’s antiviral defense which could 

not be sufficiently annotated (Tables S2-4). Given comparable lack of annotation in echinoderms, 

uncharacterized immune genes identified in S. kowalevskii can be hypothesized to represent any 

combination of the following evolutionary scenarios: A) They belong to a plesiomorphic 

deuterostome antiviral immunity toolkit which was subsequently lost, diverged, or coopted for 

other functions in vertebrates, B) The genes represent lineage-specific novelties in the clade 

comprised of hemichordates and echinoderms, the Ambulacraria (Figure 1A), or C) These genes 
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emerged after hemichordates and echinoderms diverged. Further phylogenetic analyses will be 

necessary to discern among these scenarios.  

Given the adaptive benefits that have been attributed the acquisition of secondary immune 

systems (Müller et al. 2018), such as those presented by jawed-vertebrate immunoglobulins and 

jawless-vertebrate variable lymphocyte receptors (Flajnik 2018), characterizing the evolutionarily 

conserved elements of immunity is vital for understanding the conditions on which adaptive 

immunities evolved. The work presented here fills a significant gap in knowledge necessary for 

making phylogenetically informed hypotheses/conclusions on the ancestry of deuterostome 

antiviral immunity. 

 

4.6 Materials & Methods 

4.6.1 Animal Handling  

Worms were obtained intertidally from Waquoit Bay, MA in September 2018 and 2019. 

Detailed information on S. kowalevskii collection and general upkeep can be found in Lowe et al. 

2004. All worms were female and had spawned at least 4 days prior to treatment. Immediately 

prior to injection, individual worms were placed into a single well of a 6-well plate containing 

filtered sea water (see Lowe et al. 2004), and each plate was placed onto ice to relax worms prior 

to injection. During injection, individuals were temporarily submerged into a 3.75% solution of 

magnesium chloride (dissolved in filtered sea water) to inhibit muscle contraction. Following 

injection, worms were replaced to their 6-well plates and placed into a flow-through sea water 

table until their incubation time was complete. 

 

4.6.2 Experimental Design  

Two experimental replicates were performed in both September 2018 and September 2019. 

Individual worms were injected with either A) an agonist solution containing 10 μg/mL high- and 

low-molecular weight Poly(I:C) (tlrl-pic and tlrl-picw, respectively; InvivoGen) dissolved in an 

injection buffer containing 1X phosphate-buffered saline (10mM sodium phosphate, 0.15mM 

sodium chloride) and 5mg/mL Calceine fluorescent dye, or B) only injection buffer. Six timepoints 
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were used for our study: 0, 2, 4, 8, 12, and 24 hours post-injection. After incubation, individuals 

were dissected into proboscis, collar, and trunk before being flash-frozen in liquid nitrogen and 

stored at -80°C. For each experimental replicate, 36 samples were generated (2 conditions, 6 

timepoints, and 3 body regions). In total, 144 samples were collected and prepared for sequencing 

(Table S1). 

Needles were pulled from Sutter Instruments Co.’s thin wall borosilicate glass with 

filament (BF100-78-10) on a Sutter Instruments Co.’s Model P-97 (parameters: P = 200, Heat = 

520, Pull = 60, Vel = 100, Time = 175). Needles were loaded with 1μL of injection solution (see 

above) and the injection was propelled by nitrogen gas using a MPPI-3 Pressure Injector (Applied 

Scientific Instrumentation, Inc). Worms were injected into the posterior proboscis directly anterior 

to the proboscis neck. 

 

4.6.3 Library Preparation and Sequencing 

RNA extractions were performed using the Qiagen RNeasy Mini Kit (Qiagen) and on-

column RNase-Free DNase Set (Qiagen). RNA concentration and purity were assessed on a 

TapeStation 2200 (Agilent Technologies, Inc.). Sequencing libraries were constructed with the 

QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen) in conjunction with the i5 

6 nt Dual Indexing Add-on Kit (Lexogen). Optimum amplification cycles per library was assessed 

using the PCR Add-on Kit for Illumina (Lexogen). Libraries were sent to the Hudson Alpha 

Institute for Biotechnology (Huntsvillle, AL, USA) where they were sequenced on a NovaSeq 

(single-end, 100bp; Illumina, Inc.). Sequencing statistics are reported in Table S1. 

 

4.6.4 Sequence Pre-processing  

All 144 sequence read libraries were cleaned using fastp (version 0.19.7; Chen et al. 2018) 

to remove adapter sequences (AGATCGGAAGAGCACACGTCTGAACTCCAGTCA), 3’ polyX 

tails, and perform per-base quality trimming using a “cut right” sliding window with default 

parameters.  
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 Each library was mapped to the Saccoglossus kowalevskii reference genome (version 

Skow_1.1; downloaded from the NCBI genome repository in December 2019) using STAR 

(version 2.7.0; Dobin et al. 2013). STAR parameters follow Lexogen’s recommendations for the 

QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina; mapping statistics can be seen in 

Table S1. Following read alignment, count matrices were obtained using HTSeq-count (version 

0.11.2; Anders et al. 2015) with “intersection-nonempty” defined for handling reads which overlap 

multiple features, strandedness set to sense orientation, and both feature type and ID attribute set 

to “gene” for quantification. Read map quantification was not normalized prior to differential gene 

expression analyses. 

 

4.6.5 Differential Gene Expression Analysis  

DESeq2 (version 1.30.1; Love et al. 2014) was used to perform differential gene expression 

analyses with the following design formula: 

 

~𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇 𝑃𝑃𝐶𝐶𝑃𝑃𝐶𝐶 𝐼𝐼𝐶𝐶𝐼𝐼𝑇𝑇𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑇𝑇𝑃𝑃𝐼𝐼) + 𝑇𝑇𝐶𝐶𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶:𝑇𝑇𝑃𝑃𝐼𝐼 

 

For Wald Test’s, Log2 fold changes (LFCs) per gene between treatment and control groups at each 

timepoint were estimated using a linear contrast of Condition+Condition:TPI where the reference 

levels were control and 0hrs post-injection for Condition and TPI, respectively, and a false 

discovery rate (adjusted p) cutoff of 0.05. All design variables were treated as categorial factors. 

The TPI and Tissue factors were included in the design formula as a measure to explain variation 

caused by tissue-specific gene expression (Figure S1) and time-dependent effects that can be 

isolated from the treatment contrast (such as wound healing or biorhythms). Importantly, the 

overall experimental design of our study controls for several biological factors (i.e., sex and sexual 

maturity) that could otherwise influence the number of genes (and subsequent conclusions) 

associated with S. kowalevskii’s antiviral immune response.  To account for low mean-count genes, 

LFC shrinkage was performed using the ashr package (Stephens 2016) in DESeq2. Additionally, 

a Likelihood Ratio Test was also performed using the following reduced formula: 
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~𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇 𝑃𝑃𝐶𝐶𝑃𝑃𝐶𝐶 𝐼𝐼𝐶𝐶𝐼𝐼𝑇𝑇𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑇𝑇𝑃𝑃𝐼𝐼) + 𝑇𝑇𝐶𝐶𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇 

 

Data were visualized using ggplot2 (version 3.3.3; Wickham 2016). DESeq2 and ggplot2 

were conducted in RStudio (version 1.2.5001; RStudio Team 2020) (version 4.0.4; R Core Team 

2021). 

