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ABSTRACT

Marine gregarines, a diverse group of single-celled parasitic protists within Apicomplexa, 

are widespread in marine invertebrates yet remain poorly understood at the molecular level. This 

project investigates patterns of speciation among marine gregarines using an integrative 

approach that synthesizes morphological traits (via light and electron microscopy), molecular 

phylogenetics (18S and ITS rRNA), host association (COI), and biogeographical data. 

Collectively, these results show that both host phylogeny and biogeography shape gregarine 

evolution, with host identity often playing the dominant role. 

Chapter 2 explores the biodiversity and host associations of archigregarines from 

polychaete hosts in Japan, revealing novel clades within Lunidium, Metzidium, and Devanium. 

Chapter 3 investigates biogeographic and cryptic diversity in paralecudinid gregarines from 

Pacific polychaetes, uncovering new Ferraria and Paralecudina clades. Chapter 4 focuses on 

early-branching lecudinids, describing one novel Difficilina clade and three novel Lecudinidae 

clades—including likely the first known gregarine from an ostracod host. Chapter 5 reconstructs 

the phylogeny of Lankesteria gregarines from ascidian hosts and finds a strong link between 

gregarine biodiversity and the evolution of tunicates. Chapter 6 examines Lecudina gregarines 

from lumbrinerid polychaetes, demonstrating cryptic speciation and morphological diversity in 

Lecudina Clade B. Finally, Chapter 7 analyzes Lecudina parasites from nereidid polychaetes, 

identifying multiple novel clades as well as a Lecudina tuzetae species complex.
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PREFACE. Objectives of biodiversity research

 I begin with a basic question: what is biodiversity? At first, I thought biodiversity just 

meant “a lot of species”. After spending some time studying marine gregarines, I began to think 

that biodiversity was a special word with a complicated definition to be memorized so people 

think you are smart. Now I see that biodiversity just means a lot of species… and it is very 

important to know a lot of species!

Why is biodiversity important? Biodiversity is important because we need many species 

to live. We need bees to pollinate plants. We need those plants to eat. We even need bacteria to 

help digest those plants. But biodiversity is also about understanding how those species relate to 

each other. Are all mushrooms safe to eat? If not, how can we identify which mushrooms are 

dangerous? Furthermore, what if we find a new type of mushroom? Can the close relatives of 

that mushroom give us clues about its safety? Clearly, understanding biodiversity can be a matter 

of life and death.

Now that we appreciate the importance of biodiversity, we need a way to study it. Over 

200 years ago, people started making lists of plants and animals. Eventually, they noticed 

patterns where certain groups all shared similar traits. For example, all fish have scales, all birds 

have feathers, and all mammals have body hair. However, fish, birds, and mammals all have 

bones, whereas worms and crabs do not. Researchers could then use those traits to map 

evolution. We still use such traits to define species and understand biodiversity, but we also have 

more modern tools. With DNA sequences and some clever math, we can make far more reliable 

evolutionary trees than people could make in the late 1800s. We also have powerful tools such as 

electron microscopes that allow us to look at details inside individual cells. 

What, then, is the main goal of biodiversity research? The goal is simply to know more 

species. If we can know more species, we can also know more about how they evolved. If we 
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know more about how species evolved, we can make more food, make better medicine (e.g., for 

malaria), make a safer environment, and maybe even make a better world. 
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CHAPTER 1. General introduction

1.2. Apicomplexa Levine, 1970

Apicomplexans are a diverse group of unicellular eukaryotes known for their obligate 

parasitic lifestyle, infecting a wide range of hosts while significantly impacting global health, 

economies, and ecosystems. At the cellular level, apicomplexans are defined by the presence of a 

specialized structure called an apical complex located at the anterior of the cell (Hu et al., 2006; 

Boisard and Florent, 2020; Valigurová and Florent, 2021). This unique trait of apicomplexans is 

likely a modified flagellar apparatus (Okamoto and Keeling, 2014). Another unique feature of 

apicomplexans is the presence of an apicoplast. The debated chromalveolate hypothesis 

(Cavalier-Smith, 1999; Keeling, 2009; Green, 2011; Pietluch et al., 2024), which builds on 

endosymbiotic theory (Sagan, 1967; Gray, 2017), posits that apicomplexans acquired their 

biosynthetically active (Maréchal and Cesbron-Delauw, 2001; Lim and McFadden, 2010) 

apicoplast from a red algal endosymbiont (Pietluch et al., 2024).

Evolutionarily, apicomplexans are a lineage of alveolate parasites closely related to 

ciliates and dinoflagellates (Fig. 1.1 A), and are conventionally classified into four key groups—

haemosporidians (e.g., Plasmodium), piroplasmids (e.g., Babesia), coccidians (e.g., 

Toxoplasma), and Gregarinasina Dufour, 1828 (e.g., Gregarina and Lecudina) (Fig. 1.1 B–C). 

Phylogenetic relationships among these apicomplexan subgroups are an active area of research 

(Leander et al., 2003; Nishimoto et al., 2008; Rueckert et al., 2010; Rueckert et al., 2015; 

Schrével et al., 2016; Simdyanov et al., 2017; Wakeman et al., 2018; Iritani et al., 2021; Lax et 

al., 2024). Estimates suggest that less than 1% of apicomplexan diversity has been formally 

described (Morrison, 2009), and groups such as the gregarines remain particularly under-

explored due to a lack of immediate risk to humans.

1.3.  Marine gregarine apicomplexans and their host associations
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Gregarines are a highly diverse and abundant group of apicomplexans (Perkins et al., 

2000) found in hosts inhabiting freshwater (McKinley et al., 2024) and terrestrial environments 

(Miroliubova et al., 2025) as well as a range of invertebrates (e.g., polychaetes, echinoderms, 

sipunculids, crustaceans, mollusks, nemerteans, hemichordates, and ascidians) from the ocean 

(Table 1.1). One notable trait of gregarines is their multi-stage life cycle. Gregarines typically 

infect host intestines via ingested spores, develop into trophozoites, undergo sexual reproduction 

(gamogony) typically after pairing (syzygy), and produce spores that release infective 

sporozoites (Desportes and Schrével, 2013). While this is generally true, some gregarines inhabit 

other tissue types. For example, Ascogregarina taiwanensis infects the excretory organs of 

mosquitoes (Chen et al., 1997), while Monocystis targets the sexual organs of earthworms (Field 

and Michiels, 2006).

1.3.1  The concept for archigregarines

 Marine gregarines encompass two main subgroups: archigregarines (Archigregarinorida 

Grassé, 1953) and eugregarines (Eugregarinorida Léger, 1900). Archigregarines are 

morphologically characterized by a worm-like shape as well as both longitudinal and transverse 

epicytic folds (often appearing as striations under light microscopy) supported by a sub-

membrane network of microtubules (Fig. 1.2). Archigregarines also tend to retain an apical 

complex and the ability to feed via myzocytosis (Simdyanov and Kuvardina, 2007): traits shared 

with their alveolate relatives, the perkinsids (Leander et al., 2003). Moreover, archigregarines 

tend to display a pendular/bending motility (Mellor and Stebbings, 1980; Simdyanov and 

Kuvardina, 2007; Rueckert and Leander, 2009; Kováčiková et al., 2019) rather than the gliding 

motility often seen among eugregarines (Desportes and Schrével, 2013; Valigurová et al., 2013; 

Kováčiková et al., 2017) or the peristaltic motility seen among some early branching lecudinids 

(Leander et al., 2006; Rueckert and Leander, 2009; Odle et al., 2024). However, this pattern does 

not always hold. Until recently, archigregarines were grouped under the genus Selenidium Giard, 

1884, which included more than 60 species from a range of marine invertebrate hosts (Wakeman 
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and Leander, 2013a; Schrével et al., 2016; Paskerova et al., 2018; Wakeman, 2020). Notably, 

there was a recent reclassification of Selenidium into several distinct genera, including Lunidium, 

Devanium, and Metzidium based on a combination of host preference, morphology, and 

molecular phylogenetic evidence (Lax et al., 2024).

1.3.2  The concept for eugregarines

Eugregarines, the most biodiverse group of gregarines (Levine, 1976), exhibit a range of 

morphologies. Trophozoites can range from oblong or lemon-shaped, to bifurcated with rounded 

appendages (Fig. 1.3 A–B, E–F). Cell surfaces are typically covered in dense longitudinal folds, 

but these surface features may instead be sparse, short, or even take a crenulated shape (Fig. 1.3 

C–D). Eugregarine mucrons can also have a diverse range of configurations (Fig. 1.3 E–G). For 

movement, eugregarines primarily rely on gliding motility driven by actin and myosin 

(Valigurová et al., 2013). Although traditionally identified by gliding motility and the presence 

of an epimerite/mucron (Desportes and Schrével, 2013), there is growing evidence that these 

traits may have arisen through convergent evolution rather than shared ancestry (Wakeman and 

Leander, 2012; Wakeman et al., 2014). Eugregarines are mainly intestinal but can also inhabit 

other host compartments such as the coelom (Leander, 2008). Overall, the diverse morphology 

among eugregarines likely reflects their adaptation to a diverse range of hosts.

1.4. Molecular phylogenetics in the study of gregarine evolution

 Recent trends in the study of gregarine evolution have moved from a purely morphology- 

and host-based concept towards a phylogenetic species concept (Ridley, 1989; de Queiroz, 2007) 

based principally on small ribosomal subunit (SSU) molecular data (Rueckert et al., 2011a). 

Gregarines were first described nearly two centuries ago (Dufour, 1828), well before the 

adoption of sequencing technology and electron microscopy. During this era, qualities 

observable by light microscopy were used to conceptualize the gregarines: namely, position of 

syzygy (e.g., fronto-frontal, caudo-caudal, latero-lateral, and various combinations thereof), the 

cell anterior (presence of an apical complex), epicytic folds, cell shape (e.g., worm-like or 
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lemon-shaped), type of motility (e.g., bending, peristaltic, or gliding) and host association (e.g., 

tunicates or polychaetes) (Desportes and Schrével, 2013). 

The modern concept of gregarines relies heavily on phylogenetic inference (Field et al., 

1988; Meyer et al., 2010) while also retaining morphological and host association data to help 

define species boundaries. Efforts to phylogenetically map the evolution of species date back to 

the Age of Enlightenment (Haeckel, 1866). Key developments followed: the proposal of the 

DNA double helix structure (Watson and Crick, 1953), the formalization of cladistics (Huxley, 

1957), and the commercial availability of Sanger sequencers in 1987 (Chait et al., 1988). By the 

early 1990s, researchers began publishing molecular phylogenies of apicomplexans using 

ribosomal RNA (rRNA) sequences (Wolters, 1991; Escalante and Alaya, 1995). Genes 

commonly used for molecular phylogenetic analysis include the rRNA small ribosomal subunit 

gene (18S), mitochondrial cytochrome c oxidase I (COI) gene, as well as chloroplast genes such 

as ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL) and maturase (matK) 

(Patwardhan et al., 2014). In particular, the 18S rRNA gene is widely used in biodiversity studies 

for its high conservation among, for example, ticks (Mangold et al., 1997), copepods (Wu et al., 

2015), and soil-dwelling eukaryotic microbes called dictyostelids (Chittavichai et al., 2025). The 

18S gene is widely used to study specific apicomplexan groups such as Plasmodium (Nishimoto 

et al., 2008), coccidians, and pyroplasmids (Morrison and Ellis, 1997), as well as apicomplexans 

in general (Leander et al., 2003a; Morrison, 2009). Moreover, 18S-based phylogenies are 

regarded as the current “gold standard” for delineating species boundaries among marine 

gregarines. 

Over the past decade and a half, molecular phylogenetic evidence has reshaped marine 

gregarine genera such as Lecudina (Rueckert et al., 2011b; Odle et al., 2024; Park and Leander, 

2024), Lankesteria (Iritani et al., 2021), and Selenidium (Wakeman and Leander, 2012; Lax et 

al., 2024; Park and Leander, 2024b), and introduced novel genera such as Amplectina (Park and 

Leander, 2024a), Caliculium (Wakeman et al., 2014b), Cuspisella (Iritani et al., 2018a), 
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Devanium (Lax et al., 2024), Difficilina (Simdyanov, 2009), Lunidium and Metzidium (Lax et al., 

2024), Sphinctocystis (Park and Leander, 2024a), Trollidium (Wakeman, 2020), Undularius 

(Odle et al., 2024), and Veloxidium (Wakeman and Leander, 2012). Still, there is much 

biodiversity among the marine gregarines that remains to be explored.

1.5. Goals of this project

 Informed by the work summarized above, this project aims to investigate novel 

biodiversity and speciation patterns among marine gregarines through an integrative framework 

that combines morphology, molecular phylogenetics, host association, and biogeography. Marine 

gregarines remain under-sampled at the molecular level, with relatively few SSU rRNA 

sequences available. Consequently, fundamental questions about their evolutionary relationships, 

species boundaries, and diversification patterns remain unanswered. Specifically, this project 

aims to address our gaps in marine gregarine knowledge through the following two objectives:

1. I aim to delimit species boundaries and describe novel gregarine biodiversity.

2. I aim to investigate how host phylogeny and biogeography influence speciation 

patterns among marine gregarines.

To achieve these objectives, I will use an integrative approach that incorporates high-resolution 

microscopy (light and electron microscopy), host identity, geographic origin, and rRNA as well 

as COI sequence data obtained through polymerase chain reactions (PCR) and Sanger 

sequencing.

Figure 1.4 presents a maximum likelihood phylogenetic tree of 18S sequences from 

across apicomplexa. This tree also includes 130 marine gregarine sequences generated during the 

present project and serves as a road map for the content herein. Novel marine gregarine data are 

organized into six distinct groups: archigregarines, paralecudinids, early branching lecudinids, 

Lankesteria, Lecudina Clade B, and Lecudina Clade A. Each of these groups are explored in 

greater detail within their respective chapters.
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CHAPTER 2. Novel biodiversity and host associations 

among archigregarines (Apicomplexa) from polychaete hosts 

around Japan

SUMMARY

Archigregarines are a diverse group of marine apicomplexans characterized by traits such 

as a worm-like morphology and broad epicytic folds supported by an underlying network of 

microtubules. This study integrates light and electron microscopy with molecular phylogenetics 

to investigate the diversity, morphology, and host associations of novel archigregarine lineages 

from marine annelid hosts in northern Japan. I identified five distinct clades: Lunidium sp. Clade 

A from an orbiniid host, Metzidium sp. Clade A from a chaetopterid, and Devanium spp. Clades 

A–C from cirratulid hosts. These lineages exhibited unique combinations of morphological traits 

including variable epicytic fold densities, transverse folds, and intracellular symbionts, and 

formed phylogenetic groups that extend current genus-level classifications. Notably, Lunidium 

and Metzidium were found in host families previously unrecognized for these genera, suggesting 

broader host specificity than previously understood. Together, these findings highlight 

previously uncharacterized archigregarine biodiversity and reveal a strong correlation between 

parasite clades and host phylogeny.

2.1. INTRODUCTION

Archigregarines represent a subgroup of marine gregarines with characteristics such as 

myzocytosis-mediated feeding (Leander, 2007; Simdyanov and Kuvardina, 2007; Simdyanov et 

al., 2018), oocysts that generate four sporozoites (Levine, 1971), and early branching from the 

Lecudina lineage as recovered through phylogenetic analysis (Lax et al., 2024; Odle et al., 2024). 
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Since these traits are similar to those of related flagellate-possessing parasites known as 

colopdellids, it is suggested that archigregarines occupy an early-evolving position among 

marine gregarines (Cox, 1994). This ancestral phylogenetic branching allows archigregarines to 

serve as an informative group in the study of early apicomplexan evolution (Kuvardina et al., 

2002; Leander and Keeling, 2003; Leander, 2008; Rueckert and Horák, 2017). 

Host associations among archigregarines have been found with sipunculids (Ormières, 

1979; Leander et al., 2006; Rueckert and Leander, 2009), echinoderms (Wakeman and Leander, 

2012), and hemichordates (Léger and Duboscq, 1917; Théodorides and Desportes, 1968; 

Wakeman et al., 2014b). In particular, archigregarines are known to parasitize sedentaria 

polychaetes in the families Terebellidae (Schrével et al., 2016; Wakeman et al., 2014), Sabellidae 

(Park and Leander, 2024b), and Cirratulidae (cirratulids) (Wakeman, 2020; Lax et al., 2024). 

Cirratulids are of particular interest in this study because they are commonly found around the 

intertidal zones of Hokkaido, Japan (Jimi et al., 2024), where the current study was largely 

conducted. 

Morphologically, archigregarines possess several unique traits, including a generally 

worm-like (vermiform) cellular shape. Whereas eugregarines are distinguished by their narrow 

epicytic folds accompanied by apical filaments and rippled dense structures (Schrével et al., 

1983; Valigurová et al., 2013; Odle et al., 2024), archigregarines feature broad, longitudinal 

folds that can appear as striations upon light microscopy (Desportes and Schrével, 2013; Lax et 

al., 2024). These folds are supported by an underlying layer of microtubules situated beneath a 

three-layered inner membrane complex (Stebbings et al., 1974; Mellor and Stebbings, 1980). 

Another characteristic morphological trait of archigregarines is the presence of transverse 

epicytic folds. This feature is observed in multiple species (Leander et al., 2003b; Leander, 2006; 

Wakeman and Leander, 2012), although they can be absent in others, such as Selenidium 

orientale and S. pisinnus (Rueckert and Leander, 2009). Yet another trait that can distinguish 

these groups is motility, with archigregarines exhibiting a bending action (Mellor and Stebbings, 
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1980; Simdyanov and Kuvardina, 2007; Rueckert and Leander, 2009; Kováčiková et al, 2019) as 

opposed to the gliding motility of eugregarines.

Until recently, the genus Selenidium Giard, 1884 served as a broad classification for 

archigregarines, encompassing over 60 species found in various marine invertebrate hosts 

(Wakeman and Leander, 2013b; Schrével et al., 2016; Paskerova et al., 2018; Wakeman, 2020). 

However, a recent taxonomic revision based on host specificity, morphological features, and 

molecular phylogenetic data has led to the division of Selenidium into several distinct genera, 

including Lunidium, Devanium, and Metzidium (Lax et al., 2024). In this study, I integrate light 

and electron microscopy with host cytochrome c oxidase I (COI) and isolate rRNA gene (18S 

and ITS) phylogenetics to characterize the biodiversity, morphology, and evolutionary placement 

of novel archigregarine clades from northern Japan. These findings shed new light on the early 

evolution of apicomplexans and their complex symbiotic interactions.

2.2. MATERIALS AND METHODS

2.2.1. Host collection and sample processing

Hosts were collected opportunistically in the intertidal zones near Akkeshi Bay (43°1′9′

′N 144°50′4′′E) and Oshoro Marine Station (43°12′37′′N 140°51′25′′E) in Hokkaido, Japan, and 

Kabira Bay (24°26′46′′N 124°8′25′′E) on Ishigaki Island, Japan between September 2022 and 

September 2023 (Table 2.1) from under intertidal rocks and inside tufts of seagrass. Individual 

hosts were then separated, photographed, and dissected. Host digestive tracts were removed and 

shredded with forceps in a Petri dish to separate gregarine parasites from host tissue. Gregarine 

trophozoites (feeding stages) were isolated using hand-drawn glass pipettes under an inverted 

microscope (Olympus CKX53, Tokyo, Japan or Nikon Eclipse Ts2 Tokyo, Japan). Isolates were 

then washed 2–3 times in well slides containing filter-sterilized seawater until clean. Single cell 

isolates taken for DNA were photographed using a Kiss X8i DSLR camera (Canon, Tokyo, 

Japan) mounted to the inverted microscope prior to transfer into 0.2 ml PCR microcentrifuge 
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tubes. Remaining isolates were placed in 2.5% glutaraldehyde for electron microscopy. 

Remaining host tissue was preserved in 100% ethanol for molecular (barcode) identification.

2.2.2. Electron microscopy

Trophozoites used for electron microscopy were fixed in baskets containing 2.5% 

glutaraldehyde (diluted in seawater) on ice for 30 min. These baskets were constructed using 

Isopore 5.0 µm PC Membrane filters (Merck Millipore Ltd., Ireland, UK) attached to trimmed 

1000 µl pipette tips with silicone adhesive. Cells were next washed three times in filter-sterilized 

seawater, then post-fixed in 1% osmium tetroxide (diluted in seawater) for 30 min in the dark. 

Following post-fixation, cells were washed in filter-sterilized seawater (three times, 3 min each), 

desalted in deionized water (three times, 3 min each), then dehydrated using an ethanol series 

(70%, 80%, 90%, 100%, 100%) for 3 min at each concentration. Samples used for scanning 

electron microscopy (SEM) were dried using an HCP-2 815B critical point dryer (Hitachi, 

Tokyo, Japan) and sputter coated with gold for 400 sec at 15 µA. Imaging of SEM samples was 

performed on an S-3000N scanning electron microscope (Hitachi, Tokyo, Japan). Images of 

larger isolates were taken in sections, stitched together, then cropped from the background using 

Affinity Photo 2 (Serif Ltd., Nottingham, United Kingdom).

Samples used for transmission electron microscopy (TEM) were fixed in 2.5% 

glutaraldehyde (diluted in seawater) on ice for 30 min, washed with filter-sterilized seawater 

(three times, 3 min each), then post-fixed with 1% osmium tetroxide for 1.5 h in the dark. 

Following another wash in filter-sterilized seawater (three times, 3 min each), samples were 

desalted in deionized water (three times, 3 min each) and then dehydrated using an ethanol series 

(70%, 80%, 90%, 100%, 100%) for 3 min at each concentration. Fixed cells were next 

permeabilized in 1:1 ethanol:acetone for 5 min, 100% acetone (two times, 5 min each), 1:1 

acetone:resin (Agar Scientific Ltd., Essex, United Kingdom) for 30 min, then 100% resin (two 

times, 5 h each). Finally, resin-embedded samples were polymerized at 68°C for 48 h and shaped 

using an EM UC6 ultramicrotome (Leica, Wetzlar, Germany). Sections 50–65 nm in thickness 
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were cut using a diamond knife then placed atop formvar-coated TEM grids and imaged on an 

H-7650 transmission electron microscope (Hitachi, Tokyo, Japan).

2.2.3. Amplification and sequencing of 18S and ITS rRNA regions

Gregarine trophozoites were transferred individually to 0.2 ml PCR microcentrifuge 

tubes and stored at –20°C for 1–5 days. Genomic DNA was then extracted from these samples 

using a QuickExtract FFPE DNA Extraction Kit (Lucigen, Middlesex, United Kingdom) in line 

with manufacturer protocol. General and specific primers (Table 2.2) with KOD One® PCR 

Master Mix (Toyobo, Osaka, Japan) were used in initial amplification of genetic material. 

Thermal cycling during initial amplification was run with the following parameters: denaturation 

at 94°C for 1 min, followed by 35 cycles of denaturation at 98°C for 10 sec, annealing at 52°C 

for 5 sec, and extension at 68°C for 15 sec, then ending in a final extension at 68°C for 1 min. 

Initial amplification products were then diluted 1:100 with ultrapure water (UltraPure™ 

DNase/RNase-Free Distilled Water, Thermo Fisher Scientific Inc., Massachusetts, USA) and 

used as template for a nested reaction with internal primers (Table 2.2). Nested amplification was 

run with the following parameters: denaturation at 94°C for 1 min, followed by 30 cycles of 

denaturation at 98°C for 10 sec, annealing at 54°C for 5 sec, and extension at 68°C for 10 sec, 

then ending in a final extension at 68°C for 1 min. Amplicons were confirmed by gel 

electrophoresis and ranged from 600–1000 bp in size. Samples with single, sharp bands were 

purified with polyethylene glycol (PEG) in preparation for sequencing. Sequencing was 

performed using the SupreDye™ v1.1 Cycle Sequencing Kit (AdvancedSeq LLC, California, 

USA) with a 3730 DNA Analyzer (Applied Biosystems, Massachusetts, USA).

