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ABSTRACT 

The tight coupling of host and parasite makes parasitism a powerful model for 

studying ecology and evolution. The null hypotheses of most evolutionary studies of 

parasites presume the dominance of host factors in mediating parasite evolution, 

both at the macro- and microevolutionary scales. At the population level, this is 

reflected in the expectation that the genetic structure of parasite populations should 

mirror that of their hosts, due to parasites’ reliance on their hosts for dispersal. 

Additionally, the low effective population sizes, short generation times, and high 

mutation rates typical of parasites should lead to their populations becoming more 

differentiated than those of their hosts. In cases in which this expectation is met, the 

higher levels of parasite population differentiation may provide more detailed 

information for studying host phylogeography, functioning as a sort of “biological 

tag”. Unfortunately, most studies comparing the population genetics of hosts and 

parasites have been restricted to a subset of parasitic taxa, and therefore any 

conclusions drawn from them are likely not representative of parasites in general. 

This thesis set out to test these assumptions in two under-studied host-parasite 

systems on New Zealand’s South Island: hairworms (Nematomorpha) and their 

various orthopteran hosts, and the mermithid nematode Thaumamemis zealandica and 

its sandhopper host, Bellorchestia quoyana.  

Identification by scanning electron microscopy of free-living hairworms collected 

from five mountainous locations in Central Otago revealed five species, including 

one new species. Sequencing of the mitochondrial gene cytochrome oxidase subunit 

1 (CO1) and nuclear rDNA regions suggests cryptic species in two taxa as well as a 

lack of population structure for the most commonly encountered species. A 

comparison with previously published data of known and likely hosts suggests the 

absence of host-parasite co-structure, indicating higher levels of parasite gene flow, 

potentially mediated by passive dispersal of hairworm eggs or larvae, intermediate 

host dispersal, and/or lack of definitive host specificity.  
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Bellorchestia quoyana specimens were collected from thirteen locations along the 

south-eastern coast and assessed for infection with T. zealandica. The mermithid was 

restricted to locations south of Long Beach, Dunedin. Sequencing of sandhopper CO1 

reveals the existence of regional metapopulations, with breaks occurring at the Otago 

and Banks Peninsulas. Sequencing of two fragments of CO1, NADH dehydrogenase 

subunit 4 (NADH4), cytochrome b (CYTB), and the nuclear rDNA internal 

transcribed spacer region (ITS) of the parasite revealed absolutely no intraspecific 

variation. This indicates that there may be no parasite population structure, although 

it is more likely that the sequence invariance is a result of extremely slow rates of 

nucleotide substitution, which may be characteristic of the family Mermithidae.  

The results of this thesis suggest that host traits, while important, are not the only 

factor influencing parasite microevolution. This in agreement with an emerging, 

more nuanced framework for conducting host-parasite population genetic studies. 

By investigating the population genetics of host and parasite, this thesis also 

provides the first genetic data for most of the study species, new information on their 

geographical ranges, additional ecological data, and novel primers which may prove 

useful for future studies.  
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1.1 – PHYLOGEOGRAPHY 

The field of phylogeography seeks to explain the influence of historical processes in 

shaping the present-day spatial distribution of genetic lineages, primarily at the 

intraspecific level (Avise, 2000). In doing so it bridges the fields of historical 

biogeography, population genetics, and systematics to further our understanding of 

how demographic responses (population bottlenecks, vicariance, migration, etc.) to 

previous climatic and geological events, such as glaciation or land bridge formation, 

can affect the structure of modern populations (Avise et al., 1987). The rapid 

expansion of the field is largely due to the advent and subsequent refinement of 

DNA sequencing technologies. Many studies have relied on the use of mitochondrial 

DNA (mtDNA) due to its high rate of sequence evolution and uniparental mode of 

inheritance, allowing for relatively fine-scale investigations and simplifying 

phylogenetic inference, respectively (Avise, 1998). The subsequent incorporation of 

rapidly evolving nuclear DNA (nuDNA) sequences such as microsatellites has 

further increased spatial resolution and strengthened phylogeographic 

interpretations when congruent patterns between markers are observed (Sunnucks, 

2000; Hare, 2001). However, incongruence between genetic markers within a single 

species is common (see Nichols, 2001), and can prevent conclusive interpretations in 

phylogeographical studies (Hey, 1997; Monsen & Blouin, 2003; Wiens et al., 2010; 

Toews & Brelsford, 2012).  

Studies demonstrating phylogeographical congruence between multiple species, 

rather than multiple genes of the same species, therefore provide more robust 

evidence for uncovering historical biogeographical processes (Bermingham & 

Moritz, 1998). Comparative phylogeography, as it is known, has increased in 

popularity and has contributed to our understanding of how communities and 

landscapes evolve more broadly (Bermingham & Avise, 1986; Bernatchez & Wilson, 

1998; Taberlet et al., 1998; Soltis et al., 2006). Comparative phylogeographical studies 

have proven useful for determining important biogeographic features such as 

migration corridors (Bermingham & Martin, 1998; Costa, 2003) and glacial refugia 
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(Schönswetter et al., 2005; Qu et al., 2010). Many such comparative studies have 

focused on closely related species: for example, frogs in the Guiana Shield of South 

America (Fouquet et al., 2012) or seahorses in Southeast Asia (Lourie et al., 2005). 

However, it is expected that comparisons between species with tight ecological links 

rather than shared evolutionary history are more likely to show congruent patterns 

and thus better equip phylogeographers to reconstruct ancestral environments 

(Carstens & Richards, 2007; Gutiérrez-García & Vázquez-Domínguez, 2011). Species 

that live in close association with one another, such as phytophagous insects, 

endosymbionts, and parasites and their respective hosts provide powerful systems in 

which to conduct comparative phylogeographical investigations (Burban et al., 1999; 

Crandall et al., 2008; Nieberding et al., 2004). This thesis is concerned with the 

comparative phylogeography of host-parasite systems. Before discussing previous 

examples of comparative phylogeography between host and parasite, it is important 

to address the idiosyncrasies of parasites and the historical context of evolutionary 

and ecological parasitology research.  

1.2 – EVOLUTIONARY ECOLOGY OF PARASITES 

Parasitism is considered to be one of the most successful life strategies among Earth’s 

fauna (Poulin & Morand, 2000). Parasitism has evolved at least 223 times among 

animal taxa (Weinstein & Kuris, 2016) and, by some estimates parasites may make up 

the majority of species present today, or at least a very substantial proportion 

(Windsor, 1998; Poulin & Morand, 2004; Poulin, 2014). While there are several 

definitions of the term parasite, this thesis defines a parasite as a metazoan that lives 

on or in another metazoan and causes harm to its host. Despite the vast number of 

parasitic taxa, evolutionary and ecological investigations of parasites have lagged far 

behind those of free-living animals. Indeed, the traditionally descriptive and 

systematic field of parasitology and the more theoretical and hypothesis-driven fields 

of evolutionary biology and ecology have historically had little overlap (Poulin, 

2007). Fortunately, this trend has changed, with many evolutionary biologists and 

ecologists turning towards the study of parasites as a means of elucidating important 
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evolutionary and ecological processes, and more classically-trained parasitologists 

incorporating evolutionary and ecological theory in their investigations (Poulin, 

2007).  

Parasitism is a powerful model system for evolutionary and ecological studies due to 

several distinct advantages. First, the host can essentially be conceptualised as the 

main component of the parasite’s environment. As such, it is much more feasible to 

investigate the evolutionary and ecological pressures upon a parasite than for a free-

living organism, for which the seemingly infinite number of interactions with biotic 

and abiotic components of its environment must be considered. Second, the tight 

coupling of host and parasite life-histories presents a unique opportunity for 

studying coevolution, phylogeography, and shared responses to ecological pressures. 

Third, studies of parasite evolution and ecology can provide insight into emerging 

infectious disease dynamics and thus inform wildlife conservation and public health 

efforts.  

The recognition of these advantages, along with the increasing availability of useful 

molecular tools, has led to a rapid increase in the number of empirical evolutionary 

investigations of parasites in recent years, encompassing both macro- and 

microevolutionary processes. However, despite the aforementioned general lack of 

communication between the fields of parasitology and evolutionary biology, the 

application of evolutionary thought to the study of parasites was not entirely absent, 

with several key researchers establishing a theoretical framework for parasite 

macroevolution not long after the time of Darwin.  