 

4.6.6 Functional Annotation  

PANTHER (Thomas et al. 2003) and GO-term (Ashburner et al. 2000, Gene Ontology 

Consortium 2020) classification per differentially expressed gene (DEG) was performed by first 

assigning each DEG its single best-hit SwissProt identification (Accessed July 2021; The Uniprot 

Consortium 2021) using DIAMOND’s translated search mode (Buchfink 2021), where best hit 

was defined as the subject with the highest bit score, lowest expect value, and highest percent of 

identical matches. SwissProt IDs were then input to the PANTHER (database version 16.0; Mi et 

al. 2019) Gene List Analysis tool (accessed June 2021; Mi et al. 2010) to obtain PANTHER 

pathway, PANTHER protein class, and GO-term data using all organisms as reference. Rfam 

(version 14.6; Kalvari et al. 2021) annotation was performed using Infernal’s cmscan command 

with default parameters (version 1.1; Nawrocki & Eddy 2013). Translated DEGs (using 

Transdecoder version 3.0.1; Haas et al. 2013) were assigned with KEGG orthologies with the 

KofamKOALA web server using an E-value threshold of 0.01 (release version 99.0, accessed July 

2021; Aramaki et al. 2020), and Pfam (Mistry et al. 2020) annotation was performed with 

HMMER’s hmmscan using default parameters (Eddy 2009) and filtered for best-fit domains using 

the Best_fit_domains.py tool from TIAMMAt (https://github.com/mtassia/TIAMMAt; see 

Chapter 5).  
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4.9 Supporting Information 

Table S1: Sample metadata, sequencing statistics, and mapping rates 
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Table S2: Summary of PANTHER annotation efficiency 
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Table S3: Summary of GO annotation efficiency 

 

Table S4: Summary of SwissProt, KEGG, and Pfam annotation efficiency 
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Figure S1. Principle component analysis of mean gene expression variance per sequencing 
library (after correcting for size factors). Samples are colored by condition (treatment or 
control) and tissue (proboscis, collar, or trunk). Approximately 89% of variance can be 
attributed to differences in gene expression among the three tissue types. 
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Figure S2. Pie plots showing the relative composition of PANTHER pathways for genes down-
regulated at each timepoint. 12hpi is not shown as it did not possess any DEGs that could be 
annotated for a PANTHER pathway. 
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Figure S3. Pie plots showing the relative composition of PANTHER pathways for genes up-
regulated at each timepoint. 12hpi is not shown as it did not possess any DEGs that could be 
annotated for a PANTHER pathway. 
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Figure S4. Pie plots showing the relative composition of PANTHER protein classes for genes 
down-regulated at each timepoint.  
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Figure S5. Pie plots showing the relative composition of PANTHER protein classes for genes 
up-regulated at each timepoint. 12hpi is not shown as it did not possess any DEGs that could 
be annotated for a PANTHER protein class. 
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Chapter 5: TIAMMAt: Leveraging Biodiversity to Revise Protein Domain Models, Evidence 
from Innate Immunity‡ 

 

5.1 Abstract 

Sequence annotation is fundamental for studying the evolution of protein families, 

particularly when working with non-model species. Given the rapid, ever-increasing number of 

species receiving high-quality genome sequencing, accurate domain modeling that is 

representative of species diversity is crucial for understanding protein family sequence evolution 

and their inferred function(s). Here, we describe a bioinformatic tool called TIAMMAt (Taxon-

Informed Adjustment of Markov Model Attributes) which revises domain profile hidden Markov 

models (HMMs) by incorporating homologous domain sequences from underrepresented and non-

model species. Using innate immunity pathways as a case study, we show that revising profile 

HMM parameters to directly account for variation in homologs among underrepresented species 

provides valuable insight into the evolution of protein families. Following adjustment by 

TIAMMAt, domain profile HMMs exhibit changes in their per-site amino acid state emission 

probabilities and insertion/deletion probabilities while maintaining the overall structure of the 

consensus sequence. Our results show that domain revision can heavily impact evolutionary 

interpretations for some families (i.e., NLR’s NACHT domain), whereas impact on other domains 

(e.g., rel homology domain and interferon regulatory factor domains) is minimal due to high levels 

of sequence conservation across the sampled phylogenetic depth (i.e., Metazoa). Importantly, 

TIAMMAt revises target domain models to reflect homologous sequence variation using the 

taxonomic distribution under consideration by the user. TIAMMAt’s flexibility to revise any 

subset of the Pfam database using a user-defined taxonomic pool will make it a valuable tool for 

future protein evolution studies, particularly when incorporating (or focusing on) non-model 

species. 

 

 

 
‡ This chapter has been submitted as: Tassia MG, David KT, Townsend JP, Halanych KM. Submitted 2021. 
TIAMMAt: Leveraging biodiversity to revise protein domain models, evidence from innate immunity. Molecular 
Biology and Evolution 
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5.2 Introduction 

Accurate assignment of protein identity is a fundamental component of molecular studies 

involving non-model species. Such studies often begin by tethering an uncharacterized protein’s 

identity to a homolog of known function to infer, for example, residue-specific selective pressures 

(Buckley & Rast 2012), protein-protein interaction networks (Szklarczyk et al. 2014), or 

evolutionary divergence (Tassia et al. 2017). Errors in these assessments can be costly. In the field 

of evolutionary and developmental biology, for example, over- or underestimating the full 

complement of protein family members in a non-model species can compromise the design of 

genetic reporter constructs (Cavalieri & Spinelli 2014) or CRISPR/Cas9 targets (Connahs et al. 

2019). These errors cost researchers time, financial resources, and can negatively impact the 

accuracy of scientific conclusions. 

Comparative molecular studies employing non-model species (Buckley & Rast 2015; 

Brennan & Gilmore 2018) often utilize a common bioinformatic approach when assigning 

evolutionary affinity and putative function to uncharacterized proteins (Loewenstein et al. 2009). 

Initially, protein identity is typically labeled using primary sequence similarity, which measures 

the number of pairwise matches between two sequences. Although similarity metrics aid protein 

identification (prematurely extrapolated to indicate orthology in some cases; Chen et al. 2007), 

similarity alone is insufficient to infer function in an evolutionary context (Liu et al. 2018). Given 

the pitfalls when relying on similarity alone, uncharacterized protein sequences are also placed in 

a phylogenetic context to verify homology (Tassia et al. 2017) and further annotated with domains 

– amino acid sequence patterns which can be used to assign function to discrete territories within 

a full amino acid sequence (Wojcik & Schächter 2001; Zhao et al. 2008). When used in concert, 

phylogenetic methods and domain annotation can reinforce hypotheses on protein family evolution 

and their functional variation across deep evolutionary timescales (Buckley & Rast 2012; Costa-

Paiva et al. 2017; Tassia et al. 2017; Gerdol et al. 2017; Costa-Paiva et al. 2018). For example, 

mammalian inflammatory and apoptotic caspases invariably possess a carboxy-terminal protease 

effector domain and paralogs within the family can be categorized by their amino-terminus CARD 

or DED domain(s) (Man & Kanneganti 2016). These same rules remain consistent when applied 

to categorizing caspases in Hydra, a freshwater cnidarian (Lasi et al. 2010). Importantly, 
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annotation of an uncharacterized protein with domain structure requires a database of known 

protein domains.   

The Pfam database contains a well-curated and frequently updated catalogue of domain 

models placed in an evolutionary context for protein studies across the tree of life (Sonnhammer 

et al. 1997; Finn et al. 2016; El-Gebali et al. 2018). Each Pfam domain entry is created as follows: 

1) a seed alignment is generated from representative sequences containing a conserved pattern that 

has been characterized in at least one of the sampled species; 2) the seed is then used to build a 

domain profile hidden Markov model (HMM) using the open source HMMER software package 

(Eddy 2009); lastly, 3) the new profile HMM is searched against Pfam’s proteomic sequence 

database as quality control and to provide evolutionary context (Sonnhammer et al. 1997; Eddy 

2009; El-Gebali et al. 2018; Mistry et al. 2020). Encoding Pfam domains as profile HMMs, in turn, 

allows protein domain searches to adopt the robust statistical framework underlying HMMs and 

information entropy (Hernando et al. 2005), along with the benefit that domain profile HMMs are 

rapidly searchable (Eddy 2009). Although variation encoded within the model is designed to 

capture homologs from species outside those represented directly within the seed alignment (El-

Gebali et al. 2018), many domain profiles are derived of only a few species, reducing the model’s 

capacity to identify homologous domain sequences in phylogenetically distant taxa. Currently, 

domain seed alignments are dominated by sequences from a few biomedical model taxa (Fig. 1), 

or closely related taxa, and the trend in sequencing bias towards these model systems is becoming 

increasingly exacerbated (David et al. 2019). 