2.2.4. Molecular phylogenetic analyses

All sequence reads were imported into Geneious Prime 2024.0.5 

(https://www.geneious.com) for assembly and alignment. Within Geneious, reads were initially 

screened against the National Center for Biotechnology Information (NCBI) GenBank database 

using the Basic Local Alignment Search Tool (BLAST). Contigs were generated using the 
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Geneious de novo assembler with built-in trimming feature. A second NCBI BLAST screen was 

then performed on contigs followed by primer site visualization to mitigate chimeric sequence 

generation.

Partial 18S and ITS sequences obtained from single-cell isolates were aligned along 

with sequences of related taxa using MAFFT (Katoh et al., 2002) multiple sequence alignment 

(E-INS-i model, 100PAM/k = 2 scoring matrix, gap penalty = 1.53). Alignments were masked in 

regions containing 70% or greater gaps. Optimal substitution models were determined using the 

Akaike Information Criterion with Correction (AICc) via IQTREE ModelFinder 

(Kalyaanamoorthy et al., 2017), and a GTR substitution model with gamma rate variation was 

used during Bayesian analysis. Maximum-Likelihood (ML) analysis and Bayesian Inference (BI) 

were both used to infer isolate phylogeny. Maximum-Likelihood analysis was performed using 

IQTREE (Nguyen et al., 2015) with 1000 bootstrap pseudoreplicates, while Bayesian posterior 

probabilities (PP) were calculated using MrBayes Ver. 3.2.6 (Huelsenbeck and Ronquist, 2001) 

via the Geneious plug-in. Markov Chain Monte Carlo was set for ten million generations, and 

other BI settings were kept as plug-in defaults.

2.2.5. Host identification

Fragments of host tissue remaining after gregarine isolation were preserved in 100% 

ethanol for barcoding. Host DNA was extracted from samples using the MasterPure Complete 

DNA & RNA Purification Kit (LGC Biosearch Technologies, Hoddesdon, United Kingdom). 

The COI gene was amplified using primers polyLCO and polyHCO (Table 2.2) with KOD One® 

PCR Master Mix (Toyobo, Osaka, Japan). Thermal cycling during COI amplification was run 

under the following parameters: initial denaturation at 94°C for 1 min, 5 cycles of denaturation at 

94°C for 20 sec, annealing at 45°C for 20 sec, and extension at 68°C for 30 sec, 35 cycles of 

denaturation at 94°C for 20 sec, annealing at 51°C for 20 sec, and extension at 68°C for 30 sec, 

and a final extension at 68°C for 1 min. Amplicons were approximately 650 bp. Host COI 

sequencing and read processing were performed similarly to the rRNA protocol. Obtained COI 
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data were then analyzed using the above phylogenetic analysis protocol.

2.3. RESULTS

2.3.1. Morphology of Lunidium sp. Clade A

Lunidium sp. Clade A trophozoites were elongate, ribbon-like in shape, possessed a 

pointed mucron (Fig. 2.1), and moved by bending and coiling (Fig. 2.1 A–B). Longitudinal 

epicytic folds (Fig. 2.1 A, C–D) ran along the cells with a density of 0.15 folds/µm, and 

transverse folds were also observed (Fig. 2.1 C). Isolates measured 100–228 µm in length (x̄  = 

163.2 µm; n = 4) and 10–20 µm in width (x̄  = 15.8 µm; n = 7). Spherical nuclei were in the cell 

center and measured 6–7 µm in diameter (x̄  = 6.5 µm; n = 2).

2.3.2. Morphology of Metzidium sp. Clade A

Metzidium sp. Clade A trophozoites were elongate with a rounded posterior and anterior 

(Fig. 2.2 A, C), and moved by worm-like bending. Longitudinal epicytic folds ran along the cells 

with a density of 1.2 folds/µm, and transverse folds were also observed (Fig. 2.2 B–C). Isolates 

measured 120–140 µm in length (x̄  =130 µm; n = 3) and 15–20 µm in width (x̄  = 16.6 µm; n = 

3). Spherical nuclei were located centrally and measured 9–11 µm in diameter (x̄  = 10 µm; n = 

2). 

2.3.3. Morphology of Devanium sp. Clade A

Devanium sp. Clade A trophozoites had a whale-like morphology with a bulbous 

anterior and a pointed, tail-like posterior (Fig. 2.3 A–C, E). Longitudinal epicytic folds ran along 

the cells with a density of 1.1 folds/µm (Fig. 2.3 D), and no transverse folds were observed. Cells 

had an elliptical cross-section surrounded by short, knob-like epicytic folds and contained many 

large amylopectin granules (Fig. 2.3 F). Isolates measured 70–90 µm in length (x̄  =81.2 µm; n = 

4) and 15–25 µm in width (x̄  = 22.5 µm; n = 4). Spherical nuclei were found in the anterior third 

of cells and measured 5–7 µm in diameter (x̄  = 5.6 µm; n = 2).

2.3.4. Morphology of Devanium sp. Clade B
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Devanium sp. Clade B trophozoites were elongate with a tapered posterior and rounded 

anterior (Fig. 2.4 A–B). Longitudinal epicytic folds ran along the cells with a density of 1.4 

folds/µm (Fig. 2.4 B–E) and had a visible inner membrane complex (Fig. 2.4 D). Transverse 

epicytic folds were also observed (Fig. 2.4 C). Cells had a circular cross-section surrounded by 

short, knob-like epicytic folds and contained numerous amylopectin granules (Fig. 2.4 D–E) as 

well as infection with metchnikovellid parasites (Fig. 2.4 E). Isolates measured 140–220 µm in 

length (x̄  =171.6 µm; n = 6) and 10–30 µm in width (x̄  = 19.2 µm; n = 4). Nuclei were found in 

the anterior third of cells and measured 5 µm in diameter (x̄  = 5 µm; n = 1).

2.3.5. Morphology of Devanium sp. Clade C

Devanium sp. Clade C trophozoites were elongate with a pointed posterior and rounded 

anterior (Fig. 2.5 A, C) often concealed by a sustained coiled state. Longitudinal epicytic folds 

ran along the cells with a density of 1.4 folds/µm (Fig. 2.5 B–C), and no transverse folds were 

observed. A large nucleus (Fig. 2.5 A) was also visible. Isolates measured 125–400 µm in length 

(x̄  =221.6 µm; n = 3) and 10–20 µm in width (x̄  = 15 µm; n = 3). Spherical nuclei were found in 

the anterior of cells and measured 5 µm in diameter (x̄  = 5 µm; n = 1).

2.3.6. Molecular phylogeny of gregarine apicomplexans

Phylogenetic analysis of a 91-sequence 18S (and concatenated 18S+ITS sequences for 

Lunidium sp. Clade A) alignment (Fig. 2.6) included archigregarines, lecudinids, Polyplicarium, 

Chromera, Vitrella, and distantly related marine gregarines (Cephaloidophora) as outgroup. 

Devanium spp. Clades A, B, and C (Oshoro Bay, Hokkaido) formed distinct, strongly supported 

clades sister to other Devanium lineages, all nested within a moderately supported 

(ML:89/PP:0.99) Devanium clade. Lunidium sp. Clade A (Akkeshi Bay, Hokkaido) formed a 

strongly supported clade sister to the remaining Lunidium sequences; together, all Lunidium 

sequences formed a strongly supported clade sister to chromerids (Chromera velia and Vitrella 

brassicaformis). Metzidium sp. Clade A was recovered as a distinct, strongly supported clade 

sister to Metzidium perlucensae, nested within a strongly supported clade of all Metzidium 
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sequences.

2.3.7. Molecular phylogeny of host material

Phylogenetic analysis of a 71-sequence COI alignment (Fig. 2.7) included 

representatives from polychaete families Arenicolidae, Capitellidae, Chaetopteridae, 

Cirratulidae, Eunicidae, Glossoscolecidae, Glyceridae, Lumbrineridae, Maldanidae, Nereididae, 

Orbiniidae, Sabellidae, Siboglinidae, Sipunculidae, and Terebellidae. Hosts of Metzidium sp. 

Clade A were placed within a strongly supported clade composed exclusively of 

Phyllochaetopterus sequences. Lunidium sp. Clade A host material was nested within a strongly 

supported clade of Nainereis and Scoloplos (Orbiniidae). Hosts of Devanium spp. Clades A–C 

were recovered within two strongly supported Cirratulidae sister clades which together formed a 

clade of cirratulid sequences under moderate support (ML:76/PP:--). Mollusk sequences served 

as the outgroup.

2.4. DISCUSSION

2.4.1. Morphological and phylogenetic insights into Lunidium sp. Clade A

This study uncovered novel biodiversity among multiple archigregarine lineages from 

marine hosts across Japan. Lunidium sp. Clade A trophozoites, isolated from an orbiniid host in 

Akkeshi Bay, were characterized by an elongate, ribbon-like shape and a pointed mucron (Fig. 

2.1). Isolates displayed sparse longitudinal epicytic folds (0.15 folds/µm) and some transverse 

folds were apparent as well. Low fold density and elongate morphology coincide with 

descriptions of other Lunidium species (Wakeman et al., 2014; Rueckert and Horák, 2017; Lax et 

al., 2024). Phylogenetically, Lunidium sp. Clade A formed a well-supported lineage sister to 

other Lunidium sequences (Fig. 2.6).

Notably, the current description of Lunidium (Lax et al., 2024) diagnoses members as 

inhabiting terebellid hosts. Known Terebellidae host genera associated with Lunidium include 

Amphitritides, Eupolymnia, and Thelepus (Table 2.3). Lunidium sp. Clade A was isolated from a 
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polychaete in the family Orbiniidae, which is of uncertain taxonomic placement (Zhadan et al., 

2015; Meca et al., 2021) and was recovered as a monophyletic group under strong statistical 

support (Fig. 2.7). Taken together, these findings justify the inclusion of this novel clade within 

Lunidium based on its distinct morphological traits and robust phylogenetic placement. 

Moreover, these results suggest that host affiliation within the genus Lunidium are broader than 

previously recognized.

2.4.2. Novel lineage of Metzidium from chaetopterid hosts

Metzidium sp. Clade A, recovered from Phyllochaetopterus (Chaetopteridae Audouin and 

Milne Edwards, 1833), also formed a morphologically and genetically distinct lineage. These 

trophozoites were broadly elongate with rounded ends and exhibited denser longitudinal epicytic 

folds (1.2 folds/µm) as well as distinct transverse folds. With worm-like motility, Metzidium 

Clade A is morphologically consistent with other Metzidium species (Table 2.3) but distinct 

phylogenetically (Fig. 2.6) and in host type (Fig. 2.7, Table 2.3).

A recently published (Lax et al., 2024) description of the genus Metzidium mentions 

sipunculid hosts as a defining trait of these archigregarines. Although Metzidium sp. Clade A 

isolates were collected from a chaetopterid worm, phylogenetic analysis (Fig. 2.7) recovered 

sipunculids and chaetopterids as well-supported monophyletic groups that both branch 

comparatively early along the Cirratulidae lineage. For these reasons, Metzidium sp. Clade A was 

identified as a novel archigregarine clade.

2.4.3. Devanium spp. Clades A, B, and C highlight a trend of cirratulid specialization 

among Devanium archigregarines

Genus Devanium exhibited the highest biodiversity among these novel data, with three 

novel clades (Devanium spp. Clades A–C) isolated from cirratulid (Cirratulidae Carus, 1863) 

hosts. Devanium sp. Clade A trophozoites had a unique whale-like morphology, with a bulbous 

anterior and tail-like posterior, as well as an elliptical cross-section with knob-like epicytic folds. 

These isolates also had a relatively short length and were rich in amylopectin granules while 
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lacking transverse folds. Meanwhile, Devanium sp. Clade B was larger and displayed a more 

classic elongate gregarine form, with both longitudinal (1.4 folds/µm) and transverse folds, and 

notable features such as an inner membrane complex and metchnikovellid (Metchnikovellidae 

Caullery and Mesnil, 1914) infection. For reference, metchnikovellids are microsporidian 

hyperparasites known to infect gregarines (Sokolova et al., 2014; Rotari et al., 2015; Frolova et 

al., 2021; Frolova et al., 2022; Frolova et al., 2023). Devanium sp. Clade C was the longest and 

thinnest of the three, often observed in a coiled state. Like Clade B, these isolates had a relatively 

high epicytic fold density (1.4 folds/µm) but lacked visible transverse folds. All three Devanium 

clades formed discrete, strongly supported phylogenetic lineages (Fig. 2.6).

Overall, these results reveal a clear mirroring pattern between archigregarine clades and 

the phylogenetic identities of their hosts. Each of the five clades—Lunidium sp. Clade A, 

Metzidium sp. Clade A, and Devanium spp. Clades A–C—were associated with a distinct group 

of annelid hosts. Metzidium sp. Clade A was found in Phyllochaetopterus (Chaetopteridae), 

while Lunidium sp. Clade A was associated with an orbiniid host (Nainereis). Similarly, the three 

Devanium clades were all found in cirratulid hosts. This study reveals previously unknown 

archigregarine biodiversity and host associations, providing a foundation for future research on 

their biodiversity, host associations, and patterns of speciation.
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CHAPTER 3. Biogeographic patterns and cryptic 

biodiversity in marine paralecudinid gregarines 

(Apicomplexa) from Pacific polychaetes

SUMMARY

Marine gregarines are an understudied group of apicomplexans that inhabit invertebrates. 

This study examines the biodiversity, host specificity, and biogeography of marine gregarines 

associated with polychaetes from the northern Pacific Ocean, focusing on eunicid, nereid, and 

lumbrinerid host families. By combining morphological, molecular (host COI, isolate rRNA), 

and biogeographic data, I uncover novel biodiversity and delineate speciation patterns among 

lecudinid and paralecudinid gregarines. Herein, I describe a new clade of Ferraria and revise the 

taxonomy of F. cornucephala iwamusi. I also highlight cryptic diversity in Paralecudina, with 

newly identified clades (P. spp. Clades B and C) from northern Japan, demonstrating 

biogeographic differentiation and supporting allopatric speciation as a driver of paralecudinid 

biodiversity. These findings offer new insights into the evolutionary mechanisms shaping marine 

gregarine speciation and their complex interactions with polychaete hosts.

3.1. INTRODUCTION

Marine gregarines, single-cell parasites found globally within invertebrate hosts, 

represent a largely unexplored component of the approximately 350 extant apicomplexan genera 

(Adl et al., 2019). These early branching apicomplexans are noteworthy for their presence across 

a broad spectrum of habitats, ranging from marine and freshwater environments to terrestrial 

ecosystems (Desportes and Schrével, 2013). Despite their evolutionary importance, research has 

traditionally focused on apicomplexans that parasitize vertebrates due to their impact on public 
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health and agriculture (Rueckert et al., 2015; Wakeman et al., 2021; Park and Leander, 2024a). 

In contrast, marine gregarines remain understudied (Morrison, 2009), leaving significant gaps in 

our understanding of their biodiversity and host interactions. 

Polychaetes, particularly members of the families Eunicidae Berthold, 1827 (Bhatia and 

Setna, 1938; Rueckert et al., 2013), Nereididae Blainville, 1818 (Rueckert et al., 2011; Schrével 

et al., 2016; Odle et al., 2024), and Lumbrineridae Schmarda, 1861 (Rueckert et al., 2010; Iritani 

et al., 2018b), often serve as hosts for marine gregarines. Gregarines associated with these 

polychaete families include the genera Ferraria (Setna, 1931; Hoshide, 1957; Hoshide, 1973; 

Elbarhoumi and Zghal, 2010), Lecudina (Rueckert et al., 2010, Rueckert et al., 2011b), and 

Paralecudina (Schrével, 1969; Leander et al., 2003; Rueckert et al., 2010; Rueckert et al., 2013; 

Iritani et al., 2018b), respectively, and are known to exhibit a variety of morphologies (Leander 

et al., 2006; Rueckert et al., 2013, Iritani et al., 2018b). These gregarines are characterized by 

traits such as highly folded epicytic membranes, gliding motility, and distinct mucrons, which 

likely reflect their adaptations to specific host types. 

The Pacific Ocean harbors a rich diversity of polychaetes (Canales-Aguirre et al., 2011; 

Saeedi et al., 2022), a group of organisms known for their cosmopolitan distribution across the 

globe (Pamungkas et al., 2021). However, most studies of marine gregarines in this region have 

relied heavily on morphological observations, with molecular data available for fewer than 100 

species (Wakeman et al., 2021). This lack of molecular information has limited our 

understanding of their speciation processes, host preferences, and biogeographical patterns. 

Recent efforts to integrate morphological data with molecular evidence have begun to shed light 

on these morphologically similar yet phylogenetically distinct (cryptic) organisms (Rueckert et 

al., 2011). Still, significant gaps remain in reconciling historical descriptions with modern 

phylogenetic frameworks.

This study explores the biodiversity and host specificity of marine gregarines from 

eunicid, nereid, and lumbrinerid polychaetes across the northern Pacific Ocean. By combining 
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morphological, molecular (rRNA), and ecological data, I aim to uncover cryptic diversity and 

clarify patterns of host preference among lecudinid and paralecudinid gregarines. These findings 

provide crucial insights into the evolutionary mechanisms driving speciation in marine 

gregarines and their adaptation to polychaete hosts in diverse ecological contexts.

3.2. MATERIALS AND METHODS

3.2.1. Host collection and sample processing

Hosts were collected opportunistically in the intertidal zones near Oshoro Marine 

Station, Hokkaido, Japan (43°12'37''N 140°51'25''E) and Clover Point, British Columbia, Canada 

(48°24'14''N 123°21'00''W) between November 2022 and December 2023 (Table 3.1) from under 

intertidal rocks and inside tufts of seagrass. Subsequent steps were performed as described in 

Section 2.2.1.

3.2.2. Electron microscopy

Electron microscopy was performed as described in Section 2.2.2. 

3.2.3. Amplification and sequencing of the 18S rRNA gene and ITS region

Gregarine trophozoites were transferred individually to 0.2 ml PCR microcentrifuge 

tubes and stored at –20°C for 1–5 days. Genomic DNA was then extracted from these samples 

using a QuickExtract FFPE DNA Extraction Kit (Lucigen, Middlesex, United Kingdom) in line 

with manufacturer protocol. General and specific primers (Table 3.2) with KOD One® PCR 

Master Mix (Toyobo, Osaka, Japan) were used in amplification of the 18S rRNA gene (18S) and 

ITS region. Subsequent steps were performed as described in Section 2.2.3.

3.2.4. Molecular phylogenetic analyses

Phylogenetic analyses were performed as described in Section 2.2.4.

3.2.5. Host identification

Fragments of host tissue remaining after gregarine isolation were preserved in 100% 

ethanol for barcoding. Host DNA was extracted from samples using the MasterPure Complete 
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DNA & RNA Purification Kit (LGC Biosearch Technologies, Hoddesdon, United Kingdom). 

The cytochrome c oxidase subunit 1 (COI) gene was amplified using primers polyLCO and 

polyHCO (Table 3.2) with KOD One® PCR Master Mix (Toyobo, Osaka, Japan). Subsequent 

steps were performed as described in Section 2.2.5.

3.3. RESULTS

3.3.1. Morphology of Ferraria sp. Clade A

Ferraria sp. Clade A trophozoites were teardrop-shaped with a broad anterior, ball-like 

or broad mucron (Fig. 3.1 A–C), and gliding motility. Trophozoites also possessed longitudinal 

ridges (Fig. 3.1 A, C–D). Epicytic folds (Fig. 3.1 C, E) ran longitudinally along the cells with a 

density of 6 folds/µm. Isolates measured 294–309 µm in length (x̄  =292 µm; n = 4) and 135–165 

µm in width (x̄  = 148 µm; n = 4). Spherical nuclei were located along the longitudinal cell axis 

and measured 35–38 µm in diameter (x̄  = 37 µm; n = 3). 

3.3.2. Morphology of Ferraria sp. Clade B

Ferraria sp. Clade B trophozoites were elongate with a flattened posterior, a conical 

mucron (Fig. 3.2, Fig. 3.3 A), and a transverse crease near the anterior of the cell (Fig. 3.2 B–C). 

Mucrons were observed in retracted (Fig. 3.2 A, C) and extended (Fig. 3.2 B) states. Cells had an 

oval cross-section (Fig. 3.3 B), a visible apicoplast (Fig. 3.3 C), and epicytic folds (Fig. 3.3 A–B, 

D) that ran longitudinally along the cells with a density of 6 folds/µm. Isolates measured 247–

564 µm in length (x̄  =388 µm; n = 17) and 63–159 µm in width (x̄  = 103 µm; n = 17). Spherical 

nuclei were found in the posterior half of cells and measured 26–74 µm in diameter (x̄  = 41 µm; 

n = 15).

3.3.3. Morphology of Paralecudina sp. Clade A

Paralecudina sp. Clade A trophozoites were elongate (Fig. 3.4 A–B) with a pointed 

posterior and prominent anterior bulge near the anterior (Fig. 3.4 A). Mucron was occasionally 

observed in an extended state, and rarely with host tissue still attached (Fig. 3.4 B). Cells had an 
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oval cross-section (Fig. 3.4 C) and epicytic folds (Fig. 3.4 C–D) that ran longitudinally along the 

cells with a density of 5 folds/µm. Isolates measured 105–400 µm in length (x̄  = 228 µm; n = 16) 

and 13–30 µm in width (x̄  = 19 µm; n = 16). Ellipsoid nuclei were found in the anterior half of 

cells, measuring 7–20 µm along the long axis (x̄  = 16 µm; n = 13) and 5–8 along the short axis (x̄  

= 12 µm; n = 13).

3.3.4. Morphology of Paralecudina sp. Clade B

Paralecudina sp. Clade B trophozoites were elongate with a pointed posterior and wide 

anterior that tapered towards the mucron (Fig. 3.5 A–B). Cells had epicytic folds (Fig. 3.5 B–D, 

F) that ran longitudinally along the cells with a density of 6 folds/µm. A putative apicoplast was 

visible (Fig. 3.5 E), and cells had an oval cross-section containing numerous amylopectin 

granules (Fig. 3.5 F). Isolates measured 270–615 µm in length (x̄  = 375 µm; n = 18) and 45–114 

µm in width (x̄  = 82 µm; n = 18). Ellipsoid to spherical nuclei were found in the anterior half of 

cells, measuring 28–54 µm along the long axis (x̄  = 38 µm; n = 14) and 25–43 µm along the 

short axis (x̄  = 33 µm; n = 14).

3.3.5. Morphology of Paralecudina sp. Clade C

Paralecudina sp. Clade C trophozoites were elongate with a pointed posterior and 

prominent anterior bulge (Fig. 3.6 A, B). Cells had epicytic folds (Fig. 3.6 B–C, E–F) that ran 

longitudinally along the cells with a density of 6 folds/µm. A putative apicoplast was visible 

(Fig. 3.6 D), and a circular cross-section (Fig. 3.6 E) was seen on TEM. Isolates measured 127–

518 µm in length (x̄  = 311 µm; n = 17) and 24–79 µm in width (x̄  = 35 µm; n = 17). Ellipsoid to 

spherical nuclei were found in the anterior half of cells, measuring 14–30 µm along the long axis 

(x̄  = 21 µm; n = 16) and 11–25 µm along the short axis (x̄  = 14 µm; n = 16).