1.2.1 – CONCEPTS OF PARASITE EVOLUTION 

Theoretical studies of the evolution of parasites began in earnest in the late 19th and 

early 20th centuries with the work of von Ihering (1891, 1902), Kellogg (1913), and 

Fahrenholz (1913). Their efforts formalised several working hypotheses regarding the 

coevolution of parasite and host, which were summarised by Eichler (1942) in the 

form of “rules”. Full explanations of these rules and their historical context are 
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described in detail by Klassen (1992) and will not be reviewed here. However, the 

assumption underlying these rules and the then-accepted theoretical framework for 

studies of parasite evolution are perhaps best summarised by Fahrenholz’s rule, as 

presented by Eichler (1942):  

“Among numerous (mainly permanent) parasites, the historical 

development and splitting of the hosts is paralleled by a corresponding 

development and splitting of the parasites. Therefore, the resulting 

phylogenetic relationships of the parasites can be used to draw conclusions 

about the (often obscured) phylogenetic relationships of the hosts.” 

This assumption, that parasite phylogeny mirrors host phylogeny, formed the basis 

for most evolutionary investigations of parasite evolution throughout much of the 

20th century and its use as a null hypothesis in many studies continues (rightly or 

wrongly) to this day (Hoberg et al., 1997; Paterson & Banks, 2001). Hafner et al. (1994) 

provide the classic example of co-speciation of hosts and parasites, where nearly all 

speciation events of the pocket gophers (Rodentia: Geomyidae) resulted in speciation 

of their lice parasites (Geomydoecus spp.) (Figure 1.1). While other processes such as 

“straggling” (host-switching) were not ignored by early researchers, they were 

typically considered to be exceptions to the rule. More recent empirical studies have 

revealed the importance of host-switching and other processes such as intra-host 

speciation (duplication), extinction, and “missing the boat” in explaining 

phylogenetic patterns (Paterson & Gray, 1997; Page, 2003). Indeed, it appears that the 

rule has been disproven, as it is now apparent that examples of strong co-speciation 

of hosts and parasites, such as that shown above, are actually less common than 

those of incongruent phylogenies (see Hoberg & Brooks, 2008).  

1.2.2 – POPULATION GENETICS AND PHYLOGEOGRAPHY 

In contrast to the aforementioned studies of parasite macroevolution, investigations 

of microevolutionary processes in parasite populations did not begin until the late 

20th century. For despite the early work of Fisher (1930), Wright (1931, 1938), and 
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others in establishing the general microevolutionary concepts of genetic drift, gene 

flow, effective population size (Ne), etc., it was not until just before the turn of the 21st 

century that molecular tools were made available to researchers to begin testing 

specific hypotheses regarding parasites. Initial investigations of parasite population 

genetics were largely rooted in an assumption that can be thought of as a sort of 

microevolutionary corollary of Fahrenholz’s rule, i.e. that parasite population 

structure mirrors that of its host. This paradigm is based on the following 

expectations: 1) because parasites rely on their hosts for dispersal, host mobility is the 

main determinant of parasite gene flow and resulting population structure, and 2) 

the generally low Ne of parasite populations makes them more susceptible to genetic 

drift, and therefore global levels of population differentiation should be higher for 

parasites than hosts (Jarne & Théron, 2001; Gandon & Michalakis, 2002). This has 

important implications for comparative phylogeographical studies, for it is this 

assumption that underlies the expectation of phylogeographical congruence. While 

Figure 1.1 Tanglegram showing co-speciation of pocket gophers (Rodentia: Geomyidae) 

and their lice parasites (Geomydoecus spp.) (Hafner et al., 1994). Circles represent incidents 

of co-speciation. Figure adapted from Clayton et al. (2004).  
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there were those who stressed the importance of other factors (see Nadler, 1995), 

most early studies emphasised the outsized role of host dispersal in mediating 

parasite population structure. Indeed, there are a number of studies that demonstrate 

host dispersal-mediated population co-structure in a variety of systems, a pattern 

often used to explore biogeographical history (Criscione & Blouin, 2004; Nieberding 

et al., 2004; McCoy et al., 2005; Galbreath & Hoberg, 2012). For example, Nieberding et 

al. (2004) demonstrated that the trychostrongylid nematode Heligmosomoides 

polygyrus had similar patterns of population structure but higher levels of 

differentiation than its field mouse host, Apodemus sylvaticus. This allowed the 

researchers to uncover host recolonisation of previously glaciated regions after the 

last glacial maximum (LGM), which was not possible by using the host genetics 

alone (Figure 1.2). 

The existence of corresponding population structures is instrumental to the ability of 

comparative phylogeographical studies to uncover shared responses to past events of 

biogeographical importance. However, in contrast to the example provided by 

Nieberding et al. (2004), there are many studies demonstrating incongruence between 

host and parasite population structure, the results of which have been attributed to a 

multitude of factors (see Mazé-Guilmo et al., 2016). One obvious reason for a lack of 

co-structure is which host is considered in instances of complex parasite life cycles. 

Indeed, many parasites exploit completely different host taxa at different life stages, 

and the parasite’s phylogeographic structure is unlikely to be congruent with those 

of all of its host species. For example, Dybdahl & Lively (1996) found greater genetic 

differentiation in populations of the snail Potamopyrgus antipodarum than those of its 

trematode parasite (Microphallus sp.), likely due to the trematode’s avian definitive 

host having far greater dispersal potential than its snail intermediate host. Similarly, 

Blasco-Costa et al. (2012) showed that for two sympatric trematode species with 

different life cycles but one shared host, the trematode species with the less mobile 

definitive host exhibited greater population structure. Thus, the selection of which 

host in the parasite’s life cycle is used for comparison with the parasite’s own 
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Figure 1.2 Congruent phylogeographical patterns for host and parasite, with higher levels 

of population differentiation for parasite than host. A) scanning electron micrograph 

(SEM) of the parasitic nematode Heligmosomoides polygyrus. B) the parasite’s field mouse 

host (Apodemus sylvaticus). C) Superimposed intraspecific lineage trees of host and 

parasite, showing geographical distribution of genetic lineages. Colour-coded regions 

correspond to geographical ranges of host lineages, which are represented by broad 

translucent branches. Black dots refer to collection sites for hosts and parasites, which are 

linked to the parasite lineages, represented by thin, darkly-coloured branches. Data from 

Nieberding et al. (2004). Figure adapted from Nieberding & Olivieri (2007). 
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population structure will undoubtedly affect the outcome of co-structure 

investigations and thus any inferences of their biogeographical history.	 

The selection of which host to use for comparison is not the only factor influencing 

the lack of host-parasite co-structure. In recent years increasing attention has been 

paid to other variables that can affect population structure. For example, Keeney et al. 

(2009) found contrasting levels of population structure in the trematode species 

Maritrema novaezealandensis and Philopthalmus sp., both of which use the same marine 

snail as an intermediate host and shorebirds as definitive hosts. This difference was 

attributed in part to differences in infection intensity (mean number of parasites per 

infected host) as well as the use of different tissues within the definitive host, which 

likely affect transmission rates. Bruyndonckx et al. (2009) showed that while the 

mobility of the bat Myotis bechsteinii is responsible for gene flow between populations 

of its tick parasite Spinturnix bechsteini, their population structures did not reflect one 

another because parasite transmission between populations did not occur during bat 

mating, and therefore did not result in gene flow between host populations. Their 

results also emphasise the influence of parasite demographic factors, such as 

population bottlenecks, in the determination of population structure. Recent meta-

analyses (Blasco-Costa & Poulin, 2013; Mazé-Guilmo et al., 2016) have demonstrated 

the importance of factors such as parasite mating systems, the geographical range of 

the study, and the number of free-living stages in a parasite’s life-cycle in influencing 

the outcome of co-structure investigations. Specific landscape features rather than 

simple isolation by distance may also be important in determining the population 

structures of both protagonists (Biek & Real, 2010; Mazé-Guilmo et al., 2016).  

1.3 – THESIS MOTIVATION 

Despite the recent surge of investigations of host and parasite population genetics 

and phylogeography, the representation of parasitic taxa in these studies has been 

unequal and does not encompass the vast breadth of the world’s parasitic fauna. The 

majority of studies have been performed on trematodes, a few nematode taxa, and 
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various parasitic arthropods (lice, ticks), while lesser known parasitic taxa have been 

disregarded. Increasing the sampling of parasitic species would be of great benefit in 

elucidating general trends in parasite evolutionary biology that could potentially 

remain undiscovered by focusing only on select taxa.  