Using innate immunity proteins as a case study, we show that revising domain profile seed 

alignments to directly account for underrepresented protein diversity aids homolog identification 

in non-model animal species. Innate immunity signaling relies on pattern recognition receptors 

(PRRs) which recognize broad categories of microbes (such as RNA viruses or Gram-positive 

bacteria) by binding specific pathogen-associated moieties (Beutler 2004). Unlike adaptive 

immunities which evolved independently in both jawed- and jawless vertebrates (Flajnik & 

Kasahara 2010), PRRs were likely present in the last common ancestor to all animal lineages 

(Bosch 2013) and some innate immunity protein families have undergone several notable lineage-

specific diversifications (Buckley & Rast 2012; Gerdol et al 2017). Important for the context of 

our study, PRRs rely on domain-domain interactions for activation and signal transduction 
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(O’Neill & Bowie 2007), possess defined domain architectures (Akira & Takeda 2004; Kowalinski 

et al. 2011; Lechtenberg et al. 2014), and have dominantly been studied in biomedical model 

species (Leulier & Lemaitre 2008). Among the most well-described PRRs are NOD-like receptors 

(NLRs; Lechtenberg et al. 2014), Toll-like receptors (TLRs; Akira & Takeda 2004), and RIG-I-

like receptors (RLRs; Kowalinski et al. 2011). Although these three PRR families differ from one 

another in their domain architectures and signal transduction partners (Supplementary Fig. 1), all 

three converge on the activation of nuclear factor κB (NF-κB) and/or interferon regulatory factors 

(IRFs). These transcription factors promote expression of pro-inflammatory cytokines (e.g., 

 
Figure 1. Taxon representation within Pfam database. In blue (left values following species 
names) are the total number of occurrences a species appears across all Pfam seed alignments. 
In red (right values following species names) are the total number of sequences within a 
species’ reference proteome captured by all Pfam domain profiles. Blue and red bars duplicate 
the numeric values next to species names and the blue bar is superimposed on the red bar, each 
with its own independent scale displayed at the top (Red) and bottom (Blue) of the plot. 
Cladogram depicts consensus phylogenetic relationships derived from Laumer et al. 2019. 
Abbreviations: Cnid. – Cnidaria, Loph. – Lophotrochozoa, Ecdy. – Ecdysozoa, Echi. – 
Echinodermata, Hemi. – Hemichordata, Ceph. – Cephalochordata, Tuni. – Tunicata, Vert. – 
Vertebrata.  
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interleukins and tumor-necrosis factors), antimicrobial-, and/or antiviral peptides (Hiscott 2007; 

Zhang et al. 2017). The current perspective on PRR signaling is intimately tied to domain 

architecture, emphasizing the importance of protein annotation as a fundamental prerequisite when 

placing PRRs in a comparative and evolutionary framework. 

Here, we show that revising profile seed alignments aids identification of domain homologs 

in non-model species and can provide insight into protein family evolution. The value of 

phylogenetically representative domain models cannot be overstated as identifying protein 

homologs across deep evolutionary timescales is a challenge that continues to grow as genomes 

become more accessible, particularly for those of historically underrepresented species (Buckley 

& Rast 2012; Costa-Paiva et al. 2017; Tassia et al. 2017; Gerdol et al. 2017; Costa-Paiva et al. 

2018). To this end, we explore the effects of revising domains which are essential for animal innate 

immunity signaling pathways, a group of evolutionarily ancient protein families within Metazoa 

that rely on domain-domain interactions and show considerable variation between taxa. Below, we 

describe a domain revision protocol called TIAMMAt (Taxon-Informed Adjustment of Markov 

Model Attributes; pronounced “TEE-a-mat” or “TEE-a-maht”) and apply it to the domains at the 

core of PRR signaling to reveal the effects of narrow phylogenetic representation within domain 

seed alignments on domain homolog detection in non-model species.   

  

5.3 New Approaches 

TIAMMAt provides an automated and reproducible method for revising Pfam domain 

profile HMMs to capture homologous sequence diversity contingent upon a user-defined 

taxonomic distribution. TIAMMAt fundamentally relies on HMMER’s suite of profile-to-

sequence comparison tools and their direct association with Pfam domain database entries. 

Although TIAMMAt is utilized in the context of metazoan innate immunity for our study, the 

program can revise any domain profile(s) within Pfam based on a user-defined taxonomic pool. 

For example, TIAMMAt can be applied to investigate the evolution of the death domain 

superfamily in all eukaryotes just as it can be used to revise and identify globin domains within 

arachnids. For each domain revised by TIAMMAt, the program will produce 1) a domain profile 

HMM which directly accounts for homologous sequence variation within the queried taxon/taxa, 

and 2) the subset of proteins from each taxon which possess the domain of interest (before and 
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after revision) (Fig. 2). Importantly, 

TIAMMAt is a versatile tool for protein 

evolution studies that can be catered to the 

investigator’s subject of research.  

TIAMMAt executes the following 

steps for each target domain profile (see 

Materials & Methods, Fig. 2, 

Supplementary Fig. 2, and Supplementary 

Table 1). First, each supplied proteome 

(defined here as the whole collection of protein 

sequences derived of an organism’s genome) 

is searched for occurrences of the target 

domain where the target domain must meet 

two conditions: A) The per-target/per-domain 

expectation values (e-values) do not exceed 

HMMER’s reporting or inclusion thresholds 

(default per-domain/-target reporting threshold 

≤ 10.0 and per-domain/-target inclusion 

threshold ≤ 0.01, respectively), and B) the 

target domain has the lowest per-domain e-

value within the sequence envelope in which it 

is identified (relative to every other domain in 

the Pfam database). Conceptually, 

coordination of these two filtering conditions 

constrains the domain revision process to not 

only incorporate amino acid sequences labeled 

as “true homologs” to the target domain (as 

defined by HMMER’s profile-to-sequence 

comparison pipeline; Eddy et al. 2009), but 

also that the target domain has the lowest 

probability of being a false positive within the 

 

Figure 2. Bioinformatic operations by 
TIAMMAt. Boxes and solid arrows symbolize 
major workflow of TIAMMAt. Dashed lines 
and diamonds show filtering criteria used by 
TIAMMAt. For further detail, see 
Supplementary Fig. 2.  
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sequence envelope it was identified (relative to all other domains). These constraints are 

specifically designed to avoid false positives which could otherwise be introduced by 

incorporating similar, but non-target, motifs into the domain seed alignment (e.g., CARD and DED 

are similar and related, but exhibit distinct interactive properties; Jiang et al. 2012). Importantly, 

TIAMMAt can also be run with user-specified per-target/per-domain e-value thresholds. Such 

flexibility may be useful if, for example, investigators intend to experimentally test a domain’s 

function in a pharmacological context using a protein derived from non-model species (Agrawal 

et al. 2016). In this scenario, increasing the stringency of these thresholds permits investigators to 

identify sequence structures strictly similar to those captured in the original domain model, while 

also accounting for evolutionary distance between their subject species and those used to build the 

original seed alignment.  

Following annotation filtering, TIAMMAt extracts all best-hit domain sequences and 

aligns them to the profile HMM along with the original Pfam seed sequences. This revised seed 

alignment, which is a direct derivation of the original alignment (and constrained a priori to align 

to original domain profile HMM), is then reconstructed into a single new revised domain profile 

HMM. Finally, all proteomes are searched once again for the target domain(s) using all the original 

and revised models generated during the run (Fig. 2). For the purposes of our study, we revised 

domains integral to the functions of TLRs, RLRs, NLRs, NF-κBs, and IRFs (Supplementary 

Tables 1 & 2, Supplementary Figs. 3 & 4) using 39 publicly available proteomic datasets 

representative of taxa across the metazoan phylogeny (Supplementary Table 3), focusing 

particularly on species which have been labeled within scientific literature as emerging or non-

model (e.g., Simakov et al. 2013; Simakov et al. 2015; Hall et al. 2017; Gehrke et al. 2019).  