3.3.6. Molecular phylogeny of gregarine apicomplexans

Phylogenetic analysis was performed on a 57-sequence 18S+ITS concatenated 

alignment of Trichotokara, Ferraria and Paralecudina (Fig. 3.7) sequences. Distantly related 

marine gregarines and chromerids (Metzidium orientale, Chromera velia, and Vitrella 
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brassicaformis) were included as an outgroup. All Ferraria sequences from Oshoro (Hokkaido) 

formed a strongly supported clade sister to Trichotokara, with Ferraria sp. Clade B sequences 

forming a strongly supported clade to the exclusion of Ferraria sp. Clade A. Paralecudina 

sequences formed a strongly supported clade sister to the clade formed by Ferraria and 

Trichotokara, and contained separate lineages of P. anankea (one sequence), Paralecudina sp. 

Clade A (P. polymorpha; 16 single-cell isolates from the present work; two from Leander et al., 

(2003)), Paralecudina sp. Clade B (10 single-cell isolates), and Paralecudina sp. Clade C (10 

single-cell isolates). Paralecudina sp. Clade A sequences from western Canada formed a 

strongly supported clade sister to a clade of paralecudinids from Oshoro (Hokkaido). This 

moderately supported clade of Japanese paralecudinids contained nested Paralecudina sp. 

Clades B and C, both of which formed under strong support.

3.3.7. Molecular phylogeny of host material

Phylogenetic analysis of a 102-sequence COI alignment (Fig. 3.8) included 

representatives from polychaete families Nereididae, Eunicidae, and Lumbrineridae. Host 

material for Ferraria sp. Clades A and B was recovered within a strongly supported clade along 

with Marphysa victori. Host material for Paralecudina spp. Clades A through C was recovered 

nested within a strongly supported clade composed exclusively of Lumbrineris japonica/L. cf. 

japonica. Sipunculid sequences were included as an outgroup.

3.4. DISCUSSION

3.4.1. Ferraria highlights a trend of eunicid specialization among marine gregarines

 This study adds new insight into the taxonomic boundaries and host associations among 

marine gregarines in the genus Ferraria. Gregarine species known to parasitize Marphysa 

(eunicid) worms include Ferraria cornucephali Setna, 1931, Bhatiella marphysae Setna, 1931, 

Gopaliella marphysae Ganapati, Kalavati, and Sundaram, 1974, and Viviera marphysae 

Schrével, 1963 (Table 3.3). In addition, Cotyloepimeritus iwamusii Tsugawa 1944 was collected 
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from Marphysa hosts around southern Japan during the early 20th century. This genus has been 

attributed the taxonomic authority Hoshide, 1935 despite being proposed as novel by Tsugawa 

(1944, p.223) (Tsugawa appears to be a former surname of Hyoma Hoshide). The only evidence 

I was able to find in support of the Hoshide, 1935 taxonomic authority is a claimed date of 

discovery by Hoshide (1957): “I discovered a parasite which resembles to the above from 

Marphysa iwamusi IZUKA and reported as Cotyloepimeritus iwamusii in 1935.” (p.106). Later, 

Cotyloepimeritus iwamusii was re-classified as Ferraria iwamusi with the final “i” dropped and 

with a clear distinction drawn between this taxon and F. cornucephala from India (Hoshide, 

1957). Sixteen years after this, subspecies nomenclature for F. cornucephala iwamusi appeared 

in print (Hoshide, 1973). This subspecies nomenclature was perpetuated in later works 

(Elbarhoumi and Zghal, 2010; Desportes and Schrével, 2013). For these reasons, the present 

work interprets Hoshide (1973)’s taxonomic view to include subspecies F. cornucephala 

cornucephala (India) and F. cornucephala iwamusi (southern Japan).

Data from the present study suggest that F. cornucephala iwamusi is actually two 

phylogenetically and morphologically distinct organisms rather than immature and mature forms 

(Hoshide, 1973) of the same organism. Line drawings (Tsugawa, 1944; Hoshide, 1957) and light 

micrographs (Hoshide, 1973) of “mature” F. cornucephala iwamusi closely match the bulbous 

anterior, longitudinal ridges, and tapered posterior seen with F. sp. Clade A (Fig. 3.1, Fig. 3.9). 

Similarly, line drawings and light micrographs of the “immature” form (Hoshide 1957; Hoshide, 

1973) reflect the elongate shape, transverse crease, and telescoping mucron observed among F. 

sp. Clade B isolates (Fig. 3.2, Fig. 3.9). A species-level difference between F. iwamusi (Hoshide, 

1957) and F. cornucephala (Setna, 1931) cannot currently be made because there is no available 

molecular data from the F. cornucephala type locality. 

Ferraria sp. Clades A and B are distinguishable from other Marphysa-inhabiting 

gregarines as well. With respect to locality, Ferraria cornucephali, Bhatiella marphysae, and 

Gopaliella marphysae were described from India. In addition, Viviera marphysae was described 
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from France (Table 3.3). Morphologically, F. cornucephali is similar in shape to F. sp. Clade B 

but is recorded as being more rounded and clearly cephaline (having a distinct head-like region 

separated by a septum) (Setna, 1931). Bhatiella marphysae is more elliptical than F. sp. Clade B 

in morphology, and displays a wrinkled membrane (Elbarhoumi and Zghal, 2010) not present in 

the isolates of this study. Gopaliella marphysae trophozoites slightly resemble F. sp. Clade B but 

are more elongate and have a distinct flower-like mucron (Ganapati et al., 1974). Viviera 

marphysae vaguely resembles F. sp. Clade A in morphology, but with a more angular center 

section and more elongate, pointed posterior (Schrével, 1963).

Genus Trichotokara Rueckert and Leander, 2010 also specializes in eunicid polychaetes, 

and includes T. nothriae from Nothria conchylega (western Canada), T. japonica from Nothria 

cf. otsuchiensis (southern Japan), and T. eunicae from Eunice valens (western Canada) (Table 

3.3). Phylogenetically, F. sp. Clades A and B are distinct from Trichotokara, which form a 

separate clade (Fig. 3.7). Morphologically, F. sp. Clade A is tear-shaped (Fig. 3.1), and F. sp. 

Clade B is elongate (Fig. 3.2, Fig. 3.9), differing from the guitar-shaped T. nothriae, elongate T. 

japonica, and bulbous T. eunicae. Mucron morphology further differentiates these species: F. sp. 

Clade A has a ball-like or broad mucron and F. sp. Clade B has a conical mucron, while T. 

nothriae has an elongate mucron with hair-like projections, T. japonica has an elongate mucron 

with antler-like projections, and T. eunicae has a bulbous mucron (Table 3.3). This discovery and 

taxonomic revision better reflects the diversity of marine gregarines that parasitize eunicid 

polychaetes.

3.4.2.      Cryptic diversity and the biogeography of Paralecudina

Cryptic diversity is prevalent among marine gregarines, having been observed in the 

genera Lecudina (Rueckert et al., 2011; Odle et al., 2024), Selenidium (Wakeman and Leander, 

2013b), and now Paralecudina. Initially described as Lecudina polymorpha by Schrével (1963, 

1969), Paralecudina polymorpha Rueckert, Wakeman, and Leander, 2013 (presumed to be the 

identity of Paralecudina sp. Clade A) is reported to possess multiple morphotypes: a larger, 
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ellipsoid (type 1) trophozoite and a slender, elongate (type 2) trophozoite with an anterior bulge 

(Leander et al., 2003b). However, upon re-sampling the initial locality (western Canada) of these 

isolates, I was unable to obtain type 1 morphotypes. Regardless, a strong similarity in 

morphology (Fig. 3.10) and host preference (Lumbrineris japonica) was observed (Fig. 3.8) 

between P. sp. Clade A from western Canada and P. sp. Clades B and C from northern Japan 

(Oshoro). These Paralecudina clades formed exclusive, strongly supported sister clades sharply 

delineated by locality (Fig. 3.7), suggesting allopatric speciation as a biodiversity driver in this 

case. The remaining member, P. anankae Iritani, Wakeman and Leander, 2018, forms a clade 

sister to a clade containing all other known Paralecudina (Fig. 3.7) and was isolated from 

Lumbrineris inflata (Iritani et al., 2018b)—a closely related polychaete host.

Novel Paralecudina biodiversity from the present work includes P. sp. Clades B and C, 

both collected from northern Japan (Oshoro). Paralecudina sp. Clade B has a rounded posterior 

and ellipsoid-to-spherical nucleus, contrasting with the pointed posteriors and solely ellipsoidal 

nuclei seen with P. sp. Clade C, P. polymorpha/P. sp. Clade A, and P. anankae (Table 3.4). 

These four taxa also share a similar epicytic fold density of 5 to 6 folds/µm (Table 3.4). 

Paralecudina sp. Clade C is morphologically distinct from P. sp. Clade B by the presence of an 

anterior bulge and a slimmer, elongate body (Fig. 3.10), and from P. anankea by its lack of a 

spindle-like form (Iritani et al., 2018b). All members of this clade share a rounded mucron 

(Schrével, 1969; Leander et al., 2003; Rueckert et al., 2010; Rueckert et al., 2013) except for P. 

anankae, which has a tapered mucron (Table 3.4). Based on these observations and a clearly 

distinct phylogeny recovered from 18S and ITS (Fig. 3.7, Fig. 3.10) molecular data, P. sp. 

Clades B and C are likely novel species.
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CHAPTER 4. Early branching lecudinids reveal novel 

biodiversity and host-linked speciation in Pacific marine 

gregarines

SUMMARY

Marine gregarines, particularly early branching lecudinids, display unique adaptations 

that may provide clues about early apicomplexan parasitism. In this study, I describe four novel 

clades of marine gregarines collected from tidal zone invertebrates in the northern Pacific Ocean. 

These clades are distinguished by their morphological traits, host specificity, and molecular 

phylogenetic placement. Notably, Lecudinidae sp. Clade A, isolated from an ostracod, represents 

a potential first of its kind. Lecudinidae spp. Clades B and C, meanwhile, were isolated from a 

Glycera bloodworm and cirratulid, respectively. A novel clade of Difficilina is also introduced, 

notably collected from a terebellid polychaete rather than the typical nemertean host type. These 

findings together suggest that host affiliation, more than biogeography, is a key driver of 

speciation among early lecudinids.

4.1. INTRODUCTION

Apicomplexans are unicellular parasites that infect animals (Levine, 1970). Research on 

apicomplexans tends to focus on lineages such as Plasmodium, Toxoplasma, and Babesia due to 

their roles in the diseases malaria (Kolawole et al., 2023), toxoplasmosis (Adem and Ame, 

2023), and babesiosis (Kuibagarov et al., 2023), respectively. However, these lineages represent 

only a small fraction of the overall apicomplexan diversity. Regarding the biodiversity of this 

group, apicomplexa is comprised of an estimated 350 genera (Adl et al., 2019). Yet, likely fewer 

than 1% of apicomplexans have been described in the literature (Morrison, 2009). This estimate 
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implies the existence of hundreds of thousands to potentially millions of yet-undiscovered 

species.

Marine gregarines represent a highly diverse and evolutionarily significant group of 

apicomplexans, likely among the earliest to have evolved (Théodoridès, 1984; Leander, 2008). 

Among these are the lecudinids: a group of marine gregarines known to exhibit unique variations 

in both form and motility. For instance, Veloxidium leptosynaptae moves via a unique thrashing 

movement (Wakeman and Leander, 2012), while other genera such as Pterospora and 

Lithocystis have formed specialized membrane structures such as branching digits, irregular 

surface elevations, (Landers and Leander, 2005), and star-shaped ridges (Coulon and Jangoux, 

1987). These innovations highlight the success of early marine gregarines in occupying the full 

range of invertebrate hosts. Nevertheless, available molecular and biogeographical data remain 

limited to no more than around 100 species (Wakeman et al., 2021), hindering a full 

understanding of lecudinid evolution.

In this study, I describe four novel clades of marine gregarines—three broadly within 

Lecudinidae and one specifically within Difficilina—collected from intertidal invertebrates in the 

northern Pacific Ocean. These clades are distinguished by morphological traits, host specificity, 

and molecular phylogenetics. Lecudinidae spp. Clades B and C were isolated from a Glycera 

bloodworm and cirratulid, respectively. Additionally, Difficilina sp. Clade A, recovered from a 

terebellid polychaete, represents the first known member of its genus to infect annelids rather 

than nemerteans. Notably, Lecudinidae sp. Clade A was isolated from an ostracod host, likely 

marking the first recorded gregarine association with this arthropod lineage.

4.2. MATERIALS AND METHODS

4.2.1 Host collection and sample processing

Hosts were collected opportunistically in the intertidal zones near Oshoro Marine 

Station (43°12'37''N 140°51'25''E) in Hokkaido (Japan), Mizunashikaihin (41°48'40''N 
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141°11'3''E) in Hakodate, Hokkaido (Japan), around Hanaguri (34°18'04''N 132°50'20''E) in 

Hiroshima, Japan, and Crescent City (41°44'12''N 124°11'40''E), California (United States) 

between November 2022 and October 2023 (Table 4.1) from under intertidal rocks and inside 

tufts of seagrass. Subsequent steps were performed as described in Section 2.2.1.

4.2.2. Electron microscopy

Electron microscopy was performed as described in Section 2.2.2.

4.2.3. Amplification and sequencing of the 18S rRNA gene

Gregarine trophozoites were transferred individually to 0.2 ml PCR microcentrifuge 

tubes and stored at –20°C for 1–5 days. Genomic DNA was then extracted from these samples 

using a QuickExtract FFPE DNA Extraction Kit (Lucigen, Middlesex, United Kingdom) in line 

with manufacturer protocol. General and specific primers (Table 4.2) with KOD One® PCR 

Master Mix (Toyobo, Osaka, Japan) were used in amplification of the 18S rRNA gene. 

Subsequent steps were performed as described in Section 2.2.3.

4.2.4. Molecular phylogenetic analyses

Phylogenetic analyses were performed as described in Section 2.2.4.

4.2.5. Host identification

Fragments of host tissue remaining after gregarine isolation were preserved in 100% 

ethanol for barcoding. Host DNA was extracted from samples using the MasterPure Complete 

DNA & RNA Purification Kit (LGC Biosearch Technologies, Hoddesdon, United Kingdom). 

The cytochrome c oxidase subunit 1 (COI) gene was amplified using primers polyLCO and 

polyHCO (Table 4.2) with KOD One® PCR Master Mix (Toyobo, Osaka, Japan). Subsequent 

steps were performed as described in Section 2.2.5.

4.3. RESULTS

4.3.1. Morphology of Lecudinidae sp. Clade A

Lecudinidae sp. Clade A trophozoites were bean-shaped with a broadly rounded anterior 
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and posterior (Fig. 4.1 A–C). Centrally located amylopectin granules, as well as putative 

apicoplasts and lipid droplets, were visible within a round TEM cross-section (Fig. 4.1 E–F). 

Epicytic folds (Fig. 4.1 C–E) ran longitudinally along the cells with a density of 1.5 folds/µm. 

Isolates measured 60–120 µm in length (x̄  = 81.6 µm; n = 3) and 30–85 µm in width (x̄  = 55 µm; 

n = 3). Spherical nuclei were in the cell anterior and measured 20 µm in diameter (x̄  = 20 µm; n 

= 1).

4.3.2. Morphology of Lecudinidae sp. Clade B

Lecudinidae sp. Clade B possessed elongate trophozoite pairs in lateral syzygy (Fig. 4.2 

A–B); single trophozoites were not observed. Trophozoites actively moved in a dynamic wave-

like motion (undulating) passing across the length of the trophozoite. Epicytic folds ran 

longitudinally along the cells (Fig. 4.2 A–B, B inset). Folds were broadly spaced at the lobular 

bulge with a density of 1 fold/µm (Fig. 4.2 B inset). Isolates measured 130–270 µm in length (x 

= 193 µm, n = 6) and 30–50 µm in width (x = 41 µm, n = 6). Spherical nuclei measured 10–15 

µm in diameter (x = 11.25 µm, n = 4). Nuclear position was not fixed to a specific location but 

rather moved with the motion of the cell.

4.3.3. Morphology of Difficilina sp. Clade A

Difficilina sp. Clade A contained oval to crescent-shaped (Fig. 4.3 A–B, E) trophozoites 

measuring 45–60 µm in length (x̄  = 50 µm, n = 3) and 15–25 µm in width (x̄  = 20 µm, n = 3). 

Nuclei were not visible, and cell mucrons had a papillary morphology (Fig. 4.3 A–B, E). Isolates 

were surrounded by short folds with a density of 4 folds/µm at the widest part of the cell (Fig. 

4.3 C, D).

4.3.4. Morphology of Lecudinidae sp. Clade C

Lecudinidae sp. Clade C trophozoites were club-shaped with a rounded posterior and 

mucron (Fig. 4.4 A–B, D). Cells had a circular cross-section (Fig. 4.4 E) and epicytic folds (Fig. 

4.4 C–F) that ran longitudinally along the cells with a density of 3.3 folds/µm. Numerous 

amylopectin granules (Fig. 4.4 E), mitochondria at the cytoplasmic periphery, and an inner 
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membrane complex (Fig. 4.4 F) were visible by TEM. Isolates measured 225–360 µm in length 

(x̄  = 293.3 µm; n = 6) and 70–100 µm in width (x̄  = 83.3 µm; n = 6). Spherical nuclei were found 

in the central to anterior portion of cells and measured 30–40 µm in diameter (x̄  = 37.5 µm; n = 

4).

4.3.5. Molecular phylogeny of gregarine apicomplexans

Phylogenetic analysis of a 69-sequence 18S alignment (Fig. 4.5) included Amplectina, 

archigregarines (Devanium, Metzidium, and Selenidium), chromerids, Cuspisella, Lankesteria, 

Lecudina, paralecudinids, Sphinctocystis, Trichotokara, and early branching lecudinid genera 

Difficilina, Lithocystis, Urospora, and Veloxidium. Lecudinidae sp. Clades A (Hiroshima) and B 

(Oshoro) formed distinct, strongly supported clades that branched from the Lankesteria/Lecudina 

lineage before Difficilina, Lithocystis, and Pterospora. Difficilina sp. Clade A (northern 

California) was strongly supported as sister to Difficilina tubulani, nested within a well-

supported Difficilina + Urospora clade. This clade diverged early along the 

Lankesteria/Lecudina lineage, before Sphinctocystis and Amplectina, and included Lecudinidae 

sp. Clade C (Hakodate), which also formed a strongly supported monophyletic group.

4.3.6. Molecular phylogeny of host material

Phylogenetic analysis of an 81-sequence COI alignment (Fig. 4.6) included 

representatives from major marine invertebrate groups, including Arenicolidae, Capitellidae 

Chaetopteridae, Cirratulidae, Decapoda, Eunicidae, Glyceridae, Lumbrineridae, Maldanidae, 

Mollusca, Nereididae, Orbiniidae, Ostracoda, Sipunculidae, and Terebelliformia. Hosts of 

Lecudinidae sp. Clade A were placed within a moderately supported clade (ML:85/PP:1.00) 

composed exclusively of Ostracoda sequences. Hosts of Lecudinidae sp. Clade B were nested 

within a strongly supported Glycera clade. Difficilina sp. Clade A host material was recovered 

within a Terebelliformia clade, and hosts of Lecudinidae sp. Clade C were placed within a 

strongly supported Cirratulidae clade. Cnidarian sequences served as the outgroup.
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4.4. DISCUSSION

4.4.1. Novel gregarine biodiversity from the Pacific Ocean

Lecudinidae spp. Clades A–C were recovered among other marine gregarines that 

diverge early in the lecudinid lineage. Comparing these novel clades to their close relatives 

Pterospora Labbé and Racovitza, 1897, Urospora Schneider, 1875, and Lithocystis Giard, 1876, 

minimal similarity was seen beyond the peristaltic motility shared by Lecudinidae sp. Clade B. 

Lecudinidae sp. Clade B had a dynamic peristaltic movement that appeared as a lobular bulge 

passing in a repeating wave from anterior to posterior, then returning. Pterospora (Landers and 

Leander, 2005), Urospora (Diakin et al., 2016), and Lithocystis (Coulon and Jangoux, 1987), 

which inhabit the coeloms of hosts, also move by peristalsis. However, peristalsis in these genera 

is more sporadic than with Lecudinidae sp. Clade B. Furthermore, Pterospora is only known 

from maldanid hosts (Landers and Leander, 2005); Urospora infects a range of host phyla 

including echinoderms, annelids (e.g., sipunculids and oligochaetes), and nemerteans (Desportes 

and Schrével, 2013; Diakin et al., 2016); and Lithocystis has only been reported from 

echinoderms (Coulon and Jangoux, 1987). None of the present novel clades were collected from 

these host groups.

Trophozoites of Lecudinidae sp. Clade A were bean-shaped, had short folds, and were 

densely colored (Fig. 4.1), while Lecudinidae sp. Clade C trophozoites more closely resembled 

members of Lecudina or Lankesteria with their elongate body, long epicytic folds, and 

translucent mucron (Fig. 4.4). Epicytic folds on Lecudinidae sp. Clades A and B were short and 

broadly spaced (1–1.5 folds/µm), while the longer folds on Lecudinidae sp. Clade C were denser 

(3 folds/µm) (Table 4.3). In contrast, Pterospora has cross-hatching patterns with bifurcating 

digits (Landers and Leander, 2005), Urospora has relatively moderately spaced folds (2 

fold/µm), and Lithocystis has membrane crenulations (Coulon and Jangoux, 1987) (Table 4.4). 

Difficilina sp. Clade A shared gliding motility with other Difficilina Simdyanov, 2009 

species but were otherwise phylogenetically and morphologically distinct. Phylogenetically, D. 
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sp. Clade A formed a clade with other Difficilina and Urospora sequences under strong support. 

Although 18S sequences were not available for type species D. cerebratuli Simdyanov, 2009, the 

morphology of D. sp. Clade A sets it apart from other Difficilina species. Difficilina sp. Clade A 

had a papillary mucron and blunt posterior, distinguishing it from D. cerebratuli (tapered 

posterior), as well as D. paranemertis and D. tubulani (rounded mucrons, tapered posteriors) 

(Table 4.3). Biogeographically, D. sp. Clade A (northern California) does share a similar region 

and latitude with D. paranemertis and D. tubulani (western Canada). However, it is physically 

distant from the type locality of D. cerebratuli described from northwestern Russia (White Sea) 

(Simdyanov, 2009).

4.4.2. Lecudinidae spp. Clades A–C highlight a trend of diverse annelid and crustacean 

host specialization among early branching lecudinids

Host affiliation also distinguished Lecudinidae sp. Clades A through C and Difficilina sp. 

Clade A from their close relatives. Lecudinidae sp. Clade A (Table 4.1) was isolated from an 

ostracod host (Ostracoda Latreille, 1802), a group seemingly without any record of gregarine 

association. Ostracods are small (1–2 mm) crustaceans with calcified, bivalved carapaces that 

fossilize well (Foote and Sepkoski, 1999), inhabit nearly all aquatic environments worldwide 

(Oakley et al., 2013), and include some species that display a trademark bioluminescence 

(Hensley et al., 2023). Despite their prevalence across aquatic habitats, parasitism in ostracods is 

not commonly observed (Bruvo et al., 2011). Together, these facts suggest that the discovery of 

Lecudinidae sp. Clade A represents a first in the field of marine gregarines.

Lecudinidae sp. Clade B was collected from a Glycera Lamarck, 1818 bloodworm (Table 

4.1). Other gregarines found in Glycera bloodworms include Ceratospora Schneider, 1892, 

Gonospora Schneider, 1875, Lecudina legeri Brasil, 1909, and L. amphora Hoshide, 1957. 