The representation of certain geographic regions of study is similarly biased. 

Phylogeographical studies abound for the continental landmasses of North America 

and Europe, for example, whereas other parts of the world have been 

underrepresented. This is partly due the rich body of knowledge for these regions 

regarding their geology, fossil records, and ecology, which can provide the basis for 

phylogeographical hypotheses. The fragmented and isolated nature of islands and its 

role in shaping their often-unique floral and faunal assemblages has also made them 

a model of intense study. The universality of general phylogeographical trends 

observed from a fraction of Earth’s habitat is far from guaranteed. A more 

comprehensive sampling of taxa from all corners of the world would therefore 

provide more robust understanding of what events in the past have shaped the 

modern distribution of species.  

The main aim of this thesis is to conduct a parallel investigation of the population 

genetics and phylogeography of two host-parasite systems in the Otago and 

Southland regions of New Zealand’s South Island. The studies encompass two little-

studied parasites of arthropods: freshwater hairworms (Gordiida: Nematomorpha) 

and the mermithid Thaumamermis zealandica (Enoplea: Nematoda). I will also use the 

genetic data collected for both studies to investigate the parasites’ phylogenies, as 

there are no molecular data currently available for most of these species. These 

studies should also provide valuable new information on the spatial distribution of 

these species, the potential for cryptic species, and transmission dynamics. 

1.4 – STUDY SYSTEMS 

New Zealand’s impressive biodiversity, high levels of endemism, and the presence of 

relict taxa have made it a region of interest to naturalists since before the term 
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“biogeography” was coined (Wallace, 1876; Fleming, 1962). Furthermore, New 

Zealand is unique from a biogeographical perspective in that it has both features of a 

continent and an island (Trewick et al., 2007). New Zealand is a continental 

archipelago comprising three main islands (North, South, and Stewart) and 

hundreds of smaller associated islands. These islands, along with New Caledonia, 

are part of the mostly submerged continent of Zealandia, which separated from 

remnants of the ancient supercontinent of Gondwana some 82 million years ago 

(mya) (Kamp, 1986). Its long isolation and the long-standing assumption of 

vicariance as the dominant force in shaping New Zealand’s unique biota has led to 

its characterisation as a sort of biological lens into the past, the so-called “moa’s ark” 

(Stevens, 1980; Bellamy et al., 1990). However, geological evidence for the near-

complete inundation of terrestrial New Zealand and molecular evidence for the 

dispersant origin of many endemic species has called this into question (Cooper, 

1989; Buckley et al., 2002; Knapp et al., 2005; McGlone, 2005). It is now apparent that 

both vicariance and dispersal have been important factors in shaping New Zealand’s 

modern biota (Waters & Craw, 2006; Wallis & Trewick, 2009).  

In recent years, many phylogeographical studies have been carried out, not solely for 

the purpose of elucidating the origins of New Zealand’s flora and fauna, but also to 

understand how geological and climatic events have shaped species’ distributions 

within and among New Zealand’s component landmasses (Wallis & Trewick, 2009). 

Such studies have uncovered important information regarding biotic responses to the 

formation of the Southern Alps, cycles of glaciation, contiguity of main islands, and 

oceanographic features, for example (Trewick et al., 2000; Waters & Roy, 2004; 

Shepherd et al., 2007; Collins et al., 2010; McCulloch et al., 2010; see Ross et al., 2009 or 

Trewick et al., 2011 for reviews of marine or terrestrial invertebrate studies, 

respectively). While these investigations have made significant progress, there are 

still many avenues for future research. Addition of phylogeographical data from 

host-parasite systems may increase observed spatial and temporal resolution, 

especially in cases of host-parasite co-structure and high parasite population 
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differentiation, and thus influence our ability to make historical biogeographical 

inferences.  

1.4.1 – NEMATOMORPHA 

Nematomorpha is one of three animal phyla that are exclusively comprised of 

parasites (Hanelt et al., 2005). Commonly known as hairworms or horsehair worms, 

nematomorphs are considered to be one of the most understudied parasitic groups 

(Bolek et al., 2014). Nematomorpha is an ancient taxon, with its origins thought to 

extend back at least 300 million years (Poinar, 2008). The earliest fossil record is from 

amber and dates to the early Cretaceous, from 100 to 110 mya (Poinar & Buckley, 

2006). The phylum is composed of two sub-taxa, the marine hairworms 

(Nectonematida) and the freshwater hairworms (Gordiida) (Schmidt-Rhaesa, 2013). 

Nectonematida is comprised of five species, all of the genus Nectonema, whereas 

Gordiida contains over 356 species from 18 genera (Poinar & Brockerhoff, 2001; 

Schmidt-Rhaesa, 2013). Gordiids have a cosmopolitan distribution and are most 

commonly reported from orthopteran, coleopteran, or mantid definitive hosts 

(Schmidt-Rhaesa, 2013).  

Gordiids possess a unique life-cycle that encompasses two hosts and spans aquatic 

and terrestrial environments (Hanelt & Janovy, 2004) (Figure 1.3). Adult hairworms 

emerge from their definitive host into a stream or puddle where they can form 

tangled masses of mating hairworms that are referred to as a Gordian knot, the 

etymological root of the taxon. Larvae emerge from eggs laid by female worms after 

mating, and encyst in a wide range of aquatic invertebrate hosts, many of which are 

thought to constitute “dead-ends” (Hanelt & Janovy, 2003; Hanelt & Janovy, 2004). 

The transfer of the nematomorph larva to land is accomplished via infection of an 

intermediate host with an aquatic pre-adult life stage (e.g. ephemeropteran, 

plecopteran, or culicid insects), which then metamorphoses, exits the aquatic 

environment, and is eaten by a definitive host, thus achieving trophic transmission of 

the parasite (Hanelt and Janovy, 2003). 
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Nematomorphs are perhaps best known for their ability to manipulate the behaviour 

of their definitive hosts (Thomas et al., 2002; Biron et al., 2005). Infected hosts seek out 

water and jump into it, leading to their death but transferring the hairworm to 

habitat suitable for emergence and subsequent mating. It is no surprise that these 

enigmatic worms have garnered attention for this aspect of their biology, although, 

as indicated above, comparatively little is known of the evolutionary biology or 

ecology of these parasites. The majority of nematomorph literature is comprised of 

species descriptions, anatomical studies, and host reports. Articles describing new 

species very often result from chance encounters during completely unrelated 

studies of particular insect species. Only recently have scientists begun investigating 

other areas of hairworm biology (Sato et al., 2011, 2012a; Hanelt et al., 2015; Harkins et 

al., 2016).   

Figure 1.3 General nematomorph life-cycle. From Hanelt & Janovy (2004).  
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For example, Sato et al. (2011, 2012a) demonstrated that predation of hairworm-

infected, water-seeking camel crickets and grasshoppers can account for 60% of the 

annual energy intake of the Kirikuchi char, a striking example of how behavioural 

manipulation by parasites can affect food webs and the ecology of riparian 

ecosystems. Hanelt et al. (2015) recently used sourcing of nematomorphs collected by 

citizen-scientists to investigate cryptic species and allopatric speciation of the Gordius 

cf. robustus species complex across the United States. These studies, among others, 

have increased our understanding of the evolution of hairworms and their role 

within ecosystems. However, despite recent progress, many researchers, even within 

the parasitology community, regard nematomorphs as a mere curiosity.   

One obstacle in investigations of hairworms is the relative difficulty in obtaining a 

sufficient number of specimens. Their patchy distribution and cryptic appearance, 

often resembling twigs or other aquatic debris, hinders systematic collections for 

study. In New Zealand, however, hairworms are relatively common and can occur in 

great numbers (Poinar, 2009). The nematomorph fauna of New Zealand is 

comparatively well characterised: there are one nectomatid species, Nectonema 

zealandica Poinar & Brockerhoff, 2001, and four gordiid species, Gordius dimorphus 

Poinar, 1991, Gordius paranensis Camerano, 1892, Parchordodes diblastus (Örley, 1881), 

and Euchordodes nigromaculatus Poinar, 1991 (Poinar, 1991; Schmidt-Rhaesa et al., 

2000; Poinar and Brockerhoff, 2001; see Schmidt-Rhaesa, 2008). An additional Gordius 

sp. has been reported but could not be formally described due to the lack of reliable 

diagnostic characters (Schmidt-Rhaesa, 2008). Confirmed definitive hosts of New 

Zealand gordiids include various species of giant, ground, and tree wētā 

(Anostostomatidae), cave wētā (Rhaphidophoridae), and grasshoppers of the genus 

Sigaus (Acrididae) (Poinar, 1991; Poulin, 1995; Schmidt-Rhaesa et al., 2000). 