 

5.4 Results & Discussion 

5.4.1 Trends in Model Revision 

Given that the model revision process employed by TIAMMAt is dependent upon the 

original model, the revised model’s properties are constrained in a few key ways (Fig. 3): 1) 

Overall sequence structure remains consistent between base and revised models, where low 

information content regions retain low impact on sequence hit probabilities and high information 
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Figure 3. Domain revision by TIAMMAt. A) Schematic overview of the three major operations 
performed by TIAMMAt (see Materials & Methods for details). First, target domains are 
searched for among input proteomes. These domains are extracted and aligned to the associated 
domain profile HMM. Second, the alignment is recompiled into a revised domain profile HMM. 
Lastly, revised domains are appended to a local installation of Pfam and used to re-annotate all 
sequences which possess either the base or revised model. B) Visual alignment of IRF domain 
(PF00605) C-terminus Skylign graphs (Wheeler et al. 2014) showing common parameter 
adjustments after domain revision, including changes in most probable amino acid state 
emission per site (grey columns), non-consensus state trimming (last column), and overall 
adjustments in information content (bit score) per site (Y-axis value per site). X-axes below 
each diagram are as follows (from top to bottom): occupancy probability, probability of 
insertion following site, and length of insertion following site. Vertical bars mark sites where 
the insertion probability > 0.01. Relative height of amino acid symbols reflects their emission 
probability relative to all other amino acid states at that site.  
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content regions retain their overall structure and comparatively high statistical weight; 2) the 

revised model’s length is partially constrained to the base model’s length by trimming 

nonhomologous residues near ends of the alignment (via hmmalign’s --trim flag), avoiding 

overparameterization which could be produced as the new seed alignment incorporates new 

sequences; 3) most changes are adjustments in the emission probabilities per residue per site of 

the domain profile and changes in insertion probabilities, but not changes in overall consensus 

sequence structure.  

For all analyses, we included the human proteome as a positive control for domain revision. 

All target domain-containing sequences identified before revision in human were also identified 

after revision. Additionally, the human sequences found to possess a target domain only after 

revision (Supplementary Table 2) met one of two conditions: A) following phylogenetic analysis, 

the newly identified protein clustered with sequences known to possess the original (pre-revision) 

domain, suggesting model revision produced a profile which describes sequence variation absent 

in the original model; or B) the sequence represented a poorly understood protein and the revised 

domain was assigned to a sequence envelope where no other domain met HMMER’s inclusion 

threshold (i.e., the revised domain fell within an unannotated sequence envelope). Importantly, the 

magnitude of change for individual amino acid emission probabilities per-site was not equivalent 

across all model revisions, suggesting TIAMMAt is sensitive to the degree of sequence variation 

within the input domain(s). In turn, revision of some domains showed limited change. For 

example, domain revision yielded 4 and 8 additional IRF and NF-κB family members, respectively 

(Supplementary Table 2). When all IRF and NF-κB proteins were placed in a phylogenetic 

context, resolution of deeper nodes was poor (Supplementary Figs. 5 & 6), and lack of domain 

architecture diversity among these transcription factor family members further exacerbated the 

challenge of interpreting novel IRF and NF-κB members in an evolutionary context. In contrast, 

revision of domains central to NLR, TLR, and RLR signaling pathways produced more dramatic 

changes that could be interpreted in an evolutionary framework.  

TIAMMAt revises domain profile HMMs to capture homologous sequence variation 

represented within the proteomes provided; as such, taxon selection (and dataset quality) directly 

influences the evolutionary context for revised domains and their potential use in subsequent 

searches. Revision of immunity-associated domains using, for instance, a single genus of 
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crustaceans may not produce revised domains appropriate for studies at the scale of Metazoa. 

However, revising a domain using a single clade of organisms would yield interesting and valuable 

results if that clade of organisms is already known to possess divergent proteins, particularly for 

domains directly implicated in protein-protein interactions (as is the case for the TIR and NACHT 

domains). Under these circumstances, model revision using narrow taxon sampling would 

facilitate identification of lineage-specific domain structures. Importantly, because each domain 

profile HMM describes the variation observed for a single Pfam domain, the original and revised 

models are not mutually exclusive. 

Below, we report and discuss the effects of domain model revision on three key innate 

immunity PRR families: NLRs, TLRs, and RLRs. Direct comparisons between studies 

investigating PRR diversity across Metazoa can be difficult due to differences in bioinformatics 

and the definitions used to define each family (e.g., Nehyba et al. 2009; Buckley & Rast 2012; 

Yuen et al. 2013; Tassia et al. 2017). Nevertheless, the number of domain-containing sequences 

identified by TIAMMAt prior to domain revision are reported in Supplementary Tables 4-7 and 

have been categorized to reflect conservative estimates of the number of PRR family members 

recognized in the literature (Buckley & Rast 2015; Pugh et al. 2016; Gerdol et al. 2018). Although 

TIAMMAt’s domain filtering conditions are explicitly designed to avoid false positives, 

phylogenetic methods serve as a valuable framework to support evolutionary relationships 

between protein sequences identified before and after model revision. In each tree generated during 

our analyses, all domain-containing proteins exclusively identified after revision fell within 

orthology groups comprised of proteins identified prior to revision.  

 

5.4.2 NOD-like Receptors 

NACHT domain revision yielded the greatest increase in the number of domain-containing 

sequences in our analyses (Fig. 4, Supplementary Tables 4-6). We defined NLRs as proteins 

possessing both a NACHT domain and a terminal series of LRRs, consistent with literature on the 

structural perspectives of NLR signaling kinetics and previous NLR surveys (Laroui et al. 2011; 

Mo et al. 2012; Meunier & Broz 2017). Following NACHT revision, we identified novel NLRs in 

the sea snail, Aplysia californica (n=1 additional), seastars Acanthaster planci (n=1) and Patiria 

miniata (n=5), the sea cucumber, Apostichopus japonicus (n=1), acorn worms Ptychodera flava 
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(n=2) and Schizocardium californicum (n=1), and the purple urchin, Strongylocentrotus 

purpuratus (n=1; Supplementary Table 6). Aside from novel CARD-containing NLRs (i.e., 

NLRC subfamily) identified in P. flava and S. californicum, all other NLRs identified after revision 

by TIAMMAt could not be classified into the four canonical NLR subfamilies (Kanneganti et al. 

2007; Meunier & Broz, 2017) based solely on domain architecture (Supplementary Fig. 7; 

Supplementary Table 6). This result is consistent with previous findings showing NLRs exhibit 

more variety in their N-terminal domains among invertebrate taxa than within Vertebrata (Lange 

et al. 2011; Hamada et al. 2013; Yuen et al. 2013). Moreover, PYD-containing NLRs (i.e., NLRP 

subfamily) appear to be exclusive to euteleosts in our dataset (i.e., Latimeria, zebrafish, and 

 
Figure 4. NACHT domain model revision identifies previously unrecognized NLRs. Top: 
Skylign (Wheeler et al. 2014) graph for positions 3-15 of the original NACHT domain model 
(PF05729; left) and positions 1-13 of the revised domain (right). Relative height of amino acid 
symbols reflects their emission probability relative to all other amino acid states at that site. 
Bottom: Domain diagrams of NLR structures before (left) and after (right) domain revision, 
highlighting the utility of incorporating taxonomic diversity into the NACHT domain seed 
alignment when working with underrepresented taxa. Regarding domain diagrams, green bars 
represent tandem leucine-rich repeats, yellow bars represent NACHT domains, dotted-outline 
empty bars represent NACHT domains below inclusion threshold, grey bars represent domains 
which outcompete NACHT for best-fit domain within the sequence envelope, and white bars 
represent other NLR accessory domains. 
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human), even after domain revision. Coincidentally, PYD, independent of NACHT, could only be 

identified in euteleost taxa (data not shown). Unlike the NLRCs which can directly elicit cell-death 

behaviors through homotypic CARD interactions, NLRPs (which possess an N-terminal PYD in 

place of a CARD) require ASC as a signaling intermediate (Supplementary Fig. 1), a short 

adaptor protein containing both a PYD and CARD (Lamkanfi & Dixit, 2012), before signaling for 

cell-death.  

Our evolutionary analysis supports previous studies (Messier-Solek 2010; Hamada et al. 