However, Lecudinidae sp. Clade B is distinct from these other organisms in the following ways. 

Ceratospora has distinct membrane protrusions and fronto-frontal syzygy (Léger, 1892) rather 

than lateral syzygy observed in Lecudinidae sp. Clade B. Gonospora exhibits larger trophozoites 
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than Lecudinidae sp. Clade B, which are up to 1000 µm or more in length (Pixell-Goodrich, 

1916). These traits contrast with the bulbous shape and shorter length of Lecudinidae sp. Clade 

B, which ranged between 130–270 µm (Table 4.3). Biogeographically, Ceratospora and 

Gonospora have been reported in Europe from northern France (Léger, 1892) to the 

Mediterranean Sea (Pixell-Goodrich, 1916): an entirely different ocean basin from which 

Lecudinidae sp. Clade B was found (northwestern Pacific Ocean). Additionally, Lecudina legeri 

and L. amphora possess different morphologies and host preferences from Lecudinidae sp. Clade 

B (Desportes and Schrével, 2013). 

Lecudinidae sp. Clade C and Difficilina sp. Clade A were associated with terebellid hosts 

(Table 4.1). Lecudinidae sp. Clade C was isolated from a cirratulid polychaete—a host type 

associated with many (typically archigregarine) species (Desportes and Schrével, 2013; 

Wakeman, 2020; Lax et al., 2024). Meanwhile, Difficilina sp. Clade A was found in a 

polychaete, marking the first time a Difficilina species has been described from an annelid. To 

date, all Difficilina species have been isolated from ribbon worms (Nemertea) (Simdyanov, 

2009; Rueckert et al., 2010). 

4.4.3. Novel biogeographical insights on the distribution of early branching lecudinids

While geographic isolation and long-distance relocation may help shape marine gregarine 

biogeography (Lohan et al., 2017), the present data suggests that host association is the dominant 

factor driving speciation. These novel Lecudinidae sp. clades from Hiroshima (Clade A), Oshoro 

Bay (Clade B), and Mizunashikaihin, Hakodate (Clade C) are located along different currents: 

the Kuroshio Current which flows along the south of Japan (Qiu, 2001), the Tsushima Current 

which flows along northern Hokkaido (Yabe et al., 2021), and the Tsugaru Current which passes 

eastbound between Honshu and Hakodate (Yasui et al., 2022), respectively. It is therefore 

plausible that invertebrates (and the gregarines within them) living along these regions of fast-

moving seawater could share a similar biogeographic range. In the present study, host identity 

appeared more influential on the observed species diversity. Each clade was associated with a 
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distinct invertebrate group. Specifically, Clade A came from an ostracod, Clade B from a 

Glycera polychaete, Clade C from a cirratulid polychaete, and Difficilina sp. Clade A from a 

different terebellid polychaete (Fig. 4.6). Strong correlation between novel clade and host group 

seen in these data supports the idea that host specificity is the dominant variable driving 

speciation among early branching lecudinids.
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CHAPTER 5. Expanded Lankesteria phylogeny shows 

correlation with order-level classification of ascidian hosts 

SUMMARY

Gregarines (Apicomplexa), a group of single-cell parasitic eukaryotes that undergo 

complex life cycles within invertebrate hosts, include the genus Lankesteria found exclusively 

within ascidians (tunicates). This study describes five novel clades of Lankesteria from tunicates, 

identified through a combination of morphological traits, SSU (18S) rRNA, and host COI 

phylogenetic analysis. Novel clades presented herein are distinguished by morphology (e.g., 

trophozoite form, epicytic fold density, and mucron shape), molecular evidence, and host group 

affiliations. Results presented herein demonstrate that Lankesteria clades show a clear 

association to specific tunicate orders (Phlebobranchia, Stolidobranchia, and Aplousobranchia). 

Overall, these findings support the idea that host identity plays a strong role in driving gregarine 

speciation.

5.1. INTRODUCTION

Gregarines (Apicomplexa) are remarkable for their ability to thrive in diverse 

environments from marine and freshwater to terrestrial ecosystems (Desportes and Schrével, 

2013). However, research has largely centered on vertebrate-infecting species due to their 

relevance to human health and agriculture (Rueckert et al., 2015; Wakeman et al., 2021; Park 

and Leander, 2024a), leaving marine gregarine biodiversity comparatively neglected (Morrison, 

2009). Marine gregarines infect a wide range of ocean-dwelling invertebrates, including 

ascidians (Ciancio et al., 2001; Desportes and Schrével, 2013; Rueckert et al., 2015; Iritani et al., 

2021). Tunicates (ascidians) fall within the taxonomic class Ascidiacea Blainville, 1824, and are 
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also known as sea squirts, sea pineapples, or in Japanese as hoya. 

A single genus of marine gregarines, Lankesteria (Mingazzini, 1891), is conventionally 

associated with ascidian hosts (Ormières, 1964). Over 40 species of Lankesteria have been 

described (Desportes and Schrével, 2013), yet currently only 14 species (Lankesteria abbotti, L. 

ascidiae, L. chelyosomae, L. cystodytae, L. didemni, L. dolabra, L. halocynthiae, L. herdmaniae, 

L. hesperidiiformis, L. kaiteriteriensis, L. metandrocarpae, L. pollywoga, L. cf. ritterellae, and L. 

savignyii) have associated molecular data available to the scientific community. In the greater 

eugregarine context, a shared evolutionary origin between tunicate-parasitizing Lankesteria and 

polychaete-parasitizing Lecudina has been hypothesized (Leander et al., 2006). This hypothesis 

was introduced around the same time SSU rRNA molecular data began to drive the study of 

marine gregarine biodiversity (Wakeman and Leander, 2012; Rueckert et al., 2013; Schrével et 

al., 2016; Simdyanov et al., 2017). 

In the present study, I characterize five novel clades of Lankesteria from tunicate hosts 

using both morphological traits and SSU rRNA phylogenies. Beyond describing this novel 

diversity, I examine how patterns of Lankesteria speciation correspond to host group identity. 

Results from this work reveal a strong congruence between Lankesteria clades and major 

tunicate taxa Phlebobranchia, Stolidobranchia, and Aplousobranchia, highlighting host identity 

as a driver of gregarine diversification. Overall, this study provides new insight into the co-

evolutionary dynamics of ascidian–gregarine associations and expands our understanding of the 

forces shaping marine gregarine biodiversity.

5.2. MATERIALS AND METHODS

5.2.1. Host collection and sample processing

Hosts were collected opportunistically in the intertidal zones near Hakodate Port 

(41°46'29''N 140°42'38''E), Shibetsu Port (43°40'5''N 145°7'51''E), and Wakkanai Port 

(45°24'15"N 141°40'41"E) in Hokkaido (Japan), Ishigaki Port (24°20'41"N 124°8'45"E) on 
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Ishigaki Island (Japan), and Hawaii Beach (28°22'47"N 130°0'51"E) on Kikai Island (Japan) 

between May and September of 2023 (Table 5.1) from buoys and submerged mooring lines. 

Subsequent steps were performed as described in Section 2.2.1.

5.2.2. Electron microscopy

Electron microscopy was performed as described in Section 2.2.2.

5.2.3. Amplification and sequencing of the 18S rRNA gene

Gregarine trophozoites were transferred individually to 0.2 ml PCR microcentrifuge 

tubes and stored at –20°C for 1–5 days. Genomic DNA was then extracted from these samples 

using a QuickExtract FFPE DNA Extraction Kit (Lucigen, Middlesex, United Kingdom) in line 

with manufacturer protocol. General and specific primers (Table 5.2) with KOD One® PCR 

Master Mix (Toyobo, Osaka, Japan) were used in amplification of the 18S rRNA gene. 

Subsequent steps were performed as described in Section 2.2.3.

5.2.4. Molecular phylogenetic analyses

Phylogenetic analyses were performed as described in Section 2.2.4.

5.2.5. Host identification

Fragments of host tissue remaining after gregarine isolation were preserved in 100% 

ethanol for barcoding. Host DNA was extracted from samples using the MasterPure Complete 

DNA & RNA Purification Kit (LGC Biosearch Technologies, Hoddesdon, United Kingdom). 

The cytochrome c oxidase subunit 1 (COI) gene was amplified using an initial primer set of DinF 

and NuxR1 followed by a nested primer set of CatF1 and UxR1 (Table 5.2) with KOD One® 

PCR Master Mix (Toyobo, Osaka, Japan). Subsequent steps were performed as described in 

Section 2.2.5.

5.3. RESULTS

5.3.1. Morphology of Lankesteria sp. Clade A

Lankesteria sp. Clade A trophozoites were oblong with a tapered mucron (Fig. 5.1 A–B) 
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and moved with gliding motility. Epicytic folds ran longitudinally along the cells with a density 

of 0.4 folds/µm, and isolates were covered in beaded strands of (suspected) foreign material (Fig. 

5.1 C). Isolates measured 18–24 µm in length (x̄  = 20.7 µm; n = 4) and 9–10 µm in width (x̄  = 

9.8 µm; n = 4). Spherical nuclei were in the cell center and measured 2–3 µm in diameter (x̄  = 

2.5 µm; n = 2).

5.3.2. Morphology of Lankesteria sp. Clade B

Lankesteria sp. Clade B trophozoites were elongate with a rounded posterior, a 

proboscis-like mucron (Fig. 5.2 A–B, D), and exhibited gliding motility. Epicytic folds (Fig. 5.2 

C–D) ran longitudinally along the cells with a density of 3 folds/µm. Isolates measured 62–135 

µm in length (x̄  =106 µm; n = 19) and 10–18 µm in width (x̄  = 14.1 µm; n = 19). Spherical or 

ellipsoid nuclei were in the anterior of the cell and measured 5–12 µm in diameter (x̄  = 6.4 µm; n 

= 12). 

5.3.3. Morphology of Lankesteria sp. Clade C

Lankesteria sp. Clade C trophozoites were elongate with a pointed posterior, a bulbous 

and hooked mucron (Fig. 5.3 A–B, D), and moved with gliding motility. Epicytic folds (Fig. 5.3 

C–D) ran longitudinally along the cells with a density of 4 folds/µm. Isolates measured 95–130 

µm in length (x̄  =111.8 µm; n = 6) and 20–30 µm in width (x̄  = 24.8 µm; n = 6). Ellipsoid nuclei 

were in the anterior of the cell, measuring 14–20 µm (x̄  = 17 µm; n = 2) along the long axis and 

6–7 µm (x̄  = 6.5 µm; n = 2) along the short axis.

5.3.4. Morphology of Lankesteria sp. Clade D

Lankesteria sp. Clade D trophozoites were elongate with a rounded posterior and 

cylindrically protruding mucron (Fig. 5.4 A–B, D), and exhibited gliding motility. Epicytic folds 

(Fig. 5.4 C–D) ran longitudinally along the cells with a density of 3 folds/µm. Isolates measured 

86–125 µm in length (x̄  =105.3 µm; n = 4) and 25–32 µm in width (x̄  = 29.3 µm; n = 4). 

Spherical nuclei were in the anterior of the cell, measuring 15–25 µm (x̄  = 18.3 µm; n = 3) in 

diameter.
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5.3.5. Morphology of Lankesteria sp. Clade E

Lankesteria sp. Clade E trophozoites were elongate with a tapered posterior and beak-

like mucron (Fig. 5.5 A–B, D), and exhibited gliding motility. Epicytic folds (Fig. 5.5 C–D) ran 

longitudinally along the cells with a density of 4 folds/µm. Isolates measured 105–110 µm in 

length (x̄  =106.6 µm; n = 3) and 24–30 µm in width (x̄  = 26 µm; n = 3). Spherical nuclei were in 

the anterior of the cell, measuring 9–12.3 µm (x̄  = 10.7 µm; n = 2) in diameter.

5.3.6. Molecular phylogeny of gregarine apicomplexans

Phylogenetic analysis of a 74-sequence 18S alignment (Fig. 5.6) included Lithocystis, 

Pterospora, Difficilina, Urospora, Amplectina, Lecudina, and Lankesteria. All Lankesteria 

sequences, except L. pollywoga, formed a moderately supported (ML:59/PP:--) clade sister to 

Lecudina Clade A. Within this clade, Lankesteria sp. Clade A (Hakodate, Hokkaido) was 

strongly supported as sister to L. hesperidiiformis, together forming a clade sister to Lankesteria 

sp. Clade B (Hakodate, Oshoro, and Shibetsu, Hokkaido). Lankesteria spp. Clades C (Ishigaki) 

and D (Kikai) were recovered as strongly supported clades sister to each other, forming a broader 

clade under moderate support (ML:71/PP:0.99). Lankesteria sp. Clade E (Ishigaki) formed a 

strongly supported clade sister to L. dolabra, and the two taxa together formed a broader clade 

that was also recovered under strong support. Veloxidium leptosynaptae, a distantly related 

marine gregarine, was included as an outgroup.

5.3.7. Molecular phylogeny of host material

Phylogenetic analysis of an 85-sequence COI alignment (Fig. 5.7) included 

representatives from major tunicate lineages: Aplousobranchia, Doliolida, Fritillariidae, 

Kowalevskiidae, Oikopleuridae, Phlebobranchia, Pyrosomida, Salpida, and Stolidobranchia. 

Lankesteria spp. Clade A and B hosts were recovered within separate, strongly supported clades 

which included Ascidia aspersa and A. zara, respectively. These host clades were both nested 

within a moderately supported Phlebobranchia clade (ML:57/PP:--). Hosts of Lankesteria spp. 

Clades C–E were recovered within a moderately supported clade (ML:56/PP:--) of 
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Stolidobranchia sequences. Mollusks were included as an outgroup.

5.4. DISCUSSION

5.4.1. Novel biodiversity among gregarines from tunicates

These morphological and molecular analyses present five novel Lankesteria clades, each 

likely representing a distinct species. These clades exhibit clear differences in trophozoite 

morphology and host specificity within their characteristic host niche of ascidians (tunicates). 

Lankesteria sp. Clade A trophozoites were the smallest observed (18–24 µm), and were 

distinguished by an oblong shape, the presence of numerous beaded strands (Fig. 5.1), and low-

density epicytic folds (0.4 folds/µm) (Table 5.3). This clade was recovered as sister to L. 

hesperidiiformis (Fig. 5.6) but with a different host association than L. hesperidiiformis. Further 

distinguishing these sister clades, Lankesteria sp. Clade A was found in a phlebobranch 

(Phlebobranchia Lahille, 1886) tunicate while L. hesperidiiformis (Rueckert et al., 2015) was 

collected from the Aplousobranchia Lahille, 1886 (Moreno and Rocha, 2008) tunicate Distaplia 

occidentalis (Mastrototaro and Brunetti, 2006). During the present phylogenetic analysis of host 

COI data, a monophyletic clade of Aplousobranchia sequences was recovered under weak 

statistical support, while two (polyphyletic) clades of Phlebobranchia were recovered under 

moderate support (Fig. 5.7). Paraphyly observed among these tunicate groups highlights the 

value of paired isolate-host phylogenetic comparison when studying marine gregarines, as 

omitting this analysis can lead to an overlooked coevolutionary context. Overall, these 

differences support Lankesteria sp. Clade A as a novel member of the genus. 

Lankesteria sp. Clade B (Hakodate, Wakkanai, and Shibetsu, Hokkaido), also from 

phlebobranch tunicates (Fig. 5.7, Table 5.3), exhibited elongate cells (62–135 µm), a rounded 

posterior, and a proboscis-like mucron. Together with a phylogenetic position sister to the L. sp. 

Clade A + L. hesperidiiformis lineage, these data suggest L. sp. Clade B is distinct from its close 

relatives.
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Lankesteria sp. Clade C, found in Stolidobranchia Lahille, 1886 hosts from Ishigaki 

Island (Japan), is morphologically distinct due to its hooked, bulbous mucron (Fig. 5.3) and high 

epicytic fold density (4 folds/µm). Phylogenetically, this novel clade was recovered as sister to 

Lankesteria sp. Clade D. Similarly, Lankesteria sp. Clade D trophozoites were collected from 

Stolidobranchia hosts (Kikai Island, Japan), and had an elongate form with a cylindrically 

protruding mucron (Fig. 5.4). Lankesteria sp. Clade E, also from a Stolidobranchia host 

(Ishigaki), was characterized by a triangular, beak-like mucron (Fig. 5.5). These isolates formed 

a strongly supported clade sister to L. dolabra, indicating that Clade E represents a unique 

Lankesteria lineage. Biogeography further supports the distinctness of Lankesteria sp. Clade E 

from L. dolabra, as L. dolabra was described from New Zealand (Iritani et al., 2021) in the 

southern hemisphere whereas L. sp. Clade E was collected from Ishigaki Island in the northern 

hemisphere. 

5.4.2. Host phylogeny strongly coincides with Lankesteria speciation patterns 

Novel diversity seen among Lankesteria spp. Clades A–E demonstrates a strong pattern 

of gregarine speciation mirroring host phylogeny (Table 5.4). In the present work, L. spp. Clades 

A and B (Table 5.4 Group A, Fig. 5.8) were found in phlebobranch hosts, while L. spp. Clades 

C–E were restricted to stolidobranch hosts (Table 5.4 Group D, Fig. 5.8). A distinct clade (Table 

5.4 Group D, Fig. 5.8) of Lankesteria comprising L. spp. Clades C, D, E, L. abbotti, L. 

herdmaniae, L. kaiteriteriensis, L. metandrocarpae, L. halocynthiae, and L. dolabra was 

consistently associated with stolidobranch tunicate hosts. Moreover, L. ascidiae, L. savignyii, 

and L. chelyosomae formed a clade (Table 5.4 Group C, Fig. 5.8) and were all isolated from 

phlebobranch hosts, while L. didemni along with three lineages of L. cystodytae formed a 

grouping (Table 5.4 Group B, Fig. 5.8) of sequences all associated with aplousobranch tunicates. 

Exceptions to this pattern include L. hesperidiiformis and L. cf. ritterellae, which are members of 

Group A and D, respectively (Fig. 5.8), but were isolated from aplousobranch tunicates. More 

work is needed to help resolve why some Lankesteria members appear to deviate from this 
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largely consistent pattern of speciation.
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CHAPTER 6. Pacific marine gregarines from lumbrinerid 

polychaetes display speciation linked to biogeography and 

host phylogeny

SUMMARY

Marine gregarines, especially those from the genus Lecudina, exhibit extensive 

morphological and ecological diversity. This study explores Lecudina species parasitizing 

lumbrinerid polychaetes from northern Japan and the western United States using a combination 

of morphological and molecular data. Here, I uncover cryptic diversity within Lecudina Clade B 

among two novel clades (Lecudina sp. Clade A and Lecudina sp. Clade B) that share similar 

biogeographies, morphologies, and host preferences despite being phylogenetically distinct. 

These results emphasize how both host association and biogeography impact speciation among 

some marine gregarines. 

6.1.  INTRODUCTION

Apicomplexans are single-cell animal parasites (Levine, 1970). Several well-studied core 

apicomplexan lineages, such as those causing malaria (Plasmodium; Kolawole et al., 2023), 

toxoplasmosis (Toxoplasma; Adem and Ame, 2023), and babesiosis (Babesia; Kuibagarov et al., 

2023), have gained attention primarily due to their significant impact on human health and 

livestock. However, Apicomplexa as a whole are an exceptionally diverse group, comprising 

roughly 350 known genera (Adl et al., 2019). Morrison (2009) argued that because of their often 

host-specific nature, only a small fraction—likely less than 1%—of apicomplexan diversity has 

been formally described. This suggests the existence of hundreds of thousands, if not millions, of 

yet-undiscovered species. Apicomplexans have diversified across a wide range of animal hosts in 
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marine (Dubey et al., 2003), freshwater (Molla et al., 2013), terrestrial (McAllister et al., 1995; 

Chen et al., 1997), and even extremophile environments (Moreira and López-Garcı́a, 2003; 

Wakeman et al., 2018). Nevertheless, marine apicomplexans, especially those infecting 

invertebrates, remain under-explored because they do not directly affect public health or 

agriculture.

A substantial portion of known apicomplexan diversity is found within the gregarines—

parasites of invertebrates that include at least 1600 described species (Levine, 1988; Desportes 

and Schrével, 2013). Gregarines serve as valuable models in evolutionary biology for several 

reasons: 1) they represent early-diverging apicomplexan lineages (Schrével et al., 2016); 2) they 

include both morphologically conservative and highly specialized taxa (Leander, 2008; 

MacGregor and Thomasson, 1965; Valigurová et al., 2013; Paskerova et al., 2018); 3) they 

occupy marine, freshwater, and terrestrial environments; 4) they infect a wide range of 

invertebrate hosts (Levine, 1977; Levine, 1979; Valigurová and Koudela, 2005), and have even 

been found in amphibians during development (Chambouvet et al., 2016); 5) they are highly 

host-specific; and 6) they typically require only a single host to complete their life cycle (Lee et 

al., 2000). Additionally, recent studies have emphasized the importance of gregarines in 

understanding the evolution of organelle function, parasitism, and early alveolate diversification 

(Gubbels and Duraisingh, 2012; Templeton and Pain, 2016; Mathur et al., 2021).

Marine gregarines are especially intriguing due to their diversity and evolutionary 

relevance, as they are thought to be among the earliest gregarines to have evolved (Théodoridès, 

1984; Leander, 2008). One key group, the lecudinids (particularly genus Lecudina) exhibit broad 

morphological diversity (Leander et al., 2006; Rueckert et al., 2011b). Some lecudinid species 

display distinctive locomotor and structural adaptations, such as the thrashing motility of 

Veloxidium leptosynaptae with its transverse membrane striations (Wakeman and Leander, 

2012), or the folded membranes of many Lecudina species that facilitate gliding motility 

(Leander, 2008; Rueckert et al., 2010; Rueckert et al., 2011b; Park and Leander, 2024a). Other 
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derived marine genera, including Pterospora, Lithocystis, and Lankesteria, exhibit specialized 

membrane features like cross-hatches (Landers and Leander, 2005), crenulations (Coulon and 

Jangoux, 1987), and knob-like surface protrusions (Rueckert et al., 2015; Iritani et al., 2021), 

respectively. Overall, the lecudinids are a successful group of marine parasites that have 

demonstrated an ability to adapt to a wide variety of hosts. However, much of the available 

information on marine gregarines is limited to morphological descriptions. Indeed, fewer than 

100 species are supported by molecular data (Wakeman et al., 2021).

Historically limited availability of molecular data has posed a major obstacle to making 

informed species-level comparisons. Without this ability to compare, it is difficult to elucidate 

the patterns behind their speciation, host association, and biogeographic distribution. However, 

efforts to integrate morphological observations with modern molecular datasets continue 

(Rueckert et al., 2011; Simdyanov et al., 2015; Diakin et al., 2016; Schrével et al., 2016; 

Rueckert and Horák, 2017; Iritani et al., 2021; Wakeman et al., 2021), and have even begun to 

reveal hidden (cryptic) biodiversity among some of these organisms (Rueckert et al., 2013).

This study focuses on marine lecudinid gregarines that parasitize lumbrinerid polychaetes

—a lineage of worms that has been often overlooked in molecular gregarine research. In 

particular, I examine Lecudina diversity across the northern Pacific Ocean, specifically targeting 

specimens from northern Japan and the western United States. Using morphological techniques 

(light and electron microscopy) together with molecular phylogenetic analysis of small subunit 

(18S) rRNA, internal transcribed spacer (ITS) rRNA, and host cytochrome c oxidase I (COI) 

genes, this study contributes to resolving the taxonomy, biogeography, and evolutionary 

relationships of understudied marine gregarines from lumbrinerid worms.