Nematomorphs have also been reported from the New Zealand cockroaches 

Parellipsidion pachycercum (Blattellidae) and Celatoblatta peninsularis (Blattidae), as well 

as from the carabid beetle Oregus aereus, though the parasites were not identified to 

species level (Townsend, 1970; Zervos, 1989). As for intermediate hosts, hairworm 
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larvae have been found in a wide range of aquatic invertebrates including stoneflies, 

caddisflies, mayflies, and dobsonflies (Poinar, 1991; Winterbourn, 2005; Winterbourn 

& Pohe, 2016).  

Euchordodes nigromaculatus is the most well-characterised species, with previous 

studies having investigated intraspecific variation of cuticular features, microhabitat 

use, and infection levels (Poulin, 1995; Schmidt-Rhaesa et al., 1998; Thomas et al., 

1999). However, aside from initial reports and descriptions, little else is known of the 

other gordiid species. Additionally, genetic data has only been obtained from 

E. nigromaculatus and Gordius paranensis, for use in a systematic study investigating 

deep phylogenetic relationships both among and within phyla (Bleidorn et al., 2002). 

As sampling across New Zealand has not been equal, additional collections and the 

implementation of genetic techniques are likely to result in the discovery of entirely 

new species and/or cryptic species, and may aid in explaining the biogeography of 

the group.  

1.4.2 – THE AMPHIPOD BELLORCHESTIA QUOYANA AND ITS MERMITHID 
PARASITE THAUMAMERMIS ZEALANDICA 

The Talitridae are a family of amphipods (Malacostraca) with a cosmopolitan 

distribution that has successfully colonised aquatic, littoral, and terrestrial 

environments. The family is comprised of 63 genera containing at least 300 species 

(Horton et al., 2013). Littoral marine amphipods are divided into two ecological 

groups: the non-substrate-modifying, wrack (algae or other vegetation cast onshore) -

generalist beach fleas and the substrate-modifying, sand-burrowing sandhoppers 

(Wildish, 1988). Beach fleas and sandhoppers are nearly ubiquitous macrofauna of 

the littoral zone and play a key role in the degradation of algae (Griffiths & Stenton-

Dozey, 1981). Like all amphipods, talitrids lack a planktonic larval phase, developing 

directly on the female parent in a “marsupial” brood pouch. The absence of a 

planktonic larval phase, coupled with their widespread distribution and adaptation 

to diverse habitats, has made the talitrids a group of interest for studies of 

biogeography and population structure (Bousfield, 1984; De Matthaeis et al., 2000; 
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Henzler & Ingólfsson, 2008; Pavesi et al., 2012; Yang et al., 2013; reviewed in Pavesi & 

Ketmaier, 2013). These studies generally indicate modest to strong genetic 

structuring in populations of sandhoppers and weak structuring in populations of 

beach fleas, suggesting that while they both use wrack as a means of dispersal 

(rafting), the higher affinity of beach fleas for wrack results in a greater chance of 

migration and thus higher levels of gene flow (Pavesi & Ketmaier, 2013). 

New Zealand is home to at least 21 talitrid species, including both marine and 

terrestrial species (Horton & DeBroyer, 2013). The sandhopper Bellorchestia quoyana 

Milne-Edwards, 1840, formerly known as Talorchestia quoyana, is a common 

supralittoral talitrid of New Zealand’s sandy beaches (Serejo & Lowry, 2008). Like 

most New Zealand talitrids, B. quoyana is comparatively understudied, with only a 

handful of studies having been performed; these mostly focused on morphology and 

systematics, physiology, and ecology (Hurley, 1956; MacIntyre, 1963; Marsden, 

1991a, 1991b, 1991c). Despite their ubiquity on New Zealand’s beaches, no genetic 

investigation of B. quoyana has been carried out, either regarding their phylogeny, 

population genetics, or phylogeography. Numerous studies, however, have dealt 

with B. quoyana and its nematode parasite Thaumamermis zealandica.  

Thaumamermis zealandica is a mermithid nematode of the class Enoplea Inglis, 1983 

(Poinar et al., 2002). All members of the family Mermithidae Braun, 1883 are obligate 

parasites of invertebrates, usually of arthropods.  Many mermithid species have been 

described from insects, with particular attention paid to those which parasitise 

mosquitos due to their potential biological control applications (Platzer, 1981; 

Petersen, 1985).  Mermithids have also been of interest due to their unusual 

mitochondrial genomes, which are among the largest of all Metazoa and show 

extensive variation in length and gene order (Tang & Hyman, 2007; Hyman et al., 

2011). Amphipods are an atypical host of mermithids, with mermithids only having 

been reported from eight amphipod species (Poinar et al., 2002). Like most 

mermithids, T. zealandica is thought to have a direct life cycle (Poinar et al., 2002) 

(Figure 1.4). Worms emerge from the sandhopper host in moist sand, mate, and then 
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females lay eggs. Infection of a new host occurs either via ingestion of mermithid 

eggs or penetration of the body wall by mermithid larvae.   

Much of the research conducted on T. zealandica and its sandhopper host has dealt 

with the potential manipulation of host behaviour by the parasite (Poulin & Latham, 

2002a; Williams et al., 2004; Currey & Poulin, 2006, 2007), a phenomenon that has also 

been observed in other mermithid species (Maeyama et al., 1994; Vance, 1996). These 

studies indicate that T. zealandica is able to compel its host to burrow to deeper, 

moister sand that would be more favourable to the parasite after emergence. 

Williams et al. (2004) demonstrated that sandhoppers infected with T. zealandica had 

higher haemolymph osmolality, suggesting that “thirst” can explain the water-

seeking behaviour of infected hosts. Several studies have also investigated spatial 

patterns of infection within beaches (Poulin & Rate, 2001; Rasmussen & Randhawa, 

Figure 1.4 Likely life-cycle of Thaumamermis zealandica. 
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2015) as well as variation in body size and growth of the parasites (Poulin & Latham, 

2002b), providing valuable information on the general ecology and biology of these 

organisms. However, no genetic studies of this parasite or its host have yet been 

carried out, despite their potential for uncovering evolutionary relationships within 

the family Mermithidae, elucidating the dispersant or vicariant origin of either 

species, and suggesting mechanisms mediating population connectivity and gene 

flow.   

1.5 – SYSTEM SIMILARITIES 

Despite the differences in habitat between them (one marine littoral, and the other 

terrestrial and aquatic), these host-parasite systems share many similarities that 

warrant simultaneous investigation. First, and most importantly, is the likely 

conformity of their populations to functioning as “islands” (Wright, 1931). Models of 

population genetics that assume discrete and isolated populations throughout a 

species’ range and limited migration have been the dominant framework within the 

field, with more recent and complex models incorporating clinal differences in allele 

frequencies and the effect of specific landscape features (Hardy & Vekemans, 1999; 

Manel et al., 2003; McRae, 2006). Both Thaumamermis zealandica and New Zealand 

nematomorph populations are separated from one another by significant expanses of 

unsuitable habitat. The mermithid’s sandhopper host only occurs on sandy beaches, 

which are intermittent and frequently interrupted by rocky headlands along the 

south-eastern coast of the South Island. Additionally, long stretches of shingle 

beaches, such as that of the Canterbury Bight between Timaru and the Banks 

Peninsula, likely also function as barriers between populations due to large sediment 

size (preventing burrowing) and the lack of attachment sites for kelp, which form the 

basis of the sandhopper’s diet (Inglis, 1989; Collins et al., 2010). As for 

nematomorphs, the vast majority of reports comprise specimens collected from 

alpine areas, where suitable hosts such as orthopterans and blattodeans are 

abundant. It is likely that alpine nematomorphs, like their hosts, are locally adapted 

to cold environments and would have reduced survivability at lower elevations. 
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Additionally, the conversion of lowlands to agriculture is likely to have reduced the 

quality of habitat and the availability of hosts, further contributing to the isolation of 

populations among mountain ranges.  