2013; Yuen et al. 2013; Gerdol et al. 2018) which suggest vertebrate-defined NLR subfamilies 

(i.e., NLRAs, NLRBs, NLRCs, and NLRPs) are insufficient for classifying NLRs outside 

Vertebrata (Supplementary Table 6, Supplementary Fig. 8). Noncanonical NLRs identified in 

our study include a collection N-terminal death domain (or juxtaposed death and CARD domains) 

NLRs present in cephalochordates (Branchiostoma belcheri and B. floridae) and echinoderms 

(Acanthaster planci, Patiria miniata, Apostichopus japonicus, Strongylocentrotus purpuratus, 

Lytechinus variegatus) (Supplementary Table 6). Assuming the overall domain structures of 

metazoan NLRs retain their functional regionalization (i.e., C-terminal LRRs operate as ligand-

binding, NACHT domains promote oligomerization, and the N-terminal domains are responsible 

for protein-protein interaction and signal transduction), the presence of noncanonical death domain 

superfamily members among NLRs may indicate a degree of evolutionary flexibility connecting 

pathogen recognition to the various death domain superfamily-associated signaling effects such as 

inflammation, apoptosis, cytokine/chemokine expression, and transcriptional regulation (Park et 

al. 2007; Kwon et al. 2012).  

Outside of the death domain superfamily, NLRs identified in nine invertebrate taxa possess 

a higher eukaryotes and prokaryotes nucleotide-binding (HEPN) domain at their N-terminus. In a 

previous survey of HEPN domain sequence evolution across the tree of life (Anantharaman et al. 

2013), HEPN proteins were predicted to act as either RNA sensors or catabolic RNases associated 

with RNA-dependent host-defense and stress response. Although we can loosely predict HEPN-

NLRs may function as a cytoplasmic sensor for some category of RNAs, broader taxon sampling 

among underrepresented animal phyla and targeted molecular studies will be required to validate 

these proteins’ hypothetical role in immunity.  
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The N-terminal domain of NLRs is far more diverse than what has traditionally been 

represented within vertebrates. The non-canonical NLRs identified in this study represent an 

underappreciated subset of the NLR protein family, perhaps indicative of more diverse functional 

roles for the family over the course of animal evolution. Moreover, because the search protocol 

employed by TIAMMAt isolates all proteins containing a target domain (which meet TIAMMAt’s 

statistical prerequisites), several NACHT domain-containing proteins with undocumented affinity 

for NLR signaling pathways were identified before and after revision (Supplementary Fig. 7, 

Supplementary Table 6). Given their role in facilitating protein-protein interactions between two 

or more NACHT-containing proteins (Lamkanfi & Dixit, 2012), these unclassified NACHT 

domain-containing proteins warrant further investigation for their potential role in NLR signaling 

regulation across Metazoa.  

 

5.4.3 Toll-like Receptors 

Following TIR domain revision (PF01582 and PF13676), additional Toll-like receptor 

(TLR) proteins were identified in the tunicates Ciona intestinalis (n = 2 additional) and Botryllus 

schlosseri (n = 1), the stalked brachiopod, Lingula anatina (n = 1), and the lancelet chordate, 

Branchiostoma belcheri (n = 1) (Fig. 5). Whereas novel TLRs identified in L. anatina and B. 

belcheri occur in a background of >20 and >40 TLRs, respectively (Halanych & Kocot 2014; 

Huang et al. 2015; Gerdol et al. 2018), proteins detected in tunicates after revision are 

proportionally more substantial, doubling the number of reported TLRs in B. schlosseri from 1 to 

2 (Tassia et al. 2017; Franchi et al. 2019) and in C. intestinalis from 3 to 5 (Buckley & Rast 2015; 

Tassia et al. 2017). For all novel TLRs identified, the revised TIR domain was exclusively 

predicted in previously unannotated space downstream of tandem LRR cassettes, not within a 

territory where it statistically outcompeted another high confidence, but unrelated, domain 

annotation. Thus, TIAMMAt’s results yielded a domain architecture fitting the canonical schema 

for TLRs (Akira & Takeda 2004). A TIR domain was omitted in the original annotations of these 

TLRs for two different reasons. For Lingula’s and Branchiostoma’s novel TLRs, a TIR domain 

met HMMER’s default reporting threshold prior to revision (per-domain and per-sequence e-

values < 10.0). However, the domain did not meet the inclusion threshold requirement (per-

sequence e-value < 0.01) to confidently be labeled as a statistically significant homolog. In 
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contrast, the novel tunicate TLRs lacked any reportable TIR domain prior to revision (Fig. 5), 

suggesting the newly identified tunicate proteins contain divergent TIR domains relative to 

sequences in the original seed alignment. Prior analyses have shown both of Ciona’s previously 

described TLRs act as a functional blend of several vertebrate homologs (Sasaki et al. 2009; Satake 

& Sekiguchi 2012). Notably, the divergent tunicate TLR may be causally tied to tunicate’s rapid 

rate of molecular evolution relative to their sister phylum, Vertebrata (Berná & Alvarez-Valin 

2014).  

TIR domain revision also supported previous data (Gerdol et al. 2017) suggesting TIR-

domain-containing (TIR-DC) proteins have experienced a high degree of evolutionary change 

across Metazoa. Several TIR-DC families possess notable taxonomic distributions with 

implications for TLR pathway evolution (Supplementary Table 4; Supplementary Fig. 7). 

 
Figure 5. TIR domain model revision identifies previously unrecognized TLRs. Top: Skylign 
(Wheeler et al. 2014) graph for positions 58-68 of the original TIR domain model (PF01582; 
left) and after revision (right). Relative height of amino acid symbols reflects their emission 
probability relative to all other amino acid states at that site. Bottom: Domain diagrams of TLR 
structures before (left) and after (right) domain revision, highlighting the utility of 
incorporating taxonomic diversity into the TIR domain seed alignment when working with 
underrepresented taxa. Regarding domain diagrams, green bars represent tandem leucine-rich 
repeats, red bars represent TIR domains, dotted-outline empty bars represent TIR domains 
below inclusion threshold. 
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Stimulator of interferon genes (STING), an evolutionarily ancient facilitator of innate immunity 

responses against exogenous RNA and dsDNA (Wu et al. 2014), was reported to uniquely possess 

a TIR domain in several lophotrochozoan lineages (Gerdol et al. 2017), implicating an intersection 

between TLR- and STING-facilitated immunity. Our results corroborate these findings, reporting 

an additional TIR-DC STING protein in the nemertean, Notospermus geniculatus, and two more 

copies in the oyster, Crassostrea virginica, following TIR domain revision (Supplementary 

Table 4). Furthermore, whereas homologs to MYD88 and SARM1 (canonical TIR-DC adaptor 

proteins responsible for signal transduction and regulation of TLRs, respectively; O’Neill & Bowie 

2007) possess ancestry predating the emergence of Vertebrata (Tassia et al. 2017; Toschachev & 

Neuwald 2020), many evolutionarily conserved TIR-DC proteins (defined in Gerdol et al. 2017) 

identified here lack any homologs within Vertebrata (Supplementary Table 4). Even when 

including proteomes from non-mammalian vertebrate lineages (i.e., hagfish, lamprey, and 

Latimeria) when running TIAMMAt, vertebrate TIR-DC proteins appear to be restricted to TLRs, 

IL-1Rs, and the five traditional TLR adaptors (O’Neill & Bowie 2007). Although there may be 

some relationship between the emergence of adaptive immunity and the limited number of TIR-

DC protein structures within vertebrates, the non-canonical TIR-DC proteins identified across 

metazoan taxa may also represent a more flexible role for TIR domains outside the confines of the 

TLR pathway.  

 

5.4.4 RIG-I-like Receptors 

Revision of the RLR C-terminal domain (CTD), which is unique to three canonical RLR 

family members (retinoic acid-inducible gene, RIG-I; melanoma differentiation antigen 5, MDA5; 

and laboratory of genetic and physiology 2, LGP2; Supplementary Fig. 1; Esser-Nobis et al. 