6.2. MATERIALS AND METHODS

6.2.1. Host collection and sample processing

Hosts were collected opportunistically in the intertidal zones near Crescent City 
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(41°44'12''N 124°11'40''E), California (United States) and Clover Point, British Columbia, 

Canada (48°24'14''N 123°21'00''W) between January and December 2023 (Table 6.1) from under 

intertidal rocks and inside tufts of seagrass. Subsequent steps were performed as described in 

Section 2.2.1.

6.2.2. Electron microscopy

Electron microscopy was performed as described in Section 2.2.2.

6.2.3. Amplification and sequencing of the 18S rRNA gene and ITS region

Gregarine trophozoites were transferred individually to 0.2 ml PCR microcentrifuge 

tubes and stored at –20°C for 1–5 days. Genomic DNA was then extracted from these samples 

using a QuickExtract FFPE DNA Extraction Kit (Lucigen, Middlesex, United Kingdom) in line 

with manufacturer protocol. General and specific primers (Table 6.2) with KOD One® PCR 

Master Mix (Toyobo, Osaka, Japan) were used in amplification of 18S and ITS rRNA regions. 

Subsequent steps were performed as described in Section 2.2.3.

6.2.4. Molecular phylogenetic analyses

Phylogenetic analyses were performed as described in Section 2.2.4.

6.2.5. Host identification

Fragments of host tissue remaining after gregarine isolation were preserved in 100% 

ethanol for barcoding. Host DNA was extracted from samples using the MasterPure Complete 

DNA & RNA Purification Kit (LGC Biosearch Technologies, Hoddesdon, United Kingdom). 

The COI gene was amplified using primers polyLCO and polyHCO (Table 6.2) with KOD One® 

PCR Master Mix (Toyobo, Osaka, Japan). Subsequent steps were performed as described in 

Section 2.2.5.

6.3. RESULTS

6.3.1. Morphology of Lecudina sp. Clade A

Lecudina sp. Clade A trophozoites were elongate with a nipple-like mucron (Fig. 6.1 A–
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C) and moved with gliding motility. Numerous amylopectin granules (Fig. 6.1 D) and a 

mitochondrion (Fig. 6.1 E) were visible on TEM cross-section. Epicytic folds (Fig. 6.1 D, F) ran 

longitudinally along the cells with a density of 4 folds/µm. Isolates measured 52–150 µm in 

length (x̄  = 86 µm; n = 7) and 10–20 µm in width (x̄  = 15 µm; n = 7). Spherical nuclei were in 

the cell anterior and measured 6–10 µm in diameter (x̄  = 7.4 µm; n = 7).

6.3.2. Morphology of Lecudina sp. Clade B

Lecudina sp. Clade B trophozoites were elongate (Fig. 6.2 A–B), measuring 200–420 

µm in length (x̄  = 270 µm, n = 6) and 30–70 µm in width (x̄  = 43.3 µm, n = 6). The cells 

possessed a rounded mucron (Fig. 6.2 A–B) and spherical nucleus located in the anterior third of 

the cell (Fig. 6.2 A). Nuclei measured 18–22 µm in diameter (x̄  = 20 µm, n = 3). Externally, 

isolates were covered in longitudinally-running epicytic folds with a density of 4 folds/µm at the 

widest part of the cell (Fig. 6.2 C–D). Cell body was ovaloid in cross-section (Fig. 6.2 D).

6.3.3. Molecular phylogeny of gregarine apicomplexans

Phylogenetic analysis was performed on a 52-sequence alignment composed of 

18S+ITS concatenated sequences from Lecudina sp. Clades A (western Canada) and B (northern 

California), as well as 18S sequences encompassing Loxomorpha, Cuspisella, Lithocystis, 

Pterospora, Difficilina, Urospora, Sphinctocystis, Amplectina, Lankesteria, and Lecudina (Fig. 

6.3). Distantly related marine gregarines and alveolates (Chromera velia, Metzidium orientale, 

and Vitrella brassicaformis) were included as an outgroup. Concatenated Lecudina sp. Clade A 

sequences from western Canada formed a strongly supported clade sister to a clade of Lecudina 

sp. Clade B and one L. longissima sequence (Fig. 6.3).

6.3.4. Molecular phylogeny of host material

Phylogenetic analysis of a 25-sequence COI alignment (Fig. 6.4) included 

representatives from polychaete families Eunicidae, Lumbrineridae, and Nereididae. Host 

material for Lecudina sp. Clades A and B was recovered nested within a moderately supported 

(ML:73/PP:0.99) clade composed exclusively of Lumbrineridae sequences. Lecudina sp. Clade 

49



A host material formed a strongly supported clade with Lumbrineris tetraura, and Lecudina sp. 

Clade B host material formed a strongly supported clade with Lumbrineris japonica. Sipunculid 

sequences were included as an outgroup.

6.4. DISCUSSION

6.4.1. Biogeography and cryptic lineages in Lecudina Clade B

Genus Lecudina is one of the most species-rich groups of gregarine apicomplexans. 

Historically, this apparent diversity was partly the result of traditional taxonomy that lumped 

most eugregarine-like species together (Levine, 1976). However, molecular data have since 

revealed cryptic diversity within the group. For example, Lecudina polymorpha was reassigned 

to Paralecudina polymorpha (Rueckert et al., 2013) in light of an updated 18S-based phylogeny. 

In an effort to account for these unresolved taxonomic boundaries, the term “lecudinid” is often 

used as a general group label (Wakeman, 2020; Odle et al., 2024). Among the lecudinids, 

members of Lecudina Clade B—namely L. sp. Clade A and L. longissima/L. sp. Clade B (Fig. 

6.3)—are now known to also display cryptic diversity. 

Lecudina sp. Clade A, is proposed here based primarily on phylogenetic evidence. This 

clade was recovered under strong support and is nested within the broader Lecudina Clade B 

(Fig. 6.3), which is also strongly supported. Morphologically, L. sp. Clade A only differs slightly 

from close relatives L. caspera (tapered posterior) and L. longissima (pointed posterior) by 

having a rounded posterior (Table 6.3). Meanwhile, Lecudina sp. Clade B was sampled from 

northern California where isolates were identified using host ecology, light microscopy, and 

molecular phylogeny. These samples were morphologically indistinguishable from L. longissima 

collected in Japan (Tsugawa, 1944; Hoshide, 1957), western Canada (Rueckert et al., 2010), and 

southern California (Levine, 1974). Phylogenetic analysis of 18S+ITS sequences revealed that 

Lecudina sp. Clade B isolates from northern California formed a strongly supported clade along 

with one L. longissima sequence from western Canada (Fig. 6.3).
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6.4.2. Host association and its role in Lecudina speciation

A key driver of diversity among lecudinids appears to be host specialization. Lecudinid 

gregarines have undergone extensive radiation through marine invertebrates, including 

echinoderms (Leander et al, 2006), polychaetes (Rueckert et al., 2013; Wakeman and Leander, 

2013), and tunicates (Mita et al., 2012; Rueckert et al., 2015; Iritani et al., 2021). Lecudina Clade 

B is herein associated strictly with lumbrinerid polychaetes (Family: Lumbrineridae Schmarda, 

1861) (Table 6.3). Close relatives such as L. phyllochaetopteri from Phyllochaetopterus prolifica 

(Family: Chaetopteridae Audouin and Milne Edwards, 1833) and L. cf. arabellae from Arabella 

iricolor (Park and Leander, 2024a) are documented, but they do not inhabit lumbrinerid worms 

(Table 6.3) nor do they share a strongly supported clade with members of Lecudina Clade B 

(Fig. 6.3). 

Other lecudinids that parasitize lumbrinerids include L. brasili (India) and L. laubieri 

(France), but these taxa are morphologically distinct from L. sp. Clade A (Table 6.3). For 

example, L. brasili has a tapered rather than nipple-like mucron, and L. laubieri has a long, 

proboscis-like mucron. Together, these findings indicate that host specificity (particularly within 

Lumbrineridae) along with biogeography help to contextualize the biodiversity observed among  

Lecudina Clade B.
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CHAPTER 7. Pacific marine gregarines from nereidid 

polychaetes display novel biodiversity and cryptic speciation 

SUMMARY

Marine gregarines are a diverse group of unicellular apicomplexan parasites known for 

their host specificity. This study explores the biodiversity and speciation patterns of Lecudina 

species which parasitize nereidid polychaetes from northern Japan and the western United States. 

Using a combination of morphological analysis (light and electron microscopy) and molecular 

phylogenetic techniques (18S rRNA gene sequencing), this study uncovers cryptic diversity 

within Lecudina Clade A, revealing several novel nested clades. Here, I demonstrate a strong 

preference for nereidid hosts among a subset of Lecudina species and identify a strong 

biogeographical link with their phylogeny. Molecular evidence shows that Lecudina spp. Clades 

C through G form a distinct monophyletic group within Lecudina Clade A along with type 

species L. pellucida. I also report evidence for a Lecudina tuzetae species complex spanning the 

globe. Overall, this work provides new insight into the evolutionary and biogeographical 

dynamics of Lecudina, contributing to the broader understanding of marine gregarine 

biodiversity.

7.1. INTRODUCTION

Gregarines, a subset of apicomplexans that specialize on invertebrate hosts, are 

considered evolutionarily successful for their prevalence across a wide range of hosts inhabiting 

marine (Leander, 2006; Rueckert et al., 2013; Wakeman, 2020), freshwater (Molla et al., 2013), 

terrestrial (Chen et al., 1997), and extreme (Wakeman et al., 2018) environments. Gregarines are 

also highly biodiverse, with over 1600 described species (Levine, 1988; Desportes and Schrével, 
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2013). Indeed, gregarines are found in nearly all invertebrate phyla (Levine, 1977; Levine, 1979; 

Valigurová and Koudela, 2005; Desportes and Schrével, 2013), and sometimes even in 

amphibian larvae (Chambouvet et al., 2016).

As one of the earliest branching apicomplexan lineages (Leander, 2008; Schrével et al., 

2016), gregarines are regarded as a living glimpse into the evolution of parasitism. Genus 

Lecudina and related lecudinids are especially notable for their biodiversity and derived 

adaptations. Lecudina species, for instance, use highly folded membranes to produce gliding 

motility (Leander et al., 2003b; Leander, 2008). Other genera such as Pterospora, Lithocystis, 

and Lankesteria have derived membrane features such as cross-hatches, crenulations, and knob-

like protrusions (Coulon and Jangoux, 1987; Landers and Leander, 2005; Rueckert et al., 2015; 

Iritani et al., 2021), reflecting their adaptation to different host environments.

Most marine gregarines have been described solely through morphology, with fewer than 

100 species supported by molecular data (Wakeman et al., 2021). This has prompted efforts to 

integrate historical morphological descriptions with modern genetic analysis (Rueckert et al., 

2011; Simdyanov et al., 2015; Diakin et al., 2016; Schrével et al., 2016; Rueckert and Horák, 

2017; Iritani et al., 2021; Wakeman et al., 2021). These efforts have begun to uncover gregarine 

biodiversity hidden among visually similar yet genetically unique (cryptic) species (Rueckert et 

al., 2013). In the present study, I investigate Lecudina biodiversity and speciation across the 

northern Pacific Ocean by examining marine gregarines from polychaete hosts in northern Japan 

and the western United States using a combination of light and electron microscopy alongside 

18S rRNA (isolate) and COI (host) gene phylogenetics.

7.2. MATERIALS AND METHODS

7.2.1. Host collection and sample processing

Hosts were collected opportunistically in the intertidal zones near Oshoro Marine 

Station (43°12'37''N 140°51'25''E) in Hokkaido (Japan), Ogamimaru Port (26°41'28''N 
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127°59'54''E) on Okinawa Island (Japan), Kabira Bay (24°26'46''N 124°8'25''E) on Ishigaki 

Island (Japan), Hanaguri (34°18'04''N 132°50'20''E) in Hiroshima (Japan), and Crescent City 

(41°44'12''N 124°11'40''E), California (United States) between November 2022 and January 

2024 (Table 7.1) from under intertidal rocks and inside tufts of seagrass. Subsequent steps were 

performed as described in Section 2.2.1.

7.2.2. Electron microscopy

Electron microscopy was performed as described in Section 2.2.2.

7.2.3. Amplification and sequencing of the 18S rRNA gene 

Gregarine trophozoites were transferred individually to 0.2 ml PCR microcentrifuge 

tubes and stored at –20°C for 1–5 days. Genomic DNA was then extracted from these samples 

using a QuickExtract FFPE DNA Extraction Kit (Lucigen, Middlesex, United Kingdom) in line 

with manufacturer protocol. General and specific primers (Table 7.2) with KOD One® PCR 

Master Mix (Toyobo, Osaka, Japan) were used in amplification of the 18S rRNA gene. 

Subsequent steps were performed as described in Section 2.2.3.

7.2.4. Molecular phylogenetic analyses

Phylogenetic analyses were performed as described in Section 2.2.4.

7.2.5. Host identification

Fragments of host tissue remaining after gregarine isolation were preserved in 100% 

ethanol for barcoding. Host DNA was extracted from samples using the MasterPure Complete 

DNA & RNA Purification Kit (LGC Biosearch Technologies, Hoddesdon, United Kingdom). 

The cytochrome c oxidase subunit 1 (COI) gene was amplified using primers polyLCO and 

polyHCO (Table 7.2) with KOD One® PCR Master Mix (Toyobo, Osaka, Japan). Subsequent 

steps were performed as described in Section 2.2.5.

7.3. RESULTS

7.3.1. Morphology of Lecudina sp. Clade C
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Lecudina sp. Clade C trophozoites were elliptical in shape, possessing a wide central 

region that tapered to a rounded anterior and posterior (Fig. 7.1 A–C). Isolates measured 75–100 

µm in length (x̄  = 82 µm, n = 5), 45–60 µm in width (x̄  = 51 µm, n = 5), and possessed a 

spherical nucleus measuring 14–20 µm in diameter (x̄  = 17 µm, n = 3). Gliding motility was also 

noted. Epicytic folds ran longitudinally along the cells with a density of 2 folds/µm at the widest 

part of the cell (Fig. 7.1 D–E).

7.3.2. Morphology of Lecudina sp. Clade D

Lecudina sp. Clade D trophozoites had a rounded posterior and narrowed at the anterior 

end (Fig. 7.2 A). Light micrographs showed a centrally located, spherical nucleus and rounded 

mucron (Fig. 7.2 A). Cells were either centrally wide, cascading, or pear-like in shape, and 

exhibited gliding motility. Longitudinal epicytic folds surrounded the cells with a density of 2 

folds/µm at the widest part of the cell (Fig. 7.2 B–D, F–G). Isolates measured 60–80 µm in 

length (x̄  = 67 µm, n = 4) and 33–40 µm in width (x̄  = 37 µm, n = 4). Nuclei measured 10–12.5 

µm in diameter (x̄  = 11.67 µm, n = 3). Cross-sections were circular with amylopectin granules 

concentrated towards the central axis of the cell (Fig. 7.2 C). Organelles such as the Golgi 

apparatus, mitochondria, as well as lipid droplets were observed near the cell membrane (Fig. 7.2 

E–F). Additionally, rippled dense structures were visible at the terminal ends of epicytic folds 

(Fig. 7.2 G).

7.3.3. Morphology of Lecudina sp. Clade E

Lecudina sp. Clade E trophozoites were ellipsoid or circular with a tapered posterior 

rounded at the end and a mucron that was either rounded or button-like (Fig. 7.3 A–B, D–E). 

Longitudinal epicytic folds ran along the cells with a density of 1.3 folds/µm (Fig. 7.3 C–E), and 

gliding motility was observed. Isolates measured 125–190 µm in length (x̄  =155 µm; n = 6) and 

40–110 µm in width (x̄  = 85 µm; n = 6). Spherical nuclei were found centrally, measuring 23–27 

µm in diameter (x̄  = 25 µm; n = 3).

7.3.4. Morphology of Lecudina sp. Clade F
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Lecudina sp. Clade F trophozoites displayed ellipsoid, pear-shaped, and centrally 

constricted morphotypes. All morphotypes had a rounded posterior and conspicuous mucron, 

with the mucron observed in both retracted (Fig. 7.4 A, E) and extended (Fig. 7.4 B, D) 

positions. Longitudinal epicytic folds ran along the cells with a density of 2.1 folds/µm (Fig. 7.4 

C–E), and gliding motility was observed. Isolates measured 40–72 µm in length (x̄  =53.1 µm; n 

= 7) and 28–34 µm in width (x̄  = 29.7 µm; n = 7). Spherical nuclei were found in the center of 

the cells, measuring 9–11 µm in diameter (x̄  = 10 µm; n = 4).

7.3.5. Morphology of Lecudina sp. Clade G

Lecudina sp. Clade G trophozoites were pear-shaped with a rounded posterior and 

narrow, rounded mucron (Fig. 7.5 A–D, F). Cells had epicytic folds (Fig. 7.5 E–F) that ran 

longitudinally along the cells with a density of 1.3 folds/µm. Isolates measured 25–34 µm in 

length (x̄  = 28.2 µm; n = 6) and 14–21 µm in width (x̄  = 18 µm; n = 6). Spherical nuclei were 

found in the center of the cells, measuring 6–8 µm in diameter (x̄  = 7 µm; n = 4).

7.3.6. Molecular phylogeny of gregarine apicomplexans

Phylogenetic analysis of an 80-sequence 18S alignment (Fig. 7.6) included 

archigregarines (Devanium, Metzidium, and Selenidium), Trichotokara, Filipodium, 

Platyproteum, Paralecudina, Cuspisella, Loxomorpha, early branching lecudinids (Veloxidium, 

Lithocystis, Pterospora, Difficilina, Urospora), Sphinctocystis, Amplectina, Lecudina, and 

Lankesteria. Lecudina Clade A, which was strongly supported, included L. cf. platynereidis, L. 

pellucida, and Lecudina spp. Clades C (northern California), D (Oshoro), E (Hiroshima), F 

(Ishigaki), and G (Okinawa). Clade C was recovered as a strongly supported monophyletic 

group, forming a strongly supported clade along with sequences from L. tuzetae/L. cf. tuzetae 

and one environmental sequence (Fig. 7.6). Clades D–G each formed strongly supported 

monophyletic groups nested within a moderately supported clade (ML:72/PP:0.99) that also 

included L. pellucida. Distantly related alveolates (Chromera velia and Vitrella brassicaformis) 

were included as an outgroup.
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7.3.7. Molecular phylogeny of host material

Phylogenetic analysis of a 53-sequence COI alignment (Fig. 7.7) included 

representatives from the polychaete families Eunicidae and Nereididae. Host material for 

Lecudina spp. Clades C–G was recovered within a strongly supported Nereididae clade. Host 

material from L. sp. Clade C was recovered as sister to Nereis eakini, together forming a clade 

under strong support. Host material from L. spp. Clades D and E formed a strongly supported 

clade along with Perinereis wilsoni, while hosts from L. spp. Clades F and G formed a strongly 

supported clade with Perinereis kaustiana. Sipunculid sequences served as the outgroup.

7.4. DISCUSSION

7.4.1. Novel gregarine biodiversity from around Japan and the Pacific Ocean

Trophozoites of Lecudina spp. Clades D through G morphologically resembled L. 

pellucida Mingazzini, 1891 (Vivier, 1968) as well as L. sp. Clade C isolates from northern 

California (present work), western Canada (Rueckert et al., 2011b), and the English Channel 

(Schrével et al., 2016). Epicytic fold densities among these clades ranged from 1–3 folds/µm, 

posteriors and mucrons were consistently rounded, and spherical nuclei were located centrally 

with a diameter from 10–20 µm in length (Table 7.3). Isolates of Lecudina spp. Clades C through 

G all exhibited gliding motility, which is consistent with other members of Lecudina (Desportes 

and Schrével, 2013). 

Lecudina sp. Clade E was notably larger than the other clades, with trophozoites ranging 

125–190 µm in length. Cells were ellipsoid or circular in shape (Fig. 7.3). Epicytic folds were 

present along the length of the cell body with a density of 1.3 folds/µm, which was lower than in 

Clades C, D, and F. Centrally positioned spherical nuclei of L. sp. Clade E were among the 

largest observed among these Lecudina clades (Table 7.3), measuring 23–27 µm in diameter. 

Lecudina sp. Clade F trophozoites were morphologically variable, appearing ellipsoid, 

pear-shaped, or constricted at the center (Fig 7.4). These trophozoites were also smaller than 
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those of Clades C through E, measuring 40–72 µm in length, and epicytic folds were among the 

densest recorded in this group (2.1 folds/µm). Lecudina sp. Clade G represented the smallest 

morphotype observed, with trophozoites measuring only 25–34 µm in length (x̄  = 28.2 µm, n = 

6) and 14–21 µm in width (x̄  = 18 µm, n = 6). Despite their reduced size, these cells possessed 

morphological traits characteristic of Lecudina Clade A, including longitudinal epicytic folds 

(1.3 folds/µm), central, spherical nuclei, a pear-like (or lemon-like) shape (Fig. 7.5), and gliding 

motility. Furthermore, phylogenetic analysis (Fig. 7.6) grouped Lecudina sp. Clades C through G 

with L. pellucida, placing these novel lecudinids firmly within Lecudina Clade A. These 

observations, combined with a shared preference for nereidid hosts, strongly suggest Lecudina 

spp. Clades C through G are all novel members of the broader Lecudina Clade A.

7.4.2. Characteristic host preference among members of Lecudina Clade A

Close phylogenetic relationships among these clades can be largely explained by their 

characteristic preference for nereidid polychaete hosts (Fig. 7.7), specifically the genera Nereis 

and Perinereis (Schrével, 1963; Vivier, 1968; Schrével et al., 2016). Indeed, the results of this 

study reinforce the idea that Lecudina clades closely related to type species L. pellucida all share 

an affinity for nereidid hosts. Other lecudinids inhabiting nereidid worms, such as L. 

pelmatomorpha and L. caudata, have been described from the English Channel (Schrével, 1963) 

and southern Japan (Hoshide, 1977), respectively. However, a lack of molecular data for these 

species prevents comparative analysis. Given the data currently available on this group, a 

preference for nereidid hosts appears to be a defining feature of Lecudina Clade A.

7.4.3. Novel biogeographical insights into the distribution of Lecudina

The present study contains some of the first molecular data from around Japan that 

belongs to Lecudina Clade A (Fig. 7.6). Other such data from around Japan largely focuses on 

archigregarines (Wakeman, 2020) or the eugregarine genus Lankesteria (Iritani et al., 2021). 

Closer comparison of L. sp. Clade C sequences suggests a strong biogeographical influence on 

the observed phylogenetic topology (Fig. 7.8). Specifically, sequences from western Canada 
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(highlighted peach), northern California (highlighted pink), and northern France (highlighted 

red) all formed distinct sub-clades within the larger Lecudina tuzetae clade (Fig. 7.8). Jump 

dispersal is one explanation for how these L. cf. tuzetae populations were founded. For example, 

freight shipping across the Panama Canal has been implicated in the dispersal of protists (Lohan 

et al., 2017). It is also worth considering that nereidid polychaetes are a cosmopolitan group and 

can be found in a variety of marine habitats (Özpolat et al., 2021). Therefore, it is reasonable to 

surmise that Lecudina tuzetae is currently undergoing an allopatric speciation event that has 

resulted in yet-unexplored biodiversity.
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CHAPTER 8. General conclusion

This project investigated the speciation patterns of marine gregarines through a multi-

faceted analysis of their biodiversity, host associations, and biogeographic distributions across 

the Pacific Ocean. Focusing on gregarine lineages mainly from polychaetes and tunicates, this 

project examined how host identity and geographic isolation shape speciation among these 

understudied unicellular parasites.