As parasites primarily rely on their hosts for dispersal, host choice undoubtedly 

affects migration rates between populations and thus gene flow. The hosts of 

parasites dealt with herein have limited dispersal ability. For Bellorchestia quoyana, the 

lack of a planktonic larval phase couped with the discontinuity of its habitat means 

that long distance dispersal between sites can only occur via rafting on drifting kelp, 

phoretic association with a bird, or anthropogenic translocation, all of which are 

probably quite rare (Pavesi & Ketmaier, 2013). The definitive hosts of New Zealand 

nematomorphs are flightless insects that have been shown to have limited dispersal 

ability (Leisnham & Jamieson, 2002). This has been reflected in phylogeographical 

studies of many alpine insects, showing high levels of population structuring 

between neighbouring mountain ranges (see Trewick et al., 2011). Additionally, 

despite its flying ability, moderately high levels of population differentiation have 

been demonstrated in a genus of New Zealand stonefly, a likely intermediate host of 

nematomorphs (McCulloch et al., 2009). In general, relatively low prevalence has 

been observed in both host-parasite systems, indicating that for every host migration 

event only a small subset would result in the migration of the parasite (Poulin, 1995; 

Poulin & Rate, 2001; Poulin & Latham, 2002a; Currey & Poulin, 2006; Rasmussen & 

Randhawa, 2015). The combined effects of limited host dispersal and low prevalence 

isolate populations further in terms of their levels of genetic connectivity and 

contributes to the expectation of a high degree of population structuring.  

Mermithids and nematomorphs also share many characteristics regarding their 

appearance, taxonomy, and life-cycles. In fact, these similarities led them to initially 

be summarised in one taxon referred to as “Fadenwürmer” (Schmidt-Rhaesa, 2013). 

It was not until the late 19th century that they were regarded as separate taxa 

(Vejdovsky, 1886), though even today they can be confused with one another by the 

non-specialist. Their apparent relationship is not without a taxonomic basis, 
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however. Recent phylogenetic studies have suggested treating the Nematomorpha 

and Nematoda as sister taxa, grouping them into the higher taxon Nematoida 

(Schmidt-Rhaesa, 1998; Bleidorn et al., 2002). Nevertheless, because Mermithidae is 

only one family within the phylum Nematoda, nematomorphs and mermithids 

illustrate a striking example of convergent evolution. Life history traits such as their 

use of arthropod hosts, extreme length relative to their hosts, propensity to emerge 

into aquatic environments, and ability to induce water-seeking behaviour in their 

hosts are a few examples. It is little wonder, then, that they were not considered 

separate taxa until 130 years ago.   

Lastly, Nematomorpha and Mermithidae are both very understudied taxa. Only a 

handful of scientists are specifically investigating these organisms. As indicated 

earlier, many of the authors of nematomorph or mermithid publications were 

investigating questions completely unrelated to parasitism but rather found some 

strange worm in their arthropod collections. For some reason, perhaps the relative 

rarity with which they are encountered, nematomorphs and mermithids for the most 

part have not attracted evolutionary and ecological parasitologists in as large a 

number as other parasitic taxa.  Investigations in New Zealand, where 

nematomorphs occur in great numbers and a mermithid system has been described 

in sufficient detail, are likely to demonstrate the value of these parasites as study 

organisms for parasite evolution.  

Comparisons of patterns of host-parasite population co-structure between these two 

systems are likely to yield interesting results that could inform investigators of how 

specific life history traits affect the microevolutionary dynamics of parasites.  

Additionally, should the parasite populations conform to existing expectations of co-

structure and increased differentiation, parasite data from this study may provide 

increased resolution for elucidating the evolutionary histories of the hosts as well as 

the more general biogeographical trends in the study area.    
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1.6 – THESIS AIMS, HYPOTHESES, AND STRUCTURE 

The primary aim of this thesis is to investigate patterns of population structure of 

hosts and parasites in two systems on New Zealand’s South Island. This data will 

then be used for conducting phylogeographical analyses of the study organisms. 

Collections of the parasite species will provide basic information on the ecological 

parameters of geographical range and infection levels. Genetic data obtained from 

the specimens will also be used for conducting phylogenetic analyses and for the 

identification of potential cryptic species.  

Despite their significant overlap, for simplicity the specific aims of each study are 

listed below, with an explanation of the thesis structure, then followed by the main 

hypotheses.  

Chapter Two – Intra- and Interspecific Genetic Diversity of New Zealand 

Hairworms 

• Provide distribution data from collections of free-living hairworms 

• Present new genetic data for the parasites 

• Investigate the phylogeny of the phylum Nematomorpha 

• Identify cryptic species 

• Characterise population structure of hairworm species and compare to 

previously published host data 

Chapter Three – Comparative Population Genetics of the Sandhopper Bellorchestia 

quoyana and its Mermithid Parasite, Thaumamermis zealandica 

• Provide basic data on parasite distribution and infection levels 

• Present the first genetic data for both species  

• Investigate the phylogeny of T. zealandica and the family Mermithidae 

• Identify cryptic species 

• Compare population structure of host and parasite 

• Investigate phylogeographical patterns of host and parasite 

Chapter Four – General Discussion 
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Due to the fragmentation of their environments and limited host dispersal ability, it 

is expected that the population structure of each parasite should reflect that of their 

host, and that they should be significantly more differentiated. Exchange of migrants 

between neighbouring sampling locations should be more common than between 

those of great distance from one another, potentially resulting in the establishment of 

regional metapopulations.  Should the population genetic data conform to the 

expectations above, patterns of parasite phylogeography should give additional 

insight into the evolutionary history of their hosts and the landscapes in general. For 

example, increased population differentiation in nematomorphs may reveal 

previously undetected glacial micro-refugia of their wētā hosts. Data from mermithid 

populations may offer evidence for a particular dispersal mechanism of their 

sandhopper host not discernible from host data alone.  

Regarding New Zealand nematomorphs specifically, given the limited availability of 

morphological diagnostic characters and the lack of comprehensive sampling, it is 

quite likely that specimen collection and genetic analyses will reveal entirely new 

species or cryptic species within those previously described. It is similarly possible 

that mermithid populations have been isolated from one another for long enough 

that they have become genetically distinct, leading to deeply diverged lineages that 

may represent cryptic species.  

The results of these parallel investigations will contribute novel information on the 

microevolutionary dynamics between host and parasite from two understudied 

parasite taxa. The broadening of taxonomic scope provided by these studies will aid 

in our understanding of how parasites evolve in relation to their hosts more 

generally. The implication of these investigations, along with overall findings, will be 

synthesised and discussed in the concluding chapter of this thesis
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2.1 – ABSTRACT 

Molecular genetics provides powerful tools to investigate both micro- and 

macroevolutionary processes in the study of parasitism, in which the tight coupling 

of host and parasite life histories and dispersal allows for a multitude of potential 

evolutionary outcomes. Hairworms (Nematomorpha) are a little-known group of 

parasites, and despite having been represented in the taxonomic literature for over a 

century, the implementation of molecular genetics in studies of hairworm 

systematics, ecology, and diversity lags behind that of other parasitic taxa. In this 

study, I characterise the genetic diversity of the New Zealand nematomorph fauna 

and test for genetic structure within the most widespread species found. I provide 

new mitochondrial and nuclear ribosomal sequence data for three previously 

described species of hairworm from New Zealand: Gordius paranensis Camerano, 

1982, Parachordodes diblastus (Örley, 1881), and Euchordodes nigromaculatus Poinar, 

1991. I also present genetic data on a previously reported but undescribed Gordius 

sp., as well as data from specimens of a new Gordionus sp., a genus new for New 

Zealand. Bayesian and maximum likelihood phylogenetic analyses of cytochrome 

oxidase subunit 1 (CO1) and the 18S ribosomal RNA (18S rRNA) gene correspond 

with traditional classifications by scanning electron microscopy, and demonstrate 

paraphyly of the genus Gordionus and the potential for cryptic species within 

G. paranensis. Population-level analyses of E. nigromaculatus showed no genetic 

differentiation among collections from various mountain ranges in Central Otago, 

South Island, in contrast to patterns previously observed in known and likely 

definitive hosts. Taken together, this raises the possibility that factors such as 

definitive host specificity, intermediate host movement, and passive dispersal of eggs 

and larvae may influence host-parasite population co-structure in hairworms.  
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2.2 – INTRODUCTION 

The remarkable diversity of parasitic taxa and lifestyles makes parasitism an 

attractive model in which to investigate evolutionary and ecological forces (Poulin & 

Morand, 2004; Criscione et al., 2005). However, up until the past two or three decades 

the predominantly descriptive and systematic field of parasitology had little overlap 

with the more theoretical disciplines of evolutionary biology and ecology (Poulin, 

2007). The decreasing cost of molecular genetic tools within biological research has 

led to an increase in both micro- and macroevolutionary studies of parasites. This has 

expanded our understanding of parasite speciation, co-evolution, and biogeography, 

among others (Morand, Krasnov, & Littlewood, 2015). However, the representation 

of parasitic taxa in the evolutionary literature has not been equal, with research on 

certain groups lagging far behind those of medical or economic importance. 