2020), revealed novel RLR proteins in the cnidarian, Hydra vulgaris (n=1 additional), and the sea 

star, Patiria miniata (n=2; Supplementary Table 5). Unlike canonical RLRs, novel proteins 

identified in H. vulgaris and P. miniata have atypical and individually distinct domain 

organizations. The novel protein identified in Hydra has a reversed architecture (with an N-

terminal RLR “C-terminal domain”), an incomplete central helicase, and lacks CARD domains, 

similar in structure to the vertebrate LGP2 protein. In contrast, Patiria’s novel proteins both 

possess appropriately positioned C-terminal CTDs. However, one of the two newly identified 
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Patiria RLRs lacks a central helicase, the second possesses a duplicated CTD, and both possess a 

single N-terminal death effector domain (DED). Moreover, the novel domain architectures 

described above are not unique to the post-domain-revision dataset as several non-canonical RLR-

related domain architectures (defined by the presence of the RLR-specific C-terminal domain) 

were detected across Metazoa even before domain revision. For example, Hydra possesses a 

second reversed RLR protein and Hofstenia miamia (a member of the clade, Xenacoelamorpha) 

possesses two reverse RLR proteins which, together with Hydra’s proteins, comprise a well-

supported monophyletic orthology group (>90% posterior probability; Supplementary Fig. 9). 

Given that all canonical RLRs (i.e., RIG-I, MDA5, and LGP2) share a central DExD/H-box 

helicase and a CTD, which together give RLR’s their RNA recognition capacities (Pippig et al. 

2009; Jiang et al. 2011; Luo et al. 2011; Reikine et al. 2014), the proteins with incomplete helicases 

described in this paragraph provide an interesting opportunity to investigate the function of the 

RLR CTD independent of a proximal helicase. 

We placed all RLRs identified in our study into a Bayesian phylogenetic framework to 

compare with previous phylogenetic hypotheses on RLR evolution and to expand RLR sampling 

to include the less conventional RLR family members described above (Supplementary Fig. 9). 

Concordant with previous studies (Mukherjee et al. 2013; Pugh et al. 2016), we resolve RIG-I and 

MDA5/LGP2 orthology groups with deep representation of deuterostome taxa, except tunicates 

which possess their own RLR orthogroup. Interestingly, an orthology group comprised of RLRs 

with N-terminal DED domains (including the two novel Patiria sequences described above) was 

recovered with maximal support. DED, like CARD, is a member of the death domain superfamily 

(Park et al. 2007). Independent of RLR signaling, DED operates through homotypic domain-

domain interactions and is vital for the regulation of cell death, including interactions mediated by 

caspase-8 and -10 (Valmiki & Ramos, 2009; Riley et al. 2015; Man & Kanneganti 2016). Although 

they belong to the same superfamily, functional evidence has shown the CARDs of RLRs and the 

DED of caspase-8 are not functionally equivalent (Jiang et al. 2012), suggesting DED-containing 

RLRs present among invertebrates may function independently of the canonical RLR signaling 

pathway. Given the ancient origins of cell death regulation through DED-DED interactions among 

animals (Sakamaki et al. 2015; Man & Kanneganti 2016), the ubiquitous threat of viral infection 

(Forterre 2006), and the potential coupling of DED-dependent signaling to the dsRNA recognition 
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via RLRs containing an N-terminal DED, we hypothesize that RLRs possess additional family 

members among invertebrates which act through rapid DED-dependent apoptotic pathways. 

 

5.4.5 Future Prospects of TIAMMAt 

In our application of TIAMMAt on innate immunity protein families, we demonstrated the 

value of improving representation of non-model species in Pfam domain seed alignments. 

Strikingly, for each of the PRR signaling families we considered, protein domain architecture 

diversity appears to be underestimated across Metazoa even independent of domain revision 

(Supplementary Fig. 7), and the effect becomes more severe when directly accounting for 

homologous sequence variation in domains among non-model species. These findings are 

consistent with previous studies that highlight the value of leveraging underrepresented species to 

investigate protein family evolution (Zhang et al. 2012; Yuen et al. 2013; Gerdol et al 2017).  

The design of TIAMMAt was stimulated through a combination of uncovering a lack of 

even phylogenetic representation within domain profile seed alignments (Fig. 1) and the inferential 

value of annotating uncharacterized proteins with Pfam domains (e.g, Hibino et al. 2006; Costa-

Paiva et al. 2017; Gerdol et al. 2017; Tassia et al. 2017). As such, TIAMMAt is designed to be 

compatible with any taxonomic distribution and collection of Pfam domains of interest to the user. 

Given enough computational and proteomic resources, TIAMMAt could be applied, for example, 

to domain/protein evolution studies among all opisthokonts, eukaryotes, or even all organisms. In 

contrast, TIAMMAt can also be used to revise a domain based on a single genus, yielding a revised 

domain profile where the per-site amino acid emission probabilities are narrowed to be a strict 

representation of that genus’ domain sequence variance. For example, where one study could 

revise all globin domains using a broadly sampled metazoan dataset to help identify and investigate 

oxygen transport protein evolution, another study could revise the same domains using only 

hydrothermal vent and/or cold seep species where oxygen-transport has become highly specialized 

(Hourdez & Lallier 2007). Though these two scenarios may focus on the same Pfam domains, the 

revised domains produced by TIAMMAt reflect different taxonomic assemblages and address two 

discrete evolutionary questions.  
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TIAMMAt can be flexibly inserted into bioinformatic pipelines where domain annotation 

plays a role in inferring function of uncharacterized proteins. As non-model and underrepresented 

species continue to be sequenced at an accelerated rate (David et al. 2017), TIAMMAt provides 

bioinformaticians the option to account for phylogenetic distance during protein domain 

annotation – being particularly valuable when data are generated with the direct intent of 

addressing protein family/pathway evolution. In studies which concentrate on protein families 

instead of newly sequenced species, TIAMMAt can be used in a fashion that is similar to our case 

study on innate immunity, shifting focus from the traditional biomedical model species to a broader 

comparative scope by leveraging biodiversity already available in public data repositories.  

 

5.5 Materials & Methods 

5.5.1 Input Dataset Acquisition 

Protein sequence accessions for the 39 metazoan taxa used in this study are available in 

Supplementary Table 3. Species were chosen to represent a broad phylogenetic distribution 

across Metazoa with compensation for representation bias within the Pfam database (Fig. 1). 

Regarding the two species where protein sequence datasets were not directly downloadable at the 

time of acquisition (i.e., Hofstenia miamia and Schmidtea mediterranea), scaffolded genomes and 

accompanying protein models were used to generate a protein sequence dataset using gffread 

(https://github.com/gpertea/gffread). In the context of our study, we do not discriminate between 

protein sequences derived of direct protein sequencing (reviewed in Callahan et al. 2020) and those 

inferred through bioinformatic translation of nucleotide datasets. Similarly, we recognize each 

species’ proteome is not reflective of the same degree of sequencing revision or protein annotation 

(David et al. 2019). As a result, proteomes belonging to deeply sequenced species, such as humans, 

encode a high number of isoforms per protein when compared with more enigmatic taxa (Uhlén 

et al. 2015). To compensate for uneven annotations across taxa, we make the assumption that all 

protein isoform predictions possess equal probability to be expressed and are functional. 

Importantly, because we employ proteomic datasets derived primarily of genome sequencing 

projects, assessments made in our study are at the level of unique protein species encoded within 

the genome (accounting for all modeled isoforms of a single gene), not the measure of genes 

present.  
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The domain profile HMMs and seeds associated with key innate immunity proteins are 

summarized in Supplementary Table 1. Particularly, we chose domains traditionally associated 

with TLRs (i.e., TIR & TIR_2 domains; Tassia et al. 2017), RLRs (i.e., RIG-I_C-RD & CARD 

domains; Liu et al. 2017), NLRs (i.e., NACHT & CARD domains; Elinav et al. 2011), IRFs (i.e., 

IRF & IRF3 domains; Nehyba et al. 2009), and NFkB (i.e., RHD domain; Hayden & Ghosh 2011). 

All domain models and their seeds were obtained from Pfam version 32.0 (El-Gebali et al. 2018). 

Phylogenetic breadth represented within seed alignments before and after revision are shown in 

Supplementary Figs. 3 & 4. Additional LRR annotation was supplemented with Interproscan’s 

(version 5.26-65.0) Gene3D annotation (version 4.1.0; Lees et al. 2014) due to HMMER’s 

difficulty for positively annotating boundaries between individual repeat cassettes (Pellegrini 

2015; Mistry et al. 2020).  