In Chapter 2, novel lineages of archigregarines from polychaete hosts around Japan were 

discovered, with new clades of Lunidium, Metzidium, and Devanium characterized by varying 

morphology and host associations. Chapter 3 explored the cryptic diversity of paralecudinid 

gregarines, uncovering novel clades of Ferraria and Paralecudina while also offering a 

taxonomic revision in light of new molecular evidence. Chapter 4 focused on early branching 

lecudinids, identifying four novel clades with unique morphologies, phylogenetic lineages, and 

host associations with polychaetes (and even one ostracod). In Chapter 5, five new clades of 

Lankesteria were identified from tunicates. Phylogenetic relationships among these Lankesteria 

clades closely mirrored those of their ascidian hosts, clearly demonstrating the marine gregarine 

tendency towards host specialization. Chapter 6 discussed cryptic diversity in Lecudina clades 

from lumbrinerid polychaetes collected in northern Japan and the western United States, finding 

both host specialization and biogeographical range as contributors to speciation in this group. 

Finally, Chapter 7 investigated Lecudina gregarines infecting nereidid polychaetes and identified 

several novel clades within Lecudina Clade A. Data from this chapter demonstrated a strong host 

preference for nereidid worms and a global species complex associated with Lecudina tuzetae.

Together, the chapters of this dissertation offer a phylogenetic perspective on the 

biogeography, biodiversity, and evolutionary history of marine gregarines. From archigregarines 

to Lecudina, the combined use of light and electron microscopy with molecular evidence allows 
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us to see that both host phylogeny and biogeography play critical roles in explaining the rich 

biodiversity of marine gregarines. Hopefully, this work inspires continued study into the 

biodiversity of marine gregarines.
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FIGURES

Figure 1.1. Prior phylogenetic analyses of apicomplexan molecular data. (A) Generalized tree of protists placing 
Apicomplexa as a distinct alveolate lineage. Image modified from Adl et al. (2019). (B) Maximum Likelihood (ML) tree 

focusing on lecudinid marine gregarines. Image modified from Park and Leander (2024a). (C) A more general ML tree showing 
the relative evolutionary positions of piroplasmids, coccidians, haemosporidians, and gregarines. Image modified from Morrison, 

2009.
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Figure 1.2. Examples of morphological diversity observed among archigregarines. (A) Light microscopy image of 
vermiform Selenidium trophozoite with labeled nucleus (n) and visible mucron (white arrowhead). Scale bar = 20 µm. Image 
modified from Rueckert and Horák (2017). (B) Light microscopy image of Selenidium trophozoite with labeled nucleus (n), 
nucleolus (nu), mucron (white arrowhead), and epicytic folds (double arrowhead). Scale bar = 25 µm. Image modified from 
Rueckert et al., 2017. (C) Scanning electron micrograph (SEM) image of Selenidium trophozoite with visible mucron (white 

arrowhead), broad epicytic folds (white arrows) and fold grooves (asterisks). Scale bar = 10 µm. Image modified from Rueckert 
and Horák (2017). (D) An SEM image showing transverse epicytic folds on a Selenidium trophozoite (white arrows) and deep 
inter-fold grooves (asterisk). Scale bar = 2 µm. Image modified from Rueckert and Horák (2017). (E) Transmission electron 

microscopy image of inner membrane complex and underlying microtubule network within Selenidium isolate. Image modified 
from Leander (2008) (originally from Leander (2007)).
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Figure 1.3. Examples of morphological diversity observed among eugregarines. (A) Whole cell scanning electron 
microscopy (SEM) image of Lecudina cf. tuzetae trophozoite with mucron (white arrow). Image modified from Leander (2008). 

(B) An SEM image of two Pterospora trophozoites in syzygy (white arrow). Branching digits indicated by white arrowhead. 
Image modified from Landers and Leander (2005). (C) High-magnification SEM image of dense longitudinal epicytic folds. 
Single fold indicated by white arrows. Early terminating fold indicated by double white arrowhead. Scale bar = 1 µm. Image 
modified from Rueckert et al. (2015). (D) High-magnification SEM image of Pterospora cell surface showing crenulations. 

Image modified from Landers and Leander (2005). (E) An SEM image of Lankesteria trophozoite with pointed mucron (white 
arrowhead). Image modified from Rueckert et al. (2015). (F) An SEM image of anchor-like Ancora cell anterior. Image modified 
from Simdyanov et al. (2017). (G) High-magnification SEM image of Cuspisella mucron with extended attachment organ (white 

arrow). Scale bar = 20 µm. Image modified from Iritani et al. (2018a). 

85



Figure 1.4. Maximum-Likelihood (ML) marine gregarine tree inferred from small subunit 18S (and some concatenated 
18S+ITS) rRNA gene sequences. Bootstrap values >50 and Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to 
nodes (ML/PP). Black squares indicate statistical support ≥95/0.99. Scale bar represents the inferred evolutionary distance as a 
rate of base substitutions per site. Gregarine groups explored in this project are labeled with vertical gray bars. Novel sequences 

presented in this study are written in bold text.
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Figure 2.1. Light and electron micrographs of Lunidium sp. Clade A isolates. (A–B) Light micrograph showing a nucleus 
(n), lateral fold (lf), and a view of the broad (A) and narrow (B) aspects of the cell. (C) Scanning electron microscopy (SEM) 

image showing general trophozoite morphology, longitudinal folds (lf), and transverse folds (tf). (D) SEM image showing curled 
state and broad longitudinal folds (lf) with a low density. Scale bars: A–D = 20 µm.
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Figure 2.2. Light and electron micrographs of Metzidium sp. Clade A isolates. Anterior ends (mucrons) are oriented to the 
right. (A) Light micrograph showing a nucleus (n) and longitudinal fold (lf). (B) Scanning electron microscopy (SEM) image of 

trophozoite surface, showing longitudinal folds (lf) with density of 1.2 folds/µm as well as transverse (tf) epicytic folds. (C) SEM 
image showing general trophozoite morphology, longitudinal folds (lf), and transverse folds (tf). Scale bars: A = 10 µm; B = 2 

µm; C = 5 µm.

88



Figure 2.3. Light and electron micrographs of Devanium sp. Clade A isolates. Anterior ends (mucrons) are oriented to the 
right. (A–C) Light micrographs showing the nucleus (n) and longitudinal folds (lf). (D) Scanning electron microscopy (SEM) 

image showing detailed view of longitudinal folds (lf) with density of 1.1 folds/µm. (E) SEM image showing general trophozoite 
morphology and longitudinal folds (lf). (F) Transmission electron microscopy (TEM) cross-section showing elliptical section 

with longitudinal folds (lf) and numerous amylopectin granules (am). Scale bars: A–C = 20 µm; D = 1 µm; E–F = 10 µm.
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Figure 2.4. Light and electron micrographs of Devanium sp. Clade B isolates. Anterior ends (mucrons) are oriented to the 
right. (A) Light micrograph showing nucleus (n). (B) Scanning electron microscopy (SEM) image showing general trophozoite 
morphology and longitudinal folds (lf). (C) SEM image showing detailed view of transverse folds (tf) and longitudinal folds (lf) 
with density of 1.7 folds/µm. (D) High-magnification transmission electron microscopy (TEM) image of longitudinal epicytic 

folds, with visible amylopectin granule (am), longitudinal fold (lf), and inner membrane complex (imc). (E) Circular TEM cross-
section showing longitudinal folds (lf), numerous amylopectin granules (am), and metchnikovellid hyperparasite infection (me). 

Scale bars: A–B = 20 µm; C = 1 µm; D = 500 nm; E = 5 µm.
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Figure 2.5. Light and electron micrographs of Devanium sp. Clade C isolates. (A) Light micrograph showing nucleus (n). (B) 
Scanning electron microscopy (SEM) image of trophozoite surface, showing longitudinal folds (lf) with density of 1.4 folds/µm. 
(C) Whole-body SEM image showing general trophozoite morphology and longitudinal folds (lf). Scale bars: A = 10 µm; B = 1 

µm; C = 20 µm.
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Figure 2.6. Maximum-Likelihood (ML) marine gregarine tree inferred from 18S rRNA gene sequences. Lunidium sp. 
Clade A sequences include concatenated ITS region. Bootstrap values >50 and Bayesian Posterior Probabilities (PP) >0.95 are 

shown adjacent to nodes (ML/PP). Black squares indicate statistical support ≥95/0.99. Scale bar represents the inferred 
evolutionary distance as a rate of base substitutions per site. Clades containing novel molecular data are colored to indicate 

locality. Novel sequences presented in this study are written in bold text.
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Figure 2.7. Maximum-Likelihood (ML) polychaete host tree inferred from COI gene sequences. Bootstrap values >50 and 
Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Scale bar represents the inferred evolutionary 
distance as a rate of base substitutions per site. Host sequences are colored to distinguish locality. Novel sequences presented in 

this study are written in bold text.
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Figure 3.1. Light and electron micrographs of Ferraria sp. Clade A isolates. Anterior ends (mucrons) are oriented to the 
right. (A) Differential interference contrast (DIC) micrograph showing nucleus (n) and longitudinal ridge (lr). (B) Light 

micrograph showing the nucleus (n). (C) Scanning electron microscopy image showing general trophozoite morphology, epicytic 
folds (ef), and longitudinal ridges (lr). (D) Transmission electron microscopy (TEM) cross-section showing longitudinal ridges 
(lr) and numerous amylopectin granules (am). (E) High-magnification TEM image showing epicytic folds (ef) with density of 6 

folds/µm. Scale bars: A–C = 50 µm; D = 20 µm; E = 500 nm.
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Figure 3.2. Light micrographs of Ferraria sp. Clade B. Anterior ends (mucrons) are oriented to the right. (A) Differential 
interference contrast (DIC) micrograph showing the nucleus (n). (B) Light micrograph showing nucleus (n), transverse crease 

(tc), and extended mucron (black arrow). (C) Light micrograph showing nucleus (n) and transverse crease (tc). Scale bars: A–C = 
100 µm.
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Figure 3.3. Electron micrographs of Ferraria sp. Clade B. Anterior ends (mucrons) are oriented to the right. (A) Scanning 
electron microscopy image showing general trophozoite morphology and epicytic folds (ef). (B) Transmission electron 

microscopy (TEM) cross-section showing the elliptical shape of the trophozoite and epicytic folds (ef). (C) High-magnification 
TEM image showing putative apicoplast (ap). (D) High-magnification TEM image showing epicytic folds (ef) with density of 6 

folds/µm. Scale bars: A = 100 µm; B = 10 µm; C–D = 500 nm.
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Figure 3.4. Light and transmission electron micrographs of Paralecudina sp. Clade A. Anterior ends (mucrons) are oriented 
to the right. (A) Light micrograph showing nucleus (n) and anterior bulge (ab). (B) Light micrograph showing nucleus (n) and 
extended mucron (black arrow). (C) Transmission electron micrograph (TEM) cross-section showing the elliptical shape of the 
trophozoite, epicytic folds (ef), and amylopectin granules (am). (D) High-magnification TEM image showing epicytic folds (ef) 

with density of 5 folds/µm. Scale bars: A–B = 100 µm; C = 5 µm; D = 500 nm.
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Figure 3.5. Light and electron micrographs of Paralecudina sp. Clade B. Anterior ends (mucrons) are oriented to the right. 
(A) Differential interference contrast (DIC) micrograph showing the nucleus (n). (B) Scanning electron microscopy (SEM) image 
showing general trophozoite morphology and epicytic folds (ef). (C) High-magnification SEM image showing epicytic folds (ef). 

(D) Transmission electron micrograph (TEM) image showing epicytic folds (ef) with density of 6 folds/µm. (E) High-
magnification TEM image showing putative apicoplast (ap). (F) A TEM cross-section showing the ellipsoid shape of the 

trophozoite, epicytic folds (ef), and numerous amylopectin granules (am). Scale bars: A–B = 50 µm; C = 5 µm; D = 500 nm; E = 
250 nm; F = 3 µm.
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Figure 3.6. Light and electron micrographs of Paralecudina sp. Clade C. Anterior ends (mucrons) are oriented to the right. 
(A) Differential interference contrast (DIC) micrograph showing nucleus (n) and anterior bulge (ab). (B) Scanning electron 
microscopy (SEM) image showing general trophozoite morphology, epicytic folds (ef), and anterior bulge (ab). (C) High-

magnification SEM image showing epicytic folds (ef). (D) High-magnification transmission electron microscopy (TEM) image 
showing putative apicoplast (ap). (E) A TEM cross-section showing the circular shape of the trophozoite, epicytic folds (ef), and 

numerous amylopectin granules (am). (F) High-magnification TEM image showing epicytic folds (ef) with density of 5 
folds/µm. Scale bars: A–B = 50 µm; C = 1 µm; D = 500 nm; E = 5 µm; F = 500 nm.
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Figure 3.7. Maximum-Likelihood (ML) marine gregarine tree inferred from concatenated small subunit 18S and ITS 
rRNA gene sequences. Bootstrap values >50 and Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes 

(ML/PP). Black squares indicate statistical support ≥95/0.99. Scale bar represents the inferred evolutionary distance as a rate of 
base substitutions per site. Clades containing novel molecular data are colored to indicate locality. Novel sequences presented in 

this study are written in bold text.
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Figure 3.8. Maximum-Likelihood (ML) polychaete host tree inferred from COI gene sequences. Bootstrap values >50 and 
Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Scale bar represents the inferred evolutionary 
distance as a rate of base substitutions per site. Host sequences are colored to distinguish locality. Novel sequences presented in 

this study are written in bold text.
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Figure 3.9. Visual comparison of Ferraria isolates (scale bars: 100 µm). (A–C) Ferraria sp. Clade A (D–O) Ferraria sp. Clade 
B.
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Figure 3.10. Visual comparison of Paralecudina isolates (scale bars A–N: 100 µm, scale bars O–R: 100 µm). (A–D) 
Paralecudina sp. Clade A (E–J) Paralecudina sp. Clade B (K–R) Paralecudina sp. Clade C
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Figure 4.1. Light and electron micrographs of Lecudinidae sp. Clade A. (A–B) Light micrograph showing nucleus (n) and 
general bean-like morphology. (C) Scanning electron microscopy (SEM) image showing general trophozoite morphology and 

epicytic folds (ef). (D) High-magnification SEM image showing epicytic folds (ef) with a density of 1.5 folds/µm. (E) 
Transmision electron microscopy (TEM) image showing round cellular cross-section with visible epicytic fold (ef), amylopectin 
granules (am), lipid droplets (lp), and putative apicoplast (ap). (F) High-magnification TEM cross-section showing amylopectin 
granules (am), lipid droplets (lp), and putative apicoplast (ap). Scale bars: A–B = 20 µm; C = 10 µm; D = 2 µm; E = 5 µm; F = 1 

µm.
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Figure 4.2. Light and electron micrographs of Lecudinidae sp. Clade B (Undularius glycerae). (A) Differential interference 
contrast (DIC) micrograph showing the nucleus (n). Peristaltic movement of the cells appears as bulging lobes (lo). Epicytic folds 

are also visible (ef). (B) Scanning electron micrograph (SEM) shows gamonts in lateral syzygy. Epicytic folds (ef) are also 
visible running the longitudinal length of the cell. (B inset) An SEM showing epicytic folds with a density of 1 fold/µm. Scale 

bars: A–B = 20 µm; B inset = 10 nm.
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Figure 4.3. Light and electron micrographs of Difficilina sp. Clade A (Difficilina fasoliformis). (A) Anterior ends (mucrons) 
are oriented to the right. (A, B) Light micrographs of trophozoite isolates. (C) Transmission electron micrograph (TEM) showing 

epicytic folds (ef) with underlying inner membrane complex (imc) and amylopectin granules (am). Fold density is 4 folds/µm. 
(D) A TEM cross-section showing the rounded shape of the trophozoites and epicytic folds (ef). Amylopectin granules (am) and 
lipid droplets (lp) are also shown. (E) Scanning electron micrograph showing general trophozoite morphology and epicytic folds 

(ef). Scale bars: A–B = 10 µm; C = 500 nm; D = 2 µm; E = 5 µm.
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Figure 4.4. Light and electron micrographs of Lecudinidae sp. Clade C. Anterior ends (mucrons) are oriented to the right. 
(A–B) Light micrographs of trophozoite isolates with visible nucleus (n) at anterior of elongate cell. (C) Scanning electron 

microscopy (SEM) image of cell surface showing epicytic folds (ef) with a density of 3.5 folds/µm. (D) Whole-cell SEM image 
showing general trophozoite morphology and epicytic folds (ef). (E) Transmission electron micrograph (TEM) showing epicytic 
folds (ef) and amylopectin granules (am). (F) High-magnification TEM image showing epicytic folds (ef) with underlying inner 

membrane complex (imc) and mitochondrion (mt). Scale bars: A–D = 40 µm; E = 10 µm; F = 250 nm.
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Figure 4.5. Maximum-Likelihood (ML) marine gregarine tree inferred from small subunit 18S rRNA gene sequences. 
Bootstrap values >50 and Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Black squares 

indicate statistical support ≥95/0.99. Scale bar represents the inferred evolutionary distance as a rate of base substitutions per site. 
Clades containing novel molecular data are colored to indicate locality. Novel sequences presented in this study are written in 

bold text.
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Figure 4.6. Maximum-Likelihood (ML) marine invertebrate host tree inferred from COI gene sequences. Bootstrap values 
>50 and Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Scale bar represents the inferred 

evolutionary distance as a rate of base substitutions per site. Host sequences are colored to distinguish locality. Novel sequences 
presented in this study are written in bold text.
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Figure 5.1. Light and electron micrographs of Lankesteria sp. Clade A isolates. Anterior ends (mucrons) are oriented to the 
right. (A–B) Light micrographs showing oblong trophozoite and central nucleus (n). (C) Whole-body SEM image showing 

general trophozoite morphology and epicytic folds (ef). Isolates were covered in beaded strands of suspected foreign material. 
Scale bars: A–C = 5 µm.
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Figure 5.2. Light and electron micrographs of Lankesteria sp. Clade B isolates. Anterior ends (mucrons) are oriented to the 
right. (A–B) Light micrographs showing elongate trophozoite and anterior nucleus (n). (C) Scanning electron microscopy (SEM) 

image of cell surface, showing epicytic folds (ef) with a density of 3 folds/µm. (D) Whole-body SEM image showing general 
trophozoite morphology and epicytic folds (ef). Scale bars: A–B = 20 µm; C = 2 µm; D = 10 µm.
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Figure 5.3. Light and electron micrographs of Lankesteria sp. Clade C isolates. Anterior ends (mucrons) are oriented to the 
right. (A–B) Light micrographs showing elongate trophozoite with hooked mucron and nucleus (n). (C) Scanning electron 

microscopy (SEM) image of cell surface, showing epicytic folds (ef) with a density of 4 folds/µm. (D) Whole-body SEM image 
showing general trophozoite morphology and epicytic folds (ef). Scale bars: A–B, D = 10 µm; C = 1 µm.
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Figure 5.4. Light and electron micrographs of Lankesteria sp. Clade D isolates. Anterior ends (mucrons) are oriented to the 
right. (A–B) Light micrographs showing elongate trophozoite with cylindrically protruding mucron and nucleus (n). (C) 

Scanning electron microscopy (SEM) image of cell surface, showing epicytic folds (ef) with a density of 3 folds/µm. (D) Whole-
body SEM image showing general trophozoite morphology and epicytic folds (ef). Scale bars: A–B = 30 µm; C = 2 µm; D = 10 

µm.
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Figure 5.5. Light and electron micrographs of Lankesteria sp. Clade E isolates. Anterior ends (mucrons) are oriented to the 
right. (A–B) Light micrographs showing elongate trophozoite with cylindrically protruding mucron and nucleus (n). (C) 

Scanning electron microscopy (SEM) image of cell surface, showing epicytic folds (ef) with a density of 3 folds/µm. (D) Whole-
body SEM image showing general trophozoite morphology and epicytic folds (ef). Scale bars: A–B, D = 10 µm; C = 1 µm.
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Figure 5.6. Maximum-Likelihood (ML) marine gregarine tree inferred from small subunit 18S rRNA gene sequences. 
Bootstrap values >50 and Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Black squares 

indicate statistical support ≥95/0.99. Scale bar represents the inferred evolutionary distance as a rate of base substitutions per site. 
Clades containing novel molecular data are colored to indicate locality. Novel sequences presented in this study are written in 

bold text.
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Figure 5.7. Maximum-Likelihood (ML) tunicate host tree inferred from COI gene sequences. Bootstrap values >50 and 
Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Scale bar represents the inferred evolutionary 
distance as a rate of base substitutions per site. Host sequences are colored to distinguish locality. Novel sequences presented in 

this study are written in bold text.
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Figure 5.8. Maximum-Likelihood (ML) Lankesteria subclade analysis tree inferred from small subunit 18S rRNA gene 
sequences. Bootstrap values >50 and Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Black 

squares indicate statistical support ≥95/0.99. Scale bar represents the inferred evolutionary distance as a rate of base substitutions 
per site. Sequence groups with distinct tunicate host associations are labeled A through D. Novel sequences presented in this 

study are written in bold text.
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Figure 6.1. Light and electron micrographs of Lecudina sp. Clade A isolates. Anterior ends (mucrons) are oriented to the 
right. (A–C) Light micrographs of trophozoite isolates showing nuclei (n). (D) Transmission electron microscopy (TEM) cross-

section showing the round shape of the trophozoite, numerous amylopectin granules (am), and epicytic folds (ef). (E) High-
magnification TEM image showing mitochondria (mt). (F) High-magnification TEM image showing epicytic folds (ef) with 

density of 4 folds/µm. Scale bars: A–D = 10 µm; E–F = 500 nm.
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Figure 6.2. Light and electron micrographs of Lecudina sp. Clade B (Lecudina cf. longissima) isolates. Anterior ends 
(mucrons) are oriented to the right. (A) Light micrograph showing the nucleus (n). (B) Scanning electron micrograph showing a 
trophozoite. (C) Transmission electron micrograph (TEM) showing epicytic folds (ef) with a density of 4 folds/µm. (D) A TEM 

cross-section of trophozoite with epicytic folds (ef). Scale bars: A = 20 µm; B = 50 µm; C = 1 µm; D = 10 nm.
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Figure 6.3. Maximum-Likelihood (ML) marine gregarine tree inferred from concatenated 18S and ITS rRNA gene 
sequences. Bootstrap values >50 and Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Black 

squares indicate statistical support ≥95/0.99. Scale bar represents the inferred evolutionary distance as a rate of base substitutions 
per site. Clades containing novel molecular data are colored to indicate locality. Novel sequences presented in this study are 

written in bold text.
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Figure 6.4. Maximum-Likelihood (ML) polychaete host tree inferred from COI gene sequences. Bootstrap values >50 and 
Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Scale bar represents the inferred evolutionary 
distance as a rate of base substitutions per site. Host sequences are colored to distinguish locality. Novel sequences presented in 

this study are written in bold text.
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Figure 7.1. Light and electron micrographs of Lecudina sp. Clade C (Lecudina cf. tuzetae) isolates. Anterior ends (mucrons) 
are oriented to the right. (A–C) Light micrographs of trophozoites cells with visible nuclei (n). (D) A scanning electron 

microscopy (SEM) image showing epicytic folds (ef) with a fold density of 2 folds/µm. (E) An SEM image showing trophozoite 
covered by epicytic folds (ef). Scale bars: A–C = 15 µm; D–E = 10 µm.
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Figure 7.2. Light and electron micrographs of Lecudina sp. Clade D (Lecudina kitase) isolates. Anterior ends (mucrons) are 
oriented to the right. (A) Differential interference contrast (DIC) micrograph showing the nucleus (n). (B) Scanning electron 
micrograph (SEM) showing epicytic folds (ef). (C) Transmission electron micrograph (TEM) cross-section showing epicytic 

folds (white arrowhead) and amylopectin granules (am). (D) An SEM of epicytic folds (ef) and numerous amylopectin granules 
(am). (E) A transmission electron microscopy (TEM) image of a Golgi apparatus (go) and mitochondrion (mt). (F) A TEM 
image of the cell membrane showing mitochondrion (mt), lipid droplets (lp), and epicytic folds at a density of 2 folds/µm. 