Members of the phylum Nematomorpha, or hairworms, are an example of such a 

group, as they have been considered to be one of the most understudied taxa of 

parasites (Hanelt et al., 2005). Freshwater hairworms (Gordiida) are perhaps best 

known for their ability to induce water-seeking behaviour in their definitive hosts 

(Thomas et al., 2002). Gordiids also have a unique life cycle, which contains two hosts 

and extends across aquatic and terrestrial habitats (Hanelt & Janovy, 2004). Adult 

hairworms emerge from their definitive host into a stream or puddle where they 

encounter other individuals, mate, and lay eggs. Larvae emerge from the eggs and 

encyst in an intermediate host with an aquatic pre-adult life stage, which will then 

metamorphose, exit the aquatic environment, and be eaten by a definitive host, thus 

achieving trophic transmission of the parasite (Hanelt & Janovy, 2004). 

Molecular studies involving hairworms have only become more common in the past 

fifteen years, though in the majority of cases molecular data have only been used to 

investigate systematic relationships between phyla or within phyla closely related to 

Nematomorpha, with hairworm sequence data solely serving as an outgroup in 

phylogenetic analyses (Aguinaldo et al., 1997; Blaxter et al., 1998; Sørensen et al., 
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2008). However, the implementation of molecular genetics in nematomorph studies 

shows great potential for elucidating life cycles, discovering cryptic species, and 

investigating biogeography (Hanelt et al., 2015; Harkins et al., 2016). 

The nematomorph fauna of New Zealand is comparatively well characterised 

(Poinar, 1991a; Schmidt-Rhaesa, 2008; Poinar, 2009). One marine hairworm 

(Nectomatida) and four gordiid species have been reported: Nectonema zealandica 

Poinar & Brockerhoff, 2001, Gordius dimorphus Poinar, 1991, Gordius paranensis 

Camerano, 1892, Parchordodes diblastus (Örley, 1881), and Euchordodes nigromaculatus 

Poinar, 1991 (Poinar, 1991a; Schmidt-Rhaesa et al., 2000; Poinar & Brockerhoff, 2001; 

see Schmidt-Rhaesa, 2008). An additional Gordius sp. has been found in New Zealand 

but could not be formally described due to the lack of reliable diagnostic characters 

(Schmidt-Rhaesa, 2008). Because of deforestation and the conversion of lowlands to 

agriculture, nematomorphs are mostly found in montane and subalpine areas in 

New Zealand, and therefore occur in isolated areas separated by unsuitable habitats 

for their hosts. DNA sequence data has only been obtained from G. paranensis and 

E. nigromaculatus, which were used in a systematic study of the phylum (Bleidorn et 

al., 2002). With the exception of a sole investigation by Hanelt et al. (2015) into cryptic 

species of Gordius robustus in North America, no studies have used genetic data to 

examine allopatric speciation in hairworms.   

Molecular tools can also shed light on intraspecific patterns of genetic variation. 

Indeed, the comparative population structure between host and parasite populations 

has become an increasingly popular topic within evolutionary parasitology in recent 

years (Criscione & Blouin, 2004; Bruyndonckx et al., 2009; Criscione, 2008; Keeney et 

al., 2009). The close association between host and parasite and the dependence upon 

host movement for parasite dispersal has led to various predicted outcomes 

regarding local adaptation, population structure, and co-speciation (Nadler, 1995; 

Jarne & Théron, 2001; Gandon & Michalakis, 2002). These predictions have started to 

be tested, and while the results of these various studies are not always congruent, 

there are some general patterns beginning to emerge (Blasco-Costa & Poulin, 2013; 
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Mazé-Guilmo et al., 2016). As genetic information from hairworms is largely lacking, 

the addition of host-parasite co-structure data from nematomorph systems should 

lead to a more precise understanding of evolutionary trends within parasites in 

general, as opposed to the current focus on a smaller subset of parasitic taxa. Given 

their reliance on insect hosts with limited mobility for dispersal and the fragmented 

nature of their habitat in New Zealand, one might expect nematomorphs to show 

significant genetic structure even on relatively small spatial scales. 

I collected free-living adult nematomorphs from a variety of montane and subalpine 

locations in central Otago, South Island, New Zealand, with the aims of (i) 

characterising genetic diversity of the New Zealand nematomorph fauna, and (ii) 

investigating parasite population structure in the most geographically widespread 

species recovered. This chapter provides new insights into the phylogenetic 

relationships among hairworm taxa and the existence of potential cryptic species, as 

well as a discussion of comparative population structure between hairworm 

parasites and their orthopteran hosts using previously published data. 

2.3 – METHODS 

2.3.1 – NEMATOMORPH COLLECTION 

Free-living, post-parasitic adult nematomorphs were collected by hand from narrow 

mountain streams and pools in the alpine cushionfields and subalpine tussock 

grasslands of five mountain ranges in Central Otago: the Rock & Pillar Range (RP), 

the Crown Range (CR), the Remarkables (RE), the Ida Range (IR), and the Old Man 

Range (OM) (Table 2.1; Fig. 2.1). Specimens were transported to the laboratory in 

containers with stream water or 70% ethanol. All specimens were placed in 70% 

ethanol and left overnight at 4 °C. The following day specimens were sexed and 

measured. For species identification by scanning electron microscopy (SEM), a 

~5 mm segment of the mid-section and the posterior end were removed from all 

individuals and placed in a 1.5mL Eppendorf tube containing 70% ethanol. The 

remaining tissue was preserved in 95% ethanol for genetic analyses. SEM and species 



28 
 

identification were kindly performed by Dr. Andreas Schmidt-Rhaesa and Dr. Arun 

Vadav at the University of Hamburg, Germany. Genetic analyses and species 

identification through SEM were done independently from each other, i.e. their 

results were only compared after they were completed. 

Table 2.1 Nematomorph collection site information. 

Location  Latitude (S) Longitude (E) Elevation (m) Type 

Remarkables  45° 03' 25.2" 168° 48' 58.3" 1656 cushionfield 

Crown Range 44° 58' 47.9" 168° 56' 35.8” 935 tussock 

Rock & Pillar Range     

 1st Stream 45° 26' 39.9" 170° 06' 22.4" 508 tussock 

 2nd Stream 45° 26' 29.3" 170° 05' 03.4” 1085 tussock 

 Big Hut 45° 26' 01.5" 170° 04' 34.1" 1319 cushionfield 

Old Man Range     

 Stream A 45° 20' 40.0" 169° 11' 57.8" 1588 cushionfield 

 Stream B 45° 21' 04.8" 169° 12' 16.3" 1521 cushionfield 

Ida Range  44° 55' 32.2" 170° 15' 49.2" 1148 tussock 

 

2.3.2 – DNA EXTRACTION, PCR AMPLIFICATION, AND SEQUENCING  

Genomic DNA from all nematomorphs was extracted using a modified Chelex 

method (Walsh et al., 1991). For each hairworm, a ~5 mm section was removed and 

the cuticle was sliced longitudinally with a scalpel. The tissue inside was then 

scraped out and placed in a 1.5 mL Eppendorf tube containing 300 µL of an aqueous 

5% Chelex 100 (BioRad) solution containing 0.2 mg/mL of proteinase K (Roche). 

Scalpels were dipped in 95% ethanol and flame sterilised between each individual. 

Tubes were vortexed and centrifuged briefly, then incubated at 55 °C overnight. 
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Following this incubation, tubes were vortexed thoroughly and incubated at 94 °C 

for 10 minutes to deactivate the proteinase K. Tubes were then centrifuged at 

14,000 rpm for 10 minutes to pellet Chelex resin and undegraded cuticle. The 

supernatant was then transferred to a fresh 1.5 mL Eppendorf tube or 96-well plate 

for storage at 4 °C.  