 

5.5.2 Database Bias 

Pfam domain profile seed alignments were downloaded from the Pfam 32.0 FTP server on 

April 7th, 2020. The Pfam-A database, which is generated from HMMs constructed from the seed 

alignments, was also downloaded. Species codes were then extracted and aggregated from both 

Pfam-A and the seed alignments to get a count estimate of species representation in the seeds 

themselves, as well as how those seeds may contribute to representation (or lack thereof) in the 

full database (Fig. 1).  

 

5.5.3 Domain Profile HMM Revision 

TIAMMAt automates revision of Pfam domain models to capture homologous sequence 

diversity based upon taxonomic distribution provided by the user (Fig. 2, Supplementary Fig. 2). 

The program is written using open-source software packages and is publicly available via GitHub 

(https://github.com/mtassia/TIAMMAt.git). Looping through the individual domain profile 

HMMs compiled above, TIAMMAt begins by searching proteomes for a single domain signature 

using HMMER’s hmmsearch (version 3.1b2; Eddy 2009) under either default reporting/inclusion 

thresholds (used in this study) or user-defined thresholds (Supplementary Table 7). For each 

target sequence reporting a hit to the target domain, the target sequence is isolated from its parent 

https://github.com/mtassia/TIAMMAt.git
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proteome and scanned for all Pfam domains using hmmscan, again with default thresholds (used 

here) or user-defined values. TIAMMAt then parses hmmscan’s domain table output to identify 

the best-fit domain architecture per sequence. Specifically, TIAMMAt first omits any hits which 

do not meet the per-sequence and per-domain (both conditional and independent) E-value 

inclusion thresholds of 0.01 (or the value specified by the user). The remaining hits are then ranked 

in ascending order of per-domain conditional E-values (with a lower bound of zero) and filtered 

of overlapping annotations, always maintaining the better-scoring domain hit over an overlapping 

weaker-scoring hit. This annotation parsing schema produces a non-overlapping list of highest-

confidence domains per sequence which must at least meet the per-domain E-value inclusion 

threshold. Notably, some sequences which reported a potential hit to the target domain during the 

hmmsearch step may not report the same target domain after filtering due to conditional statistics 

after including all other domains in the Pfam database. Such annotations are considered noise from 

the perspective of the program and are omitted from the following steps due to lack of statistical 

substantiation, avoiding incorporation of false positives during revision. 

Following domain annotation and identification of sequences with a best-fitting target 

domain, TIAMMAt extracts all best-fitting domain targets from their parent sequences (e.g., all 

TIR domains found within the Saccoglossus kowalevskii proteome). All isolated domains and the 

domain’s seed sequences are aligned to the relevant domain profile HMM using hmmalign with 

the optional --trim argument to trim nonhomologous residues – particularly those which may 

accumulate at the termini of the model. Next, TIAMMAt runs hmmbuild to generate a revised 

domain profile HMM from hmmalign’s output Stockholm alignment. After the domain model has 

been revised, TIAMMAt loops once more through hmmsearch and hmmscan, this time isolating 

sequences which possess either the base or revised domain model hits (which meet the same 

threshold requirements specified above).  

Once all domains have been revised, TIAMMAt executes a final hmmscan using a Pfam 

database appended with all revised domain models from the current TIAMMAt run – permitting 

each sequence to be annotated with base or revised domains of all those considered which, until 

this point, had all been revised in isolation of one another. This step is particularly important if the 

domains being revised are, in combination, descriptive of a single protein family (e.g., NACHT 

and CARD domain revisions as they relate to NOD-like receptors). Post-revision datasets from 
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our immunity study (both sequences and markov models) are also available via the TIAMMAt 

github repository (https://github.com/mtassia/TIAMMAt.git).  

We recommend using TIAMMAt only after careful consideration of input proteome dataset 

quality and completeness, such as using protein datasets derived of published genomes where such 

effects have been considered and explicitly controlled or performing genome quality assessments 

like BUSCO (Waterhouse et al. 2018) or BlobTools (Laetsch & Blaxter 2017). 

 

5.5.4 Phylogenetic Methods 

Each protein family was aligned using MAFFT version 7’s L-INS-I protocol (Katoh & 

Standley 2013). Phylogenetic reconstruction was performed using IQ-TREE version 1.6.12 

(Nguyen et al. 2015). We employ IQ-TREE’s ModelFinder subprogram (Kalyaanamoorthy et al. 

2017) to infer best-fit substitution models and the ultrafast bootstrap approximation method for 

node support (10,000 generations; Minh et al. 2013). Phylogenetic trees were initially visualized 

using the iTOL web server (Letunic & Bork, 2019) and all nodes with ultrafast bootstrap support 

less than 95% are collapsed and considered unsupported per IQ-TREE’s statistical guidelines. 

Anchoring sequences were downloaded from the UniProt SwissProt database (The UniProt 

Consortium, 2019) in Fall 2020. 

Bayesian phylogenetic reconstruction of RLR protein relationships was performed using 

ExaBayes version 1.5 (Aberer et al. 2014). Two independent runs of four Metropolis-coupled 

chains each were executed in parallel for 1 x 107 generations, sampled every 100 generations, 

using a γ-distributed rate heterogeneity, empirical amino acid state frequencies, and a fixed 

substitution model of VT, which was determined to be the best-fit amino acid substitution matrix 

via BIC by ModelFinder (Kalyaanamoorthy et al. 2017). Chain convergence was confirmed by the 

presence of average standard deviation of split frequencies < 0.01 and effective sample size per 

parameter ≥ 100. A majority-rule consensus tree was generated after discarding the first 25% of 

sampled Markov Chain Monte Carlo (MCMC) generations as burn-in and visualized using the 

iTOL web server (Letunic & Bork, 2019). Unedited tree files for both likelihood and Bayesian 

phylogenetic inferences from this study are available via the TIAMMAt github repository 

(https://github.com/mtassia/TIAMMAt.git). 

https://github.com/mtassia/TIAMMAt.git
https://github.com/mtassia/TIAMMAt.git
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Supplementary Table 1. Domains examined with TIAMMAt and selected model statistics 
per-domain. All models obtained from Pfam-A version 32.0. 

 



169 
 

 

Supplementary Table 2. Number of best-fit domains identified before revision (left value) 
and after revision (right value). 
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Supplementary Table 3. Taxonomic dataset representation. 
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Supplementary Table 4. TIR-domain-containing protein family members identified before 
and after model revision. * 

 

*All ecTIR-DC Families are defined in Gerdol et al. 2017. Families 8, 10, and 15 removed as 
no members are identifiable exclusively by Pfam domain architecture. Values shown as [# 
Before]/[# After]; single values indicate no new sequences identified after domain revision. 
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Supplementary Table 5. RLR CTD-containing protein family members identified before 
and after model revision.* 

 

*Values shown as [# Before]/[# After]; single values indicate no new sequences identified after 
domain revision. 
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Supplementary Table 6. NACHT-containing protein family members identified before and 
after model revision.* 

 