Individual epicytic folds are also indicated (ef). (G) A TEM image showing rippled dense structures (rds), plasma membrane 
(pm), and inner membrane complex (imc). Scale bars: A–C = 10 µm; D = 5 µm; E = 500 nm; F = 1 µm; G = 250 nm.
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Figure 7.3. Light and electron micrographs of Lecudina sp. Clade E isolates. Anterior ends (mucrons) are oriented to the 
right. (A–B) Light micrographs of trophozoite isolates showing nuclei (n) and mucron in button-like configuration. (C) Scanning 
electron microscopy (SEM) image of cell surface showing epicytic folds (ef) with a density of 1.3 folds/µm. (D–E) Whole-cell 
SEM images of isolates showing general morphology of cells covered with epicytic folds (ef). Scale bars: A–B = 20 µm; C = 5 

µm; D–E = 40 µm.
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Figure 7.4. Light and electron micrographs of Lecudina sp. Clade F isolates. Anterior ends (mucrons) are oriented to the 
right. (A–B) Light micrographs of trophozoite isolates showing nuclei (n) and rounded mucron in contracted (A) and extended 

(B) states. (C) Scanning electron microscopy (SEM) image of cell surface showing epicytic folds (ef) with a density of 2 
folds/µm. (D–E) Whole-cell SEM images of isolates showing general morphology of cells covered with epicytic folds (ef). Scale 

bars: A–B = 10 µm; C = 4 µm; D = 10 µm; E = 5 µm.
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Figure 7.5. Light and electron micrographs of Lecudina sp. Clade G isolates. Anterior ends (mucrons) are oriented to the 
right. (A–D) Light micrographs of trophozoite isolates showing nuclei (n). (E) Scanning electron microscopy (SEM) image of 
cell surface showing epicytic folds (ef) with a density of 1.3 folds/µm. (F) Whole-cell SEM images of isolates showing general 

morphology of cells covered with epicytic folds (ef). Scale bars: A–D = 10 µm; E = 1 µm; F = 5 µm.
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Figure 7.6. Maximum-Likelihood (ML) marine gregarine tree inferred from small subunit 18S rRNA gene sequences. 
Bootstrap values >50 and Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Black squares 

indicate statistical support ≥95/0.99. Scale bar represents the inferred evolutionary distance as a rate of base substitutions per site. 
Clades containing novel molecular data are colored to indicate locality. Novel sequences presented in this study are written in 

bold text.
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Figure 7.7. Maximum-Likelihood (ML) polychaete host tree inferred from COI gene sequences. Bootstrap values >50 and 
Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Scale bar represents the inferred evolutionary 
distance as a rate of base substitutions per site. Host sequences are colored to distinguish locality. Novel sequences presented in 

this study are written in bold text.
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Figure 7.8. Maximum-Likelihood (ML) Lecudina Clade A tree inferred from small subunit 18S rRNA gene sequences. 
Bootstrap values >50 and Bayesian Posterior Probabilities (PP) >0.95 are shown adjacent to nodes (ML/PP). Black squares 

indicate statistical support ≥95/0.99. Scale bar represents the inferred evolutionary distance as a rate of base substitutions per site. 
Clades containing novel molecular data are colored to indicate locality. Novel sequences presented in this study are written in 

bold text.
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TABLES

Table 1.1. Summary of marine gregarine genera and host associations for which molecular 
data exists.

Genus Host Type species Source

Amplecina Phyllodocidae sp. (polychaete) Amplectina cordis (Park and Leander, 2024a)

Ancora Capitella capitata (polychaete) Ancora sagittata (Simdyanov et al., 2017)

Caliculium Glossobalanus minutus (hemichordate) Caliculium glossobalani (Wakeman et al., 2014b)

Cephaloidophora Balanus balanus (crustacean) Cephaloidophora 
communis

(Kováčiková et al., 2017)

Cuspisella Lepidonotus helotypus (polychaete) Cuspisella ishikariensis (Iritani et al., 2018a)

Devanium Cirratulidae sp. (polychaete) Devanium planusae (Lax et al., 2024)

Difficilina Cerebratulus barentsi (nemertean) Difficilina cerebratuli (Simdyanov, 2009)

Ferraria Marphysa sanguinea (polychaete) Ferraria cornucephali (present work)

Filipodium Siphonosoma cumanense (sipunculid) Filipodium ozakii (Rueckert and Leander, 2009)

Ganymedes Anaspides tasmaniae (crustacean) Ganymedes anaspidis (Diakin et al., 2017)

Heliospora Gammarus pulex (crustacean) Heliospora longissima (Simdyanov et al., 2015)

Lankesteria Ciona intestinalis (ascidian) Lankesteria ascidiae (Iritani et al., 2021)

Lecudina Nereis sp. (polychaete) Lecudina pellucida (Odle et al., 2024)

Lithocystis
Echinocardium cordatum 

(echinoderm)
Lithocystis schneideri (Leander et al., 2006)

Loxomorpha Harmothoe imbricata (polychaete) Loxomorpha harmothoe (Iritani et al., 2018a)

Lunidium Terebellidae sp. (polychaete) Lunidium terebellae (Lax et al., 2024)

Metzidium Phascolosoma perlucens (sipunculid) Metzidium pissinus (Lax et al., 2024)
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Paralecudina Lumbrineris sp. (polychaete) Paralecudina polymorpha (Rueckert et al., 2013)

Polyplicarium Notomastus tenuis (polychaete) Polyplicarium lacrimae
(Wakeman and Leander, 

2013)

Polyrhabdina Spio fuliginosus (polychaete) Polyrhabdina spionis (Paskerova et al., 2021)

Pterospora Leiocephalus leiopygos (polychaete) Pterospora maldaneorum (Leander et al., 2006)

Selenidium Nerine cirratulus (polychaete) Selenidium pendula (Lax et al., 2024)

Sphinctocystis Phyllodoce citrina (polychaete) Sphinctocystis phyllodoces (Park and Leander, 2024a)

Trichotokara Nothria conchylega (polychaete) Trichotokara nothriae (Rueckert and Leander, 2010)

Trollidium Pherusa plumosa (polychaete) Trollidium akkeshiense (Wakeman, 2020)

Urospora
polychaetes, mollusks, nemerteans, 

and echinoderms
Urospora nemertis (Diakin et al., 2016)

Veloxidium Leptosynapta clarki (echinoderm) Veloxidium leptosynaptae
(Wakeman and Leander, 

2012)
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Table 2.1. Summary of marine gregarine clades, including host identities and collection sites.

Clade name Published name Site Host

Lunidium sp. Clade A unpublished Akkeshi Bay1 Nainereis sp.

Metzidium sp. Clade A unpublished Kabira Bay2 Phyllochaetopterus sp.

Devanium sp. Clade A unpublished Oshoro Bay3 Cirratulidae sp.

Devanium sp. Clade B unpublished Oshoro Bay3 Cirratulidae sp.

Devanium sp. Clade C unpublished Oshoro Bay3 Cirratulidae sp.

1 43°1′9′′N 144°50′4′′E, Hokkaido, Japan, visited on September 7, 2023.

2 24°26′4′′N 124°8′25′′E, Ishigaki Island, Japan, visited on September 15, 2023.

3 43°12′37′′N 140°51′25''E, Hokkaido, Japan, visited on September 30, 2022.
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Table 2.2. List of primers with references.

Primer name Sequence Direction Position1 Citation

SR1 5'-TACCTGGTTGATCCTGCCAG-3' forward 1
Nakayama et al. 

(1996)

SR1B 5'-GATCCTGCCAGTAGTCATATGCTT-3' forward 2
Yamaguchi and 

Horiguchi (2005)

Sel531* 5'-GGTTTGATTCCGGAGAGG-3' forward 372 present work

Sel804R* 5'-TTCAACTACGAGCTTTTTAACTG-3' reverse 613 present work

Sel1192* 5'-GATGATTAATAGGGRTAGTTG-3' forward 852 present work

Sel1353R* 5'-CGACGGTATCTGATCGTC-3' reverse 991 present work

Sel1717* 5'-CGAACGAGACCTTAACCTG-3' forward 1318 present work

Sel2070R* 5'-GCATCATTGTAGCGCGC-3' reverse 1458 present work

GenEukR1 5'-CGGTGTGTACAAACGGCAGGGAC-3' reverse 1592 Iritani et al. (2021)

SR12B 5'-CGGAAACCTTGTTACGACTTCTCC-3' reverse 1720
Yamaguchi and 

Horiguchi (2005)

SR12 5'-CCTTCCGCAGGTTCACCTAC-3' reverse 1721
Nakayama et al. 

(1996)

polyLCO 5'-GAYTATWTTCAACAAATCATAAAGATATTGG-3' forward n/a Carr et al. (2011)

polyHCO 5'-TAMACTTCWGGGTGACCAAARAATCA-3' reverse n/a Carr et al. (2011)

1 Positions for 18S primers are based on the complete Toxoplasma gondii 18S sequence (accession number: L37415), measured from the 5' 
terminus. Positions for primers absent on the T. gondii reference sequence are estimated by relative distance from the nearest present primer.

133



Table 2.3. Comparison between novel archigregarine clades and other close relatives.

Lunidium sp. 
Clade A

Metzidium sp. 
Clade A

Devanium sp. 
Clade A

Devanium sp. 
Clade B

Devanium sp. 
Clade C

Metzidium 
pisinnus

Metzidium 
pyroidea

Metzidium 
orientale

Metzidium 
perlucensae

Host(s) Nainereis sp. Phyllochaetopterus 
sp.

Cirratulidae sp. Cirratulidae sp. Cirratulidae sp. Phascolosoma 
agassizii

Themiste pyroides Themiste pyroides Phascolosoma 
perlucens

Host tissue gut gut gut gut gut gut gut gut gut

Locality Akkeshi Bay, 
Hokkaido, 

Japan

Kabira Bay, 
Ishigaki Island, 

Japan

Oshoro Bay, 
Hokkaido, Japan

Oshoro Bay, 
Hokkaido, Japan

Oshoro Bay, 
Hokkaido, Japan

Bamfield, 
Vancouver Island, 

Canada

Oshoro Bay, 
Hokkaido, Japan

Peter The Great 
Bay, Sea of Japan

CARMABI 
research station, 

Curaçao

Septate no no no no no no no no no

Trophozoite length 
(µm)

100–228 120–140 70–90 140–220 125–400 64–100 252–402 120–300 117

Nucleus shape spherical spherical spherical spherical spherical ellipsoidal ovoid ellipsoidal ellipsoidal

Nucleus diameter 
(µm)

6–7 9–11 5–7 5 5 11 22–37 10–25 10

Position of nucleus central central anterior third anterior third anterior anterior central central central

Shape of posterior pointed tapered pointed, tail-like tapered pointed rounded rounded pointed rounded

Epicytic fold 
density (folds/µm)

0.15 1.2 1.1 1.7 1.4 data absent data absent 0.3 data absent

Shape of mucron pointed rounded bulbous to broad rounded rounded pointed rounded pointed rounded

Citation present work present work present work present work present work Rueckert and 
Leander (2009)

Wakeman (2020) Rueckert and 
Leander (2009)

Lax et al. (2024)
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Table 2.3. Continued.

Devanium fallax Devanium 
planusae

Devanium 
cincinnus

Devanium 
robustum

Lunidium 
melongena

Lunidium 
antevariabilis

Lunidium spiralis Lunidium 
terebellae

Lunidium 
laculatum

Host(s) Cirriformia 
tentaculata

Cirriformia 
tentaculata

Cirratulidae sp. Cirratulus 
robustus

Thelepus japonicus Amphitritides 
gracilis

Amphitritides 
gracilis

Thelepus japonicas Eupolymnia sp.

Host tissue gut gut gut gut gut gut gut gut gut

Locality Roscoff, northern 
France

Oshoro Bay, 
Hokkaido, Japan

Hyacinthe Bay, 
Quadra Island, 

British Columbia, 
Canada

Clover Point, 
Victoria, British 

Columbia, Canada

Clover Point, 
Victoria, British 

Columbia, Canada

Roscoff, northern 
France

Roscoff, northern 
France

Clover Point, 
Victoria, British 

Columbia, Canada

 CARMABI 
research station, 

Curaçao

Septate no no no no no no no no no

Trophozoite length 
(µm)

300-500 115–137 183 104–215 116–136 131–190 105–194 175–430 115–123

Nucleus shape ellipsoid ovoid or 
spherical

spherical spherical spherical ovoid ovoid spherical ovoid

Nucleus diameter 
(µm)

6–17 10 5 5 15 13–21 13 9–12 10

Position of nucleus anterior central anterior anterior central central posterior central central

Shape of posterior pointed pointed pointed pointed rounded rounded pointed pointed blunt point

Epicytic fold density 
(folds/µm)

data absent broad folds faint faint data absent data absent data absent broad folds data absent (cross-
hatched)

Shape of mucron knob-like for 
flat-topped

pointed pointed knob-like neck-shaped plastic rounded pointed blunt point

Citation Rueckert and 
Horák (2017)

Wakeman (2020) Lax et al. (2024) Lax et al. (2024) Lax et al. (2024) Rueckert and 
Horák (2017)

Rueckert and 
Horák (2017)

Wakeman et al. 
(2014)

Lax et al. (2024)
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Table 2.3. Continued.

Lunidium proboscidis Lunidium shako

Host(s) Eupolymnia sp. Eupolymnia sp.

Host tissue gut gut

Locality CARMABI research 
station, Curaçao

CARMABI research 
station, Curaçao

Septate no no

Trophozoite length 
(µm)

110–170 108–143

Nucleus shape spherical spherical

Nucleus diameter (µm) 10 10

Position of nucleus central central

Shape of posterior rounded point blunt point

Epicytic fold density 
(folds/µm)

data absent data absent

Shape of mucron blunt, almost square hat-like

Citation Lax et al. (2024) Lax et al. (2024)
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Table 3.1. Summary of marine gregarine clades, including host identities and collection sites.

Clade name Published name Site Host

Ferraria sp. Clade A unpublished Oshoro Bay1 Marphysa victori

Ferraria sp. Clade B unpublished Oshoro Bay1 Marphysa victori

Paralecudina sp. Clade A unpublished Clover Point2 Lumbrineris cf. japonica

Paralecudina sp. Clade B unpublished Oshoro Bay1 Lumbrineris cf. japonica

Paralecudina sp. Clade C unpublished Oshoro Bay1 Lumbrineris cf. japonica

1 43°12'37''N 140°51'25''E, Hokkaido, Japan, visited between November 2022 and March 2023.

2 48°24'14''N 123°21'00''W, British Columbia, visited between November 7 and December 11, 2023.
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Table 3.2. List of primers with references.

Primer name Sequence Direction Position1 Citation

SR1 5'-TACCTGGTTGATCCTGCCAG-3' forward 1
Nakayama et al. 

(1996)

SR1B 5'-GATCCTGCCAGTAGTCATATGCTT-3' forward 2
Yamaguchi and 

Horiguchi (2005)

Sel531* 5'-GGTTTGATTCCGGAGAGG-3' forward 372 present work

Paralecu200F* 5'-GGATAATTGTGCTAATTGTGC-3' forward 116 present work

Paralecu608F* 5'-GAGGGAGGTAGTGACGAG-3' forward 433 present work

Tricho499F* 5'-GGTTCTGAGAAACAACTGG-3' forward 508 present work

Paralecu1077R* 5'-GTATTCCATGCTTGAGCAATC-3' reverse 764 present work

Paralecu1225F* 5'-GATACGCATTTGRCTGTTAG-3' forward 856 present work

Tricho1085R* 5'-CTCCACTCCTTGTGGTG-3' reverse 1130 present work

Paralecu1683R* 5'-GTTAACGGAATCAACCAGAC-3' reverse 1278 present work

Paralecu1968F* 5'-GGCCGTGAACGAGGAATTC-3' forward 1539 present work

GenEukR1 5'-CGGTGTGTACAAACGGCAGGGAC-3' reverse 1592 Iritani et al. (2021)

SR12B 5'-CGGAAACCTTGTTACGACTTCTCC-3' reverse 1720
Yamaguchi and 

Horiguchi (2005)

SR12 5'-CCTTCCGCAGGTTCACCTAC-3' reverse 1721
Nakayama et al. 

(1996)

25F1R 5'-ATATGCTTAAATTCAGCGG-3' reverse n/a
Takano and Horiguchi 

(2005)

polyLCO 5'-GAYTATWTTCAACAAATCATAAAGATATTGG-3' forward n/a Carr et al. (2011)

polyHCO 5'-TAMACTTCWGGGTGACCAAARAATCA-3' reverse n/a Carr et al. (2011)

1 Positions for 18S primers are based on the complete Toxoplasma gondii 18S sequence (accession number: L37415), measured from the 5' 
terminus. Positions for primers absent on the T. gondii reference sequence are estimated by relative distance from the nearest present primer.
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Table 3.3. Comparison between Ferraria spp. Clades A, B, and close relatives.

Ferraria sp. Clade A Ferraria sp. Clade B Ferraria 
cornucephali

Ferraria cornucephali 
iwamusi

Bhatiella marphysae Gopaliella 
marphysae

Viviera marphysae Trichotokara 
nothriae

Trichotokara 
japonica

Host(s) Marphysa victori Marphysa victori Cirratulidae sp. Marphysa sanguinea Marphysa sanguinea Marphysa gravelyi Marphysa 
sanguinea

Nothria conchylega Nothria cf. 
otsuchiensis

Host tissue gut gut gut gut gut gut gut gut gut

Locality Hokkaido, Japan Hokkaido Japan Port Blair, India Aio Beach, Yamaguchi, 
Japan

Port Blair, India Visakhapatnam 
Harbor, India

Wimereux, France Wizard Islet, British 
Columbia, Canada

Sagami-nada Sea, 
Shizuoka, Japan

Septate no undecided: transverse 
crease present

no undecided no immature 
unsegmented, mature 

segmented

no intermittent no

Trophozoite length 
(µm)

294–309 247–564 243–297 350–480 123–300 70–840 300–350 50–155 63–201

Nucleus shape spherical spherical spherical spherical ellipsoid or spherical spherical spherical spherical spherical

Nucleus diameter 
(µm)

35–38 26–74 23–31 50 17-27 data absent data absent 8–20 11–20

Position of nucleus longitudinal axis posterior half posterior half posterior half posterior half central central central central

Shape of posterior tapered flattened rounded flattened rounded tapered tapered rounded to pointed rounded to pointed

Epicytic fold density 
(folds/µm)

6 6 data absent data absent data absent data absent data absent 5 6–8

Shape of mucron ball-like or broad conical conical conical tapered broad broad elongate, hair-like 
projections

hair-like and antler-
like projections

Citation present work present work Setna (1931) Hoshide (1958), Hoshide 
(1973), Elbarhoumi and 

Zghal (2010)

Setna (1931), 
Elbarhoumi and 

Zghal (2010)

Ganapati et al. (1974) Schrével (1963), 
Elbarhoumi and 

Zghal (2010)

Rueckert and 
Leander (2010)

Rueckert et al. (2013)
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Table 3.3. Continued.

Trichotokara eunicae

Host(s) Eunice valens

Host tissue gut

Locality Ogden Point,
British Columbia, 

Canada

Septate no

Trophozoite length (µm) 531–685

Nucleus shape spherical

Nucleus diameter (µm) 48–53

Position of nucleus anterior bulb

Shape of posterior tapered

Epicytic fold density 
(folds/µm)

3–5

Shape of mucron bulbous

Citation Rueckert et al. (2013)
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Table 3.4. Comparison between Paralecudina sp. Clades A through C, and close relatives.

Paralecudina sp. Clade A Paralecudina sp. Clade B Paralecudina sp. Clade C Paralecudina (Lecudina) 
polymorpha

Paralecudina anankea

Host(s) Lumbrineris cf. japonica Lumbrineris japonica Lumbrineris japonica Lumbrineres latreilli, 
Lumbrineris japonica

Lumbrineris inflata

Host tissue gut gut gut gut gut

Locality Clover Point, British 
Columbia, Canada

Oshoro Bay and Ranshima 
Beach, Hokkaido, Japan

Ranshima Beach, Hokkaido, 
Japan

Roscoff, nothern France; 
Bamfield Marine Station, 

Vancouver, Canada

Clover Point,
British Columbia, Canada

Septate no no no no no

Trophozoite length 
(µm)

105–400 270–615 127–518 200–1120 203–383

Nucleus shape ellipsoid ellipsoid to spherical ellipsoid to spherical ellipsoid ellipsoid

Nucleus diameter 
(µm)

7–20 28–54 14–30 28–60 18–27

Position of nucleus anterior half anterior half anterior half anterior half central

Shape of posterior pointed rounded pointed pointed pointed

Epicytic fold density 
(folds/µm)

5 6 5 5 6

Shape of mucron rounded rounded rounded rounded tapered

Citation present work present work present work Schrével (1969), Rueckert et al. 
(2010), Rueckert et al .(2013)

Iritani et al. (2018b)
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Table 4.1. Summary of marine gregarine clades, including host identities and collection sites.

Clade name Published name Site Host

Lecudinidae sp. Clade A unpublished Hanaguri1 Ostracoda sp.

Lecudinidae sp. Clade B Undularius glycerae Oshoro Bay2 Glycera sp.

Difficilina sp. Clade A Difficilina fasoliformis Crescent City3 Terebellidae sp.

Lecudinidae sp. Clade C unpublished Mizunashikaihin4 Cirratulidae sp.

1 34°18'04''N 132°50'20''E, Hiroshima, Japan, visited between October 22 and 29, 2023.

2 43°12'37''N 140°51'25''E, Hokkaido, Japan, visited on November 11, 2022.

3 41°44'12''N 124°11'40''E, California, USA, visited in January 2023.

4 41°48'40''N 141°11'3''E, Hakodate, Hokkaido, Japan, visited on March 24, 2023.
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Table 4.2. List of primers with references.

Primer name Sequence Direction Position1 Citation

SR1 5'-TACCTGGTTGATCCTGCCAG-3' forward 1
Nakayama et al. 

(1996)

SR1B 5'-GATCCTGCCAGTAGTCATATGCTT-3' forward 2
Yamaguchi and 

Horiguchi (2005)

Lecu401F* 5'-CAAAGTTTCTGACCCATCAG-3' forward 275 present work

Sel531* 5'-GGTTTGATTCCGGAGAGG-3' forward 372 present work

Sel804R* 5'-TTCAACTACGAGCTTTTTAACTG-3' reverse 613 present work

LecuR* 5'-GAACACGCCGATTCACTC-3' reverse 724 present work

Sel1192* 5'-GATGATTAATAGGGRTAGTTG-3' forward 852 present work

Lecu1272F* 5'-GATCAAGAACGAAAGTTAGGGG-3' forward 942 present work

Sel1353R* 5'-CGACGGTATCTGATCGTC-3' reverse 991 present work

18SRF 5'-CCCGTGTTGAGTCAAATTAAG-3' reverse 1154 Mo et al. (2002)

SR9 5'-AACTAAGAACRGCCATGCAC-3' reverse 1245
Takano and 

Horiguchi (2005)

Lecu1617R* 5'-CCACGAACTAAGAACGGC-3' reverse 1252 present work

Sel1717* 5'-CGAACGAGACCTTAACCTG-3' forward 1318 present work

Sel2070R* 5'-GCATCATTGTAGCGCGC-3' reverse 1458 present work

GenEukR1 5'-CGGTGTGTACAAACGGCAGGGAC-3' reverse 1592 Iritani et al. (2021)

SR12B 5'-CGGAAACCTTGTTACGACTTCTCC-3' reverse 1720
Yamaguchi and 

Horiguchi (2005)

SR12 5'-CCTTCCGCAGGTTCACCTAC-3' reverse 1721
Nakayama et al. 