Unless otherwise stated, all polymerase chain reactions (PCRs) were performed in a 

final volume of 15 µL, comprising 3 µL of MyTaqTM Red 5x reaction buffer (Bioline), 

0.75 µL of 10µM stock (75pmol) of each primer, 0.2 µL (1U) of MyTaqTM Red DNA 

Polymerase, and 3 µL of extracted nematomorph genomic DNA. All PCRs were 

cycled using an Eppendorf Mastercycler Pro thermal cycler (Hamburg, Germany). 

The PCR products were visualised by running 3 µL of the reaction on a 1% agarose 

gel and imaging with a UVITEC HD5 gel imager (Cambridge, United Kingdom). 

Products were purified of remaining dNTPs and oligonucleotides using the ExoSap 

method by adding 0.5 µL of exonuclease 1 (New England Biolabs, 1U/µL) and 0.5 µL 

of shrimp alkaline phosphatase (GE Healthcare, 1U/µL) to the remaining 12 µL of the 

Figure 2.1 Map of nematomorph collection sites. RK = Remarkables, CR = Crown Range, 

OM = Old Man Range, ID = Ida Range, RP = Rock & Pillar Range. 
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PCR, and incubating at 37 °C for 40 minutes then at 94 °C for 15 minutes. The DNA 

concentration of a subset of samples was measured using an Invitrogen Qubit 3.0 

fluorometer (Carlsbad, California, USA). Sanger sequencing by capillary 

electrophoresis was performed by Genetic Analysis Services, Department of 

Anatomy, University of Otago (Dunedin, New Zealand) or Macrogen Inc. (Seoul, 

Republic of Korea).  

Amplification of a 709 bp partial fragment of the mitochondrial gene cytochrome c 

oxidase subunit 1 (CO1) was attempted for all hairworm samples. Initially, either the 

‘universal’ primers LCO1498 (5’-GGTCAACAAATCATAAAGATATTGG-3’) and 

HCO2198 (5’-TAAACTTCAGGGTGACCAAAAAATCA-3’) (Folmer et al., 1994), or 

the degenerate primers HHW-cox1-F2 

(5’-TTTCWACYAATCAYAARGAYATTGG-3’) and HHW-cox1-R2 

(5’-TWACTTCAGGRTGACCAAAAAAYC-3’) (Hanelt et al., 2015) were used. Cycler 

conditions were as follows: initial denaturation at 94 °C for 4 minutes, 40 cycles of 

94 °C for 30 seconds, 48 °C for 30 seconds, and 72 °C for 1 minute, followed by a final 

extension at 72 °C for 5 minutes. Initial attempts with these primer sets resulted in 

poor amplification success and/or sequencing of contaminants for all but 18 

specimens. The partial CO1 sequences from these 18 individuals were aligned in 

Geneious v8.1.8 (http://www.geneious.com, Kearse et al., 2012) and the consensus 

sequence was used to design the degenerate primers NZHW_CO1_F (5’-

DTTYTGRTCTGCHTTTTTRGG-3’) and NZHW_CO1_R (5’-

RAAAAAWGAWGTDTTAAYATTTCG-3’), which amplify a 592 bp fragment of 

CO1.  PCRs were performed as previously stated but with 1.5 µL of 10µM stock 

(150pmol) of each primer. Cycler conditions were as follows: initial denaturation at 

94 °C for 4 minutes, 40 cycles of 94 °C for 30 seconds, 60 °C for 30 seconds, and 72 °C 

for 1 minute, followed by a final extension at 72 °C for 5 minutes. 

A variable length fragment of the nuclear rDNA region containing partial sequence 

of the 3’ end of the 18S rRNA gene, internal transcribed spacer 1, 5.8S rRNA gene, 

internal transcribed spacer 2, and partial sequence of the 5’ end of the 28S rRNA were 
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amplified using the primers HHW-ITS-F2 (5’-CACGCGCGCTACACTGAA-3’) and 

HHW-ITS-R2 (5’-GGCGCTGGACTCTTCCTATT-3’) (Hanelt et al., 2015). Cycler 

conditions were as follows: initial denaturation at 94 °C for 5 minutes, 40 cycles of 94 

°C for 30 seconds, 60 °C for 30 seconds, and 72 °C for 1 minute and 30 seconds, 

followed by a final extension at 72 °C for 5 minutes. For a subset of the specimens, 

PCR amplification of the rDNA region resulted in a multiple band pattern. To 

identify the correct band and design new primers for reliable amplification, the full 

PCR volume from one specimen was run on a 1% agarose gel, the bands were 

excised, and the DNA was purified using the Invitrogen PureLink Quick Gel 

Extraction Kit (Carlsbad, California, USA). These samples were then sequenced in 

both directions by Genetic Analysis Services, Anatomy Department, University of 

Otago. Contiguous sequences (contigs) were assembled using Geneious and 

sequence identity was confirmed using a BLAST search (www.ncbi.nlm.nih.gov, 

Zhang et al., 2000). The sequence from only one band was found to be similar to 

existing nematomorph rDNA sequences. Sequence data from this fragment was used 

to design the novel primers HW_Grp5_ITS_F (5’-CTGGGTATCCGCTGAACTCC-3’) 

and HW_Grp5_ITS_R (5’-TAGTTTCTTTTCCTCCGCTTATTAATATGC-3’). For all 

subsequent PCRs with this primer set, cycler conditions were as follows: initial 

denaturation at 94 °C for 5 minutes, 40 cycles of 94 °C for 30 seconds, 53 °C for 30 

seconds, and 72 °C for 1 minute and 30 seconds, followed by a final extension at 

72 °C for 5 minutes.  

2.3.3 – SEQUENCE PROCESSING AND PHYLOGENETICS 

All sequence data editing and aligning was performed using Geneious. All sequences 

were automatically trimmed using the default 0.05 error probability limit. Contigs 

were assembled for markers sequenced in both directions. All sequences were 

inspected by eye for incorrect base calls and ambiguities, and then edited manually. 

Sequences were uploaded to BLAST to confirm their identity as true nematomorph 

sequences and not contaminants. Alignments were created using the MAFFT 

algorithms (Katoh & Stanley, 2013). For ribosomal regions, the specific MAFFT 
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algorithm was selected using the “Auto” function. Determination of boundaries of 

the various ribosomal fragments was performed by comparing regions of homology, 

and the sequences were annotated as such. For CO1, the “Translation Align” feature 

was used, implementing the BLOSUM62 scoring matrix (Henikoff & Henikoff, 1992). 

Sequences were inspected further to check for obvious incorrect base calls. The CO1 

reading frame was determined by translating the sequences starting at different 

positions in the alignment and inspecting for stop codons. This was then confirmed 

by comparing to reference sequences from GenBank (www.ncbi.nlm.nih.gov). 

Pairwise distance matrices of CO1 sequence data were created in MEGA v7 (Kumar 

et al., 2016) using the Kimura 2-parameter (K2P) measure of genetic divergence 

(Kimura, 1980), calculating the distance between each specimen as well as mean 

intra- and interspecific distances. For phylogenetic analyses, model selection and 

optimal partitioning schemes were determined using PartitionFinder v2.0.0 (pre-

release 14) (Lanfear et al., 2012), which utilises the software PhyML v3.0 (Guindon et 

al., 2010) and allows the user to restrict model testing to those implemented in 

MrBayes. The corrected Aikake information criterion (AICc) was used for evaluating 

the likelihood of the proposed models and partitioning schemes. For CO1, the 

optimal partitioning scheme consisted of one partition containing all codon positions. 

Phylogenetic tree building was performed with MrBayes v3.2.6 (Ronquist & 

Huelsenbeck, 2003) and RAxML v8 (Stamatakis, 2014), and was performed remotely 

using the CIPRES Science Gateway (Miller et al., 2010). For Bayesian analyses of 18S 

and CO1, PartitionFinder selected the models SYM+I+Γ and GTR+I+Γ, respectively. 

Two runs, each consisting of four Markov chains, were allowed to run for 10,000,000 

generations and were sampled every 1,000. A chain heating parameter of 0.04 was 

used. The first 2,500 trees (25%), were discarded as burn-in and posterior 

probabilities were obtained from a majority-rule consensus. Tracer v1.6 (Drummond 

& Rambaut, 2007) was used to assess convergence of the two runs and ensure high 

effective sample size (ESS). For maximum likelihood, the RAxML default model of 

GTR+Γ was used for all markers. Bootstrap support values were obtained using the 

rapid bootstrap method with 1,000 replicates. Outgroups (two nematode species) and 



33 
 

nematomorph reference sequences used in phylogenetic analyses were obtained 

from GenBank, and can be found in Table 2.2.  