*NLRAs are omitted from count as they cannot be defined by Pfam domains alone. Values 
shown as [# Before]/[# After]; single values indicate no new sequences identified after domain 
revision. 
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Supplementary Table 7. Number of domains reported by hmmsearch identified before 
revision (left value) and after revision (right value). 
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Supplementary Figure 1. Diagram of NLR, TLR, and RLR signaling pathways with all 
domains labeled. (Left) NLRs are cytoplasmically localized and possess a C-terminal series of 
leucine-rich repeats responsible for ligand binding, and a central NACHT domain involved in 
oligomerization and activation (Lechtenberg et al. 2014). NLR subfamilies differ in their N-
terminal domain(s) which promote transcription factor activation or inflammasome assembly 
(Meunier & Broz, 2017). (Middle) TLRs are type-I transmembrane proteins localized to cell or 
endosomal membranes. Their N-terminal leucine-rich repeats bind pathogen-associated 
moieties, and the C-terminal TIR domain undergoes homotypic TIR domain interactions with 
one of five TIR-domain-containing adaptor proteins (Akira & Takeda 2004). (Right) RLRs are 
cytoplasmically localized and are exclusively involved in nucleic acid sensing. The central 
helicase and C-terminal regulatory domain are involved in ligand binding and autoregulation, 
whereas the N-terminal CARD domains are involved in signal transduction (Reikine et al. 
2014). All three pathways converge on the activation of NF-κB and IRF activation, transcription 
factors which promote the expression of host-defense compounds like pro-inflammatory 
cytokines and antiviral peptides, respectively. 
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Supplementary Figure 2. Detailed schematic of commands and data analysis performed by 
TIAMMAt (see Materials & Methods for further detail).  
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Supplementary Figure 3. Bar plots showing the number of sequences per species represented 
in a domain seeds of RHD, TIR, IRF, NACHT, CARD, and IRF-3 before (blue) and after (red) 
domain revision by TIAMMAt. Blue and red bars are superimposed, and their scales are 
displayed above each individual plot. Phylogenetic relationships of species represented in each 
domain seed were derived of their NCBI taxonomy. 
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Supplementary Figure 4. Bar plots showing the number of sequences per species represented 
in a domain seeds of RIG and TIR-2 before (blue) and after (red) domain revision by 
TIAMMAt. Blue and red bars are superimposed, and their scales are displayed above each 
individual plot. Phylogenetic relationships of species represented in each domain seed were 
derived of their NCBI taxonomy. 
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Supplementary Figure 5. Maximum-likelihood phylogenetic reconstruction of NF-κB family 
proteins using IQ-TREE. All nodes possess ultrafast-bootstrap support ≥95%. Best-fit model 
by BIC: VT+F+R6. Scale bar in number of substitutions per site. 
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Supplementary Figure 6. Maximum-likelihood phylogenetic reconstruction of IRFs using IQ-
TREE. All nodes possess ultrafast-bootstrap support ≥95%. Best-fit model by BIC: VT+R6. 
Scale bar in number of substitutions per site. 
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Supplementary Figure 7. Domain architectures associated TIR, RLR C-terminal domain, and 
NACHT domain revision. Dotted outlines denote domains which are not necessary for protein 
classification, though may be present.  
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Supplementary Figure 8. Summarized topology of maximum-likelihood phylogenetic 
reconstruction of all proteins containing both NACHT domains and LRRs using IQ-TREE. All 
nodes possess ultrafast-bootstrap support ≥95%. Best-fit substitution model by BIC: VT+R10. 
Scale bar in number of substitutions per site. 
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Supplementary Figure 9. Summarized topology of Bayesian RLR phylogenetic 
reconstruction. Bold branches mark RLRs identified only after domain revision. Nodes with 
posterior probabilities (PP) <90% are collapsed. Nodes 90≤PP<100% are marked with white 
circles. Nodes with 100% PP are marked with black circles. Best-fit substitution model by BIC: 
VT+F+G. Scale bar in number of substitutions per site. 
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Chapter 6: Conclusions 

6.1 Closing Remarks  

Contemporary perspectives on the evolution of immunity are primarily derived from work 

on a select distribution of animal species which established a historical role in biomedical research, 

including Drosophila, C. elegans, mouse, and human (Beutler 2004). As such, the evolution of 

immunity, both its genetic determinants and their functional derivatives, is influenced by a lack of 

sufficient taxon sampling required for inferring broad evolutionary trends across Metazoa. 

Although improvements to both the quality and cost of sequencing have yielded considerable 

advancements towards informing the evolution of immunity-associated gene/protein families, 

there nonetheless remain many gaps in knowledge which hinder accurate inference of immunity 

ancestry. The primary goal of my doctoral research was to investigate and describe the genetic 

components underlying hemichordate immunity in a phylogenetically comparative context 

adequate for informing deuterostome immunity evolution. 

 Within Deuterostomia – the superphylum comprised of Hemichordata, Echinodermata, and 

Chordata – hypotheses on immunity evolution have largely been composed in a comparative 

context which overlook hemichordates. Whereas improved genomic accessibility has permitted 

several publications investigating the immune gene complement among several invertebrate 

deuterostome taxa, including urchins, tunicates, and lancelets (Buckley & Rast 2015), little was 

known about hemichordate’s full immune gene repertoire. Following several publications 

describing the Toll-like receptor (TLR) repertoire in echinoderms (e.g., Buckley & Rast 2012, 

Buckley & Rast 2015), I sought to improve resolution of deuterostome TLR pathway evolution by 

sampling heavily among hemichordates. To this end, in Chapter 3, I developed a bioinformatic 

pipeline to validate homology assignments (to TLR pathway components) by comparing domain 

architecture of functionally uncharacterized proteins to those among biomedical models where 

function is known. Ultimately, this study showed that the canonical TLR pathway, which is vital 

for pathogen recognition by the innate immune system, is conserved across deuterostome lineages. 

Moreover, by leveraging broad taxon sampling representative of a deeply sampled deuterostome 

phylogeny, Bayesian phylogenetic inference of deuterostome TLRs showed TLR3, the ortholog 

responsible for recognizing viral dsRNA in vertebrates, is conserved across deuterostome phyla 

(with the exception of tunicates). Conservation of TLR3 among invertebrate deuterostomes 



185 
 

lineages suggests the molecular toolkits underlying antiviral immunity may have retained their 

functional roles over the course of evolution. The findings of this chapter raised additional 

questions that predicate the subsequent research of my dissertation: A) Can hemichordates 

recognize and respond to viral stimulus, and B) Do other immune gene families exhibit comparable 

evolutionary patterns as TLRs?  

 In Chapter 4, I sought to experimentally identify genes directly involved in the antiviral 

immune response of the acorn worm hemichordate, Saccoglossus kowalevskii, and place these 

results in a comparative context to inform antiviral immunity evolution within Deuterostomia. For 

this study, my colleagues and I developed an experimental framework where gene expression 

would be quantifiably compared between S. kowalevskii individuals injected with poly(I:C), a 

synthetic analog of viral dsRNA and potent agonist of dsRNA-dependent immune reactions, and 

individuals injected only with the solvent buffer. Furthermore, we resolve the temporal effects of 

gene regulation following injection (with 2-, 4-, 8-, 12-, and 24-hour post-injection timepoints). 

This study identified 455 genes which exhibit statistically significant differences in mean 

expression (Wald’s adjusted p-value < 0.05) in individuals injected with poly(I:C) when compared 

with those which received buffer injections. Although some differentially expressed genes (DEGs) 

could be functionally categorized into conventional immune response categories (e.g., 

inflammation, apoptosis, or interleukin signaling), a large proportion of DEGs could not be 

confidently assigned function via sequence similarity to those of known function. Prior to this 

work, only a small number of similar studies have been performed among invertebrate 

deuterostomes (let alone among all invertebrate metazoans). Strikingly, among the few comparable 

studies in echinoderms (the sister phylum to hemichordates), a large proportion of genes also 

remain uncharacterized by traditional functional annotation methods (Fuess et al. 2015; Wu et al. 

2020), suggesting invertebrate deuterostomes possess antiviral genetic toolkits which are not (at 

least currently) recognized in vertebrates. 

 In the final data chapter of my dissertation (Chapter 5), I investigated the evolution of 

several protein families central to pathogen recognition and innate immunity. Though this chapter 

primarily focuses on software I developed to remedy the shortcomings of taxonomic bias within 

the Pfam database, this study also reports domain architecture diversity and phylogenetic 

relationships for TLRs, NLRs, RLRs, NFκBs, and IRFs across Metazoa (with deepest sampling 
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within Deuterostomia). The results of this research show protein architecture diversity among 

TLRs, NLRs, and RLRs is underestimated when viewed from the lens of biomedical model 

species. Furthermore, the identification of these protein family members among non-model species 

is measurably hindered by sequence models which only directly capture variation present within 

model species. Similar to the findings of Chapter 3, hemichordates possess NLRs, RLRs, NFκBs, 

and IRFs sufficient to host a robust innate immune response following infection – a hypothesis 

supported by the findings of Chapter 4.  

 In consolidation, the chapters of my dissertation represent a critical step forward for 

understanding hemichordate immunity and informing the evolutionary history of deuterostome 

immunity. 
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