(1996)

25F1R 5'-ATATGCTTAAATTCAGCGG-3' reverse n/a
Takano and 

Horiguchi (2005)
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polyLCO 5'-GAYTATWTTCAACAAATCATAAAGATATTGG-3' forward n/a Carr et al. (2011)

polyHCO 5'-TAMACTTCWGGGTGACCAAARAATCA-3' reverse n/a Carr et al. (2011)

1 Positions for 18S primers are based on the complete Toxoplasma gondii 18S sequence (accession number: L37415), measured from the 5' 
terminus. Positions for primers absent on the T. gondii reference sequence are estimated by relative distance from the nearest present primer.
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Table 4.3. Comparison between novel Lecudinidae clades and other close relatives.

Lecudinidae sp. 
Clade A

Lecudinidae sp. 
Clade B

Lecudinidae sp. 
Clade C

Difficilina sp. 
Clade A

Difficilina 
cerebratuli

Difficilina 
paranemertis

Difficilina 
tubulani

Host(s) Ostracoda sp. Glycera sp. Cirratulidae sp. Terebellidae sp. Cerebratulus 
barentsi

Paranemertes 
peregrina

Tubulanus 
polymorphus

Host tissue gut gut gut gut gut gut gut

Locality Hanaguri, 
Hiroshima, Japan

Oshoro Bay, 
Hokkaido, Japan

Mizunashikaihin, 
Hakodate, 

Hokkaido, Japan

Northern California, 
United States

Russia: White Sea Canada: English Bay, 
Vancouver

Canada: English 
Bay, Vancouver

Septate no no no no no no no

Trophozoite length 
(µm)

60–120 130–270 225–360 45–60 up to 250 240–480 270–350

Nucleus shape spherical spherical spherical not visible spherical spherical spherical

Nucleus diameter 
(µm)

20 10–15 30–40 not visible 14–26 20–25 20–25

Position of nucleus anterior anterior central or anterior not visible central central central or anterior

Shape of posterior broadly rounded rounded rounded blunt tapered tapered tapered

Epicytic fold density 
(folds/µm)

1.5 1 3.3 4 4 4 4

Shape of mucron broadly rounded papillary rounded papillary papillary rounded rounded

Citation present work present work present work present work Simdyanov (2009) Rueckert et al. (2010) Rueckert et al. 
(2010)
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Table 4.4. Summary of relevant morphological and biogeographical data.

Pterospora Lithocystis Urospora

Membrane
Pellicular folds forming stellate cross 
hatch patterns (Landers and Leander, 

2005)

L. foliacae has crenulated epicytic 
folds, while L. schneideri has epicytic 

folds with density of 1 fold/µm 
(Coulon and Jangoux, 1987)

U. neapolitana has epicytic folds 
with density of 2 folds/µm, while 
U. ovalis has epicytic folds with 

density of 3 folds/µm (Coulon and 
Jangoux, 1987)

Morphology

Bulbous trunk with bifurcated limbs 
terminating in finger-like protrusions 
(Labbé and Racovitza, 1897; Landers 

and Leander, 2005)

Pear-shaped in the case of L. foliacae, 
or worm-like in the case of L. 

schneideri (Coulon and Jangoux, 1987)

Ovaloid spheres tapered at one end 
and often joined in syzygy at the 

other (Coulon and Jangoux, 1987)

Host
Annelida: Maldanidae (Landers and 

Leander, 2005)

Echinodermata: 
Spatangidae/Schizasteridae/Cucumarii

dae/Holothuriidae (Desportes and 
Schrével, 2013)

Annelida: Tubificidae; Nemertea; 
Echinodermata: 

Holothuriidae/Cucumariidae/Spatan
gidae; Sipunculida; Polychaeta: 

Cirratulidae (Desportes and 
Schrével, 2013)

Localities

Murmansk, Russia; Mediterranean Sea; 
English Channel; North Carolina, USA; 

Massachusetts, USA; St. Andrews, 
Canada, Bodega Bay, CA, USA; North 

Bay, San Juan Island, WA, USA, St. 
Andrew Bay, FL, USA (Landers and 
Leander, 2005; Leander et al., 2006; 

Desportes and Schrével, 2013)

Atlantic Ocean; North Sea; NE Pacific 
Ocean; NW Pacific Ocean; English 

Channel; Mediterranean Sea, Bamfield 
Marine Sciences Centre, Vancouver 

Island, BC, Canada (Coulon and 
Jangoux, 1987; Leander et al., 2006; 

Desportes and Schrével, 2013)

Atlantic Ocean; Mediterranean Sea; 
Germany; Pacific NW; Greenland; 

Barents Sea, English Channel, 
White Sea (Coulon and Jangoux, 
1987; Desportes and Schrével, 

2013; Diakin et al., 2016; 
Valigurová et al., 2023)
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Table 5.1. Summary of marine gregarine clades, including host identities and collection sites.

Clade name Published name Site Host

Lankesteria sp. Clade A unpublished Hakodate Port1 Ascidiella sp.

Lankesteria sp. Clade B unpublished
Hakodate Port1, Shibetsu Port2, 

and Wakkanai Port3 Ascidia zara

Lankesteria sp. Clade C unpublished Ishigaki Port4 Stolidobranchia sp.

Lankesteria sp. Clade D unpublished Hawaii Beach5 Eusynstyela sp.

Lankesteria sp. Clade E unpublished Ishigaki Port4 Stolidobranchia sp.

1 41°46'29''N 140°42'38''E, Hokkaido, Japan, visited on June 26, 2023.

2 43°40'5"N 145°7'51"E, Hokkaido, Japan, visited on September 9, 2023.

3 45°24'15"N 141°40'41"E, Hokkaido, Japan, visited on May 1, 2023.

4 24°20'41"N 124°8'45"E, Ishigaki Island, Japan, visited on September 19, 2023.

5 28°22'47"N 130°0'51"E, Kikai Island, Japan, visited on September 27, 2023.
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Table 5.2. List of primers with references.

Primer name Sequence Direction Position1 Citation

SR1 5'-TACCTGGTTGATCCTGCCAG-3' forward 1
Nakayama et al. 

(1996)

SR1B 5'-GATCCTGCCAGTAGTCATATGCTT-3' forward 2
Yamaguchi and 

Horiguchi (2005)

T74F 5'-GTCTCGCAGATTAAGCCATG-3' forward 34 Iritani et al. (2021)

Lecu401F* 5'-CAAAGTTTCTGACCCATCAG-3' forward 275 present work

T990F 5'-GAGTGAATCGGCGTGTTC-3' forward 636 Iritani et al. (2021)

T1140R 5'-GAATACGAATGCCCTCAACC-3' reverse 755 Iritani et al. (2021)

Lecu1432R* 5'-CTATACTCCCCCCAGAACTC-3' reverse 1095 present work

T1791R 5'-CTCCGCCTAACTCATGATAC-3' reverse 1527 Iritani et al. (2021)

GenEukR1 5'-CGGTGTGTACAAACGGCAGGGAC-3' reverse 1592 Iritani et al. (2021)

SR12B 5'-CGGAAACCTTGTTACGACTTCTCC-3' reverse 1720
Yamaguchi and 

Horiguchi (2005)

SR12 5'-CCTTCCGCAGGTTCACCTAC-3' reverse 1721
Nakayama et al. 

(1996)

25F1R 5'-ATATGCTTAAATTCAGCGG-3' reverse n/a
Takano and Horiguchi 

(2005)

DinF 5'-CGTTGRTTTATRTCTACWAATCATAARGA-3' forward n/a Salonna et al. (2021)

NuxR1 5'-GCAGTAAAATAWGCTCGRGARTC-3' reverse n/a Salonna et al. (2021)

CatF1 5'-ATRTCTACWAATCATAARGATATTRG-3' forward n/a Salonna et al. (2021)

UxR1 5'-ATAAGCTCGWGAATCHACATC-3' reverse n/a Salonna et al. (2021)

1 Positions for 18S primers are based on the complete Toxoplasma gondii 18S sequence (accession number: L37415), measured from the 5' 
terminus. Positions for primers absent on the T. gondii reference sequence are estimated by relative distance from the nearest present primer.
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Table 5.3. Comparison between novel Lankesteria clades and other close relatives.

Lankesteria sp. 
Clade A

Lankesteria sp. Clade 
B

Lankesteria sp. 
Clade C

Lankesteria sp. 
Clade D

Lankesteria sp. 
Clade E

Lankesteria 
hesperidiiformis

Lankesteria 
dolabra

Host(s) Ascidiella sp. Ascidia zara Stolidobranchia 
sp.

Eusynstyela sp. Stolidobranchia 
sp.

Distaplia occidentalis Asterocarpa 
humilis

Host tissue gut gut gut gut gut gut gut

Locality Hakodate Port, 
Hokkaido, Japan

Hakodate, Shibetsu, 
and Wakkanai Ports 
(Hokkaido, Japan)

Ishigaki Port, 
Ishigaki Island, 

Japan

Hawaii Beach, 
Kikai Island, Japan

Ishigaki Port, 
Ishigaki Island, 

Japan

Bamfield, Vancouver 
Island, Canada

Waikawa Marina, 
Marlborough, New 

Zealand

Septate no no no no no no no

Trophozoite length 
(µm)

18–24 62–135 95–130 86–125 105–110 35–80 163–207

Nucleus shape spherical spherical or ellipsoid ellipsoid spherical spherical spherical spherical

Nucleus diameter 
(µm)

2–3 5–15 14–20 15–25 9–12 14–15 14–22

Position of nucleus central anterior anterior anterior anterior anterior anterior

Shape of posterior rounded rounded pointed rounded tapered rounded tapered

Epicytic fold density 
(folds/µm)

0.4 3 4 3 4 2 3

Shape of mucron tapered proboscis-like bulbous and 
hooked

cylindrically 
protruding

beak-like pointed triangular

Citation present work present work present work present work present work Rueckert et al. (2015) Iritani et al. (2021)
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Table 5.4. Comparison between Lankesteria group and host phylogeny.

Lankesteria sp. 
Clade A

Lankesteria sp. 
Clade B

Lankesteria 
hesperidiiformis

Lankesteria 
didemni

Lankesteria 
cystodytae

Lankesteria 
ascidiae

Lankesteria 
savignyii

Lankesteria 
chelyosomae

Lankesteria sp. 
Clade C

Host(s) Ascidiella sp. Ascidia zara Distaplia occidentalis Didemnum 
vexillum

Cystodytes 
lobatus

Ciona 
intestinalis

Ciona savignyi Chelyosoma 
columbianum

Stolidobranchia sp.

Higher host 
taxon

Phlebobranchia Phlebobranchia Aplousobranchia Aplousobranchia Aplousobranchia Phlebobranchia Phlebobranchia Phlebobranchia Stolidobranchia

Lankesteria 
group

A A A B B C C C D

Citation present work present work Mastrototaro and 
Brunetti (2006), 

Rueckert et al. (2015)

Rueckert et al. 
(2015), 

Granthom-Costa 
et al. (2023)

Rueckert and 
Leander (2008), 

Moreno and 
Rocha (2008)

Sawada et al. 
(1998), Mita et 

al. (2012)

Iritani et al. 
(2021)

Rueckert et al. 
(2008), Seo (2025)

present work
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Table 5.4. Continued.

Lankesteria sp. 
Clade D

Lankesteria sp. 
Clade E

Lankesteria 
abbotti

Lankesteria 
herdmaniae

Lankesteria 
kaiteriteriensis

Lankesteria 
metandrocarpae

Lankesteria 
halocynthiae

Lankesteria cf. 
ritterellae

Lankesteria dolabra

Host(s) Eusynstyela sp. Stolidobranchia sp. Cnemidocarpa 
finmarkiensis

Herdmania momus Pyura sp. Metandrocarpa 
taylori

Halocynthia 
aurantium

Ritterella rubra Asterocarpa humilis

Higher host 
taxon

Stolidobranchia Stolidobranchia Stolidobranchia Stolidobranchia Stolidobranchia Stolidobranchia Stolidobranchia Aplousobranchia Stolidobranchia

Lankesteria 
group

D D D D D D D D D

Citation present work present work Leander et al. 
(2006), Gaber and 
Elghazaly (2021)

Rueckert et al. 
(2015), Gordon et 

al. (2019)

Iritani et al. 
(2021)

Zeng et al. (2006), 
Rueckert et al. 

(2015)

Zeng et al. (2006), 
Rueckert et al. 

(2015)

Koyama et al. 
(2012), Rueckert 

et al. (2015)

Alié et al. (2018), 
Iritani et al. (2021)
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Table 6.1. Summary of marine gregarine clades, including host identities and collection sites.

Clade name Published name Site Host

Lecudina sp. Clade A unpublished Clover Point1 Lumbrineris sp.

Lecudina sp. Clade B Lecudina cf. longissima Crescent City2 Lumbrineris japonica

1 48°24'14''N 123°21'00''W, British Columbia, Canada, visited between November 7 and December 11, 2023.

2 41°44'12''N 124°11'40''E, California, USA, visited in January 2023.
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Table 6.2. List of primers with references.

Primer name Sequence Direction Position1 Citation

SR1 5'-TACCTGGTTGATCCTGCCAG-3' forward 1
Nakayama et al. 

(1996)

SR1B 5'-GATCCTGCCAGTAGTCATATGCTT-3' forward 2
Yamaguchi and 

Horiguchi (2005)

Lecu401F* 5'-CAAAGTTTCTGACCCATCAG-3' forward 275 present work

Lecu1272F* 5'-GATCAAGAACGAAAGTTAGGGG-3' forward 942 present work

Lecu1617R* 5'-CCACGAACTAAGAACGGC-3' reverse 1252 present work

Paralecu1683R* 5'-GTTAACGGAATCAACCAGAC-3' reverse 1278 present work

Longi1342* 5'-CTGTGATGCCCTTAGATATC-3' forward 1406 present work

GenEukR1 5'-CGGTGTGTACAAACGGCAGGGAC-3' reverse 1592 Iritani et al. (2021)

SR12B 5'-CGGAAACCTTGTTACGACTTCTCC-3' reverse 1720
Yamaguchi and 

Horiguchi (2005)

SR12 5'-CCTTCCGCAGGTTCACCTAC-3' reverse 1721
Nakayama et al. 

(1996)

Vanc1238* 5'-TTACTATCCAAGAATTGGATTGG-3' forward n/a present work

25F1R 5'-ATATGCTTAAATTCAGCGG-3' reverse n/a
Takano and 

Horiguchi (2005)

polyLCO 5'-GAYTATWTTCAACAAATCATAAAGATATTGG-3' forward n/a Carr et al. (2011)

polyHCO 5'-TAMACTTCWGGGTGACCAAARAATCA-3' reverse n/a Carr et al. (2011)

1 Positions for 18S primers are based on the complete Toxoplasma gondii 18S sequence (accession number: L37415), measured from the 5' 
terminus. Positions for primers absent on the T. gondii reference sequence are estimated by relative distance from the nearest present primer.
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Table 6.3. Comparison between novel Lecudina clades and other close relatives.

Lecudina sp. Clade A Lecudina sp. Clade B Lecudina longissima Lecudina caspera Lecudina 
phyllochaetopteri

Lecudina brasili Lankesteria dolabra Lecudina laubieri

Host(s) Lumbrineris sp. Lumbrineris japonica Lumbrineris japonica, L. 
zonata, L. sp.

Lumbrineris inflata, 
Lumbrineris sp.

Phyllochaetopterus 
prolifica

Lumbrineris sp. Asterocarpa humilis Lumbrineris sp., L. coccinea

Host tissue gut gut gut gut gut gut gut gut

Locality Clover Point, British 
Columbia, Canada

Crescent City Jetty, 
California, USA

Yamaguchi, Japan; western 
USA; Bamfield, British 

Columbia, Canada

Clover Point, British 
Columbia, Canada

English Bay Beach, 
British Columbia, 

Canada

Adyar, Chennai, 
India

Waikawa Marina, 
Marlborough, New 

Zealand

Banyuls, France

Septate no no no no no no no no

Trophozoite length 
(µm)

52–150 200–420 200–800 226–420 24–32 150 163–207 400

Nucleus shape spherical spherical spherical or ellipsoidal spherical spherical spherical spherical ellipsoidal

Nucleus diameter 
(µm)

6–10 18–22 10–32 22–25 8–9 data absent 14–22 30

Position of nucleus anterior anterior anterior anterior third posterior half anterior third anterior anterior

Shape of posterior rounded pointed pointed tapered rounded rounded tapered tapered

Epicytic fold density 
(folds/µm)

4 4 data absent 4 folds absent data absent 3 data absent

Shape of mucron nipple-like nipple-like rounded or nipple-like nipple-like nipple-like tapered triangular elongate, proboscis-like

Citation present work present work Tsugawa (1944), Hoshide 
(1958), Levine (1974), 
Rueckert et al. (2010)

Iritani et al. (2018b), 
present work

Rueckert et al. (2010) Ganapati and Aiyar 
(1937)

Iritani et al. (2021) Théodoridès (1969)
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Table 6.3. Continued.

Lecudina oxydromus Lecudina cf. arabellae

Host(s) Oxydromus pugettensis Oenonidae sp.

Host tissue gut gut

Locality Bamfield, British 
Columbia, Canada

Bamfield, British 
Columbia, Canada

Septate no no

Trophozoite length 
(µm)

70–120 450–600

Nucleus shape spherical spherical or ellipsoidal

Nucleus diameter 
(µm)

10–18 20–35

Position of nucleus anterior anterior

Shape of posterior rounded pointed

Epicytic fold density 
(folds/µm)

4–5 3–4

Shape of mucron rounded blunt

Citation Park and Leander 
(2024a)

Park and Leander 
(2024a)
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Table 7.1. Summary of marine gregarine clades, including host identities and collection sites.

Clade name Published name Site Host

Lecudina sp. Clade C Lecudina cf. tuzetae Crescent City1 Nereis sp.

Lecudina sp. Clade D Lecudina kitase Oshoro Bay2 Perinereis sp.

Lecudina sp. Clade E unpublished Hanaguri3 Perinereis sp.

Lecudina sp. Clade F unpublished Kabira Bay4 Perinereis sp.

Lecudina sp. Clade G unpublished Ogamimaru Port5 Perinereis sp.

1 41°44'12''N 124°11'40''E, California, USA, visited in January 2023.

2 43°12'37''N 140°51'25''E, Hokkaido, Japan, visited between November 11 and 27, 2022.

3 34°18'04''N 132°50'20''E, Hiroshima, Japan, visited on June 9, 2024.

4 24°26'46''N 124°8'25''E, Ishigaki Island, Japan, visited on September 16, 2023.

5 26°41'28''N 127°59'54''E, Okinawa Island, Japan, visited on January 23, 2024.
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Table 7.2. List of primers with references.

Primer name Sequence Direction Position1 Citation

SR1 5'-TACCTGGTTGATCCTGCCAG-3' forward 1
Nakayama et al. 

(1996)

SR1B 5'-GATCCTGCCAGTAGTCATATGCTT-3' forward 2
Yamaguchi and 

Horiguchi (2005)

Lecu401F* 5'-CAAAGTTTCTGACCCATCAG-3' forward 275 present work

Lecu717MR* 5'-GTGCTGGCACCAGACTTTTCC-3' reverse 528 present work

Tuz3R* 5'-CGATTCACTCAAAGTACAG-3' reverse 715 present work

Tuz4* 5'-CTCTCCAGTACTTTCTGAG-3' forward 1040 present work

Lecu1617R* 5'-CCACGAACTAAGAACGGC-3' reverse 1252 present work

GenEukR1 5'-CGGTGTGTACAAACGGCAGGGAC-3' reverse 1592 Iritani et al. (2021)

T1791 5'-CTCCGCCTAACTCATGATAC-3' reverse 1632 Iritani et al. (2021)

SR12 5'-CCTTCCGCAGGTTCACCTAC-3' reverse 1721
Nakayama et al. 

(1996)

Tuz1763* 5'-ATGTATAGAACATGTTTCGCC-3' forward n/a present work

25F1R 5'-ATATGCTTAAATTCAGCGG-3' reverse n/a
Takano and Horiguchi 

(2005)

polyLCO 5'-GAYTATWTTCAACAAATCATAAAGATATTGG-3' forward n/a Carr et al. (2011)

polyHCO 5'-TAMACTTCWGGGTGACCAAARAATCA-3' reverse n/a Carr et al. (2011)

1 Positions for 18S primers are based on the complete Toxoplasma gondii 18S sequence (accession number: L37415), measured from the 5' 
terminus. Positions for primers absent on the T. gondii reference sequence are estimated by relative distance from the nearest present primer.
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Table 7.3. Comparison between novel Lecudina clades and other close relatives.

Lecudina sp. Clade C Lecudina sp. Clade D Lecudina sp. Clade E Lecudina sp. Clade F Lecudina sp. Clade G Lecudina tuzetae Lecudina pellucida

Host(s) Nereis sp. Perinereis sp. Perinereis sp. Perinereis sp. Perinereis sp. Nereis diversicolor; N. 
vexillosa; N. neoneanthes

Perinereis cultrifera; Nereis 
chilkaensis

Host tissue gut gut gut gut gut gut gut

Locality Crescent City, California, 
USA

Oshoro Bay, Hokkaido, 
Japan

Hanaguri, Hiroshima, 
Japan

Kabira Bay, Ishigaki, 
Japan

Ogamimaru Port, Okinawa, 
Japan

western Canada; English 
Channel

English Channel; Madras, India

Septate no no no no no no no

Trophozoite length 
(µm)

75–100 60–80 125–190 40–72 25–34 47–182 100–150

Nucleus shape spherical spherical spherical spherical spherical spherical to ovaloid spherical

Nucleus diameter 
(µm)

14–20 10–12.5 23–27 9–11 6–8 11–23 10

Position of nucleus central central central central central posterior or central central

Shape of posterior rounded rounded rounded rounded rounded pointed rounded

Epicytic fold density 
(folds/µm)

2 2 1.3 2.1 1.3 3 data absent

Shape of mucron rounded rounded rounded or button-like rounded rounded rounded cupped

Citation present work present work present work present work present work Schrével (1963), Rueckert et al. 
(2011b)

Ganapati (1946), Vivier (1968)
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Table 7.3. Continued.

Lecudina caudata Lecudina pelmatomorpha Lecudina cf. platynereidis

Host(s) Perinereis brevicirris Perinereis marionii Perinereis sp.

Host tissue gut gut gut

Locality Aio, Yamaguchi Prefecture, 
Japan

Cherbourg, northwestern 
France

Bamfield, British Columbia, 
Canada

Septate no no no

Trophozoite length 
(µm)

59–70 150–160 95–110

Nucleus shape spherical ovaloid ovaloid

Nucleus diameter 
(µm)

10 data absent 20–22

Position of nucleus central central posterior or central

Shape of posterior rounded rounded rounded

Epicytic fold density 
(folds/µm)

data absent data absent 2.5

Shape of mucron papillary conical rounded or dome-shaped

Citation Hoshide (1977) Schrével (1963) Park and Leander (2024a)
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