Table 2.2 A list of nematomorph and outgroup sequences obtained from GenBank, along 

with a reference to the original study. DS = direct submission. Outgroup sequences indicated 

by *. 

Species 18S CO1 Reference 

Chordodes fukuii   AB647244 (Sato et al., 2012b) 

Chordodes morgani AF036639 KU721072 (Blaxter et al., 1998); 

(Harkins et al., 2016) 

Chordodes sp. BH-2013  KF381359 (Bolek et al., 2013) 

Chordodes sp. BSG-2002 AF421763  (Bleidorn et al., 2002) 

Euchordodes nigromaculatus  AF421764  (Bleidorn et al., 2002) 

Gordionus alpestris KT202292  (Efeykin et al., 2016) 

Gordionus chinensis  AB741906 (Sato et al., 2014) 

Gordionus kii  AB647252 (Sato et al., 2012b) 

Gordionus sp. BD15 KT202294  (Efeykin et al., 2016) 

Gordionus wolterstorffi AF421765  (Bleidorn et al., 2002) 

Gordius albopunctatus U88337  (Aleshin et al., 1998) 

Gordius aquaticus X80233  (Winnepenninckx et al., 

1995) 

Gordius attoni  KM382318 (Hanelt et al., 2015) 

Gordius balticus  KM382320 (Hanelt et al., 2015) 

Gordius cf. robustus N131 (Clade 1)  KM382279 (Hanelt et al., 2015) 

Gordius cf. robustus N132B (Clade 7)  KM382310 (Hanelt et al., 2015) 

Gordius cf. robustus N148A (Clade 3)  KM382284 (Hanelt et al., 2015) 

Gordius cf. robustus N161A (Clade 6)  KM382301 (Hanelt et al., 2015) 

Gordius cf. robustus N223A (Clade 8)  KM382311 (Hanelt et al., 2015) 

Gordius cf. robustus N257 (Clade 5)  KM382296 (Hanelt et al., 2015) 
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Species 18S CO1 Reference 

Gordius cf. robustus N272 (Clade 4)  KM382290 (Hanelt et al., 2015) 

Gordius cf. robustus N395 (Clade 2)  KM382283 (Hanelt et al., 2015) 

Gordius paranensis AF421766  (Bleidorn et al., 2002) 

Gordius sp. U51005  (Aguinaldo et al., 1997) 

Gordius sp. AN154 KT202296  (Efeykin et al., 2016) 

Gordius sp. BDE3 KT202295  (Efeykin et al., 2016) 

Gordius sp. KW-2011-A   AB647235 (Sato et al., 2012b) 

Gordius sp. KW-2011-B  AB647237 (Sato et al., 2012b) 

Gordius sp. KW-2011-D   AB647241 (Sato et al., 2012b) 

Gordius sp. N178   KM382321 (Hanelt et al., 2015) 

Gordius sp. N183   KM382322 (Hanelt et al., 2015) 

Gordius sp. N297B   KM382323 (Hanelt et al., 2015) 

Gordius sp. N357   KM382324 (Hanelt et al., 2015) 

Nectonema agile AF421767  (Bleidorn et al., 2002) 

Neochordodes occidentalis AF421768 JN881995 (Bleidorn et al., 2002); 

(Looney et al., 2012) 

Paragordionus dispar AF421769  (Bleidorn et al., 2002) 

Paragordionus rautheri AF421770  (Bleidorn et al., 2002) 

Paragordius sp. GG-2004 AY428819 AY428843* (Giribet et al., 2004) 

Paragordius tricuspidatus AF421771  (Bleidorn et al., 2002) 

Paragordius varius AF421772 KU721073* (Bleidorn et al., 2002); 

(Harkins et al, 2016) 

Spinochordodes tellini AF421773  (Bleidorn et al., 2002) 

Trichinella spiralis AY497012* AF293969 DS; (Lavrov and 

Brown, 2001) 

Xiphinema americanum AY283170* AY382608 (Neilson et al., 2004); 

(He et al., 2005) 
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2.3.4 – POPULATION GENETICS 

Arlequin v3.5.2.2 (Excoffier & Lischer, 2010) was used to calculate the number of 

haplotypes (Nh), number of polymorphic sites (Np), the haplotype diversity (h), and 

nucleotide diversity (π) for both markers for each hairworm species. For the most 

spatially widespread species, Euchordodes nigromaculatus, statistical parsimony 

networks of the CO1 and ITS data were created with the software PopArt (Leigh & 

Bryant, 2015) using the TCS method (Clement et al., 2000). Clustering of individual 

haplotypes into groups was performed with BAPS v6.0 (Corander et al., 2003) with 

the number of estimated populations set to 2 ≤	K	≥20. For each K value, 5 

independent runs were performed. To test for population differentiation of 

E. nigromaculatus, a single level AMOVA (Excoffier et al., 1992) was performed in 

Arlequin, implementing the TrN+Γ model of nucleotide substitution with a shape 

parameter α = 0.021 for each marker, as determined by jModelTest2 (Darriba et al., 

2012). Significance of AMOVA results was determined by 10,000 random 

permutations.  

2.4 – RESULTS 

2.4.1 – COLLECTIONS AND MORPHOLOGY 

In total, 87 nematomorphs were collected (Table 2.3). With the exception of Gordius 

dimorphus, morphological identification by SEM revealed all previously reported 

New Zealand hairworms. Euchordodes nigromaculatus was the most commonly 

encountered species, with a total of 34 individuals from three of the five ranges, the 

Remarkables (RK), the Rock & Pillar (RP), and the Old Man Range (OM). This species 

has polygonal cuticular areoles and is the only New Zealand species in which males 

have an undivided posterior end (Fig. 2.2 A,B). Parachordodes diblastus was found at 

three locations, the Crown Range (CR), RP, and OM, but was most heavily 

represented at CR, where it comprised 12 of the 13 collected individuals. P. diblastus 

can be identified by its elevated dark superareoles (Fig. 2.2 C,D), which are 

characteristic of this genus.  
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Table 2.3 Summary of nematomorph collections among sites and sublocations 

    RP  OM    
 
Species 

 
Sex 

 
RK 

 
CR 

1st  
Stream 

2nd  
Stream 

 
Big Hut 

 
Total RP 

 
Stream A 

 
Stream B 

 
Total OM 

 
ID 

 
Overall 

Euchordodes nigromaculatus 1 - - - 20 20 3 10 13 - 34 
 M 1 - - - 14 14 2 4 6 - 21 
 ? - - - - 6 6 1 6 7 - 13 
Parachordodes diblastus - 11 - - 3 3 1 3 4 - 18 
 M - 9 - - 3 3 1 3 4 - - 
 ? - 2 - - - - - - - - - 
Gordius paranensis - - - 4 2 6 - - - 3 9 
 M - - - 4 1 5 - - - 3 8 
 ? - - - - 1 1 - - - - 1 
Gordius sp. - 1 4 - 5 9 4 4 8 - 18 
 M - 1 3 - 5 8 1 4 5 - 14 
 F - - - - - - 2 - 2 - 2 
 ? - - 1 - - 1 1 - 1 - 2 
Gordionus n. sp. - - - - 4 4 1 - 1 2 7 
 M - - - - 4 4 - - - 1 5 
 F - - - - - - 1 - 1 - 1 
 ? - - - - - - - - - 1 1 
unidentified - - - - - - 1 - 1 - 1 
 ? - - - - - - 1 - 1 - 1 
TOTAL  1 12 4 4 34 42 10 17 27 5 87 
 M 1 10 3 4 27 34 4 11 16 3 63 
 F - - - - - - 3 - - - 3 
 ? - 2 1 - 7 8 3 6 9 2 21 
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This species is identified by its smooth cuticle and the presence of a semicircular pre-

cloacal row of bristles, in addition to the post-cloacal crescent that is characteristic of 

the genus (Fig. 2.2 E,F). Individuals of a previously reported but undescribed Gordius 

sp. were also collected (Schmidt-Rhaesa, 2008). This species displays a post-cloacal 

crescent but lacks the pre-cloacal bristles characteristic of G. paranensis (Fig. 2.2 G,H). 

In addition to the previously reported New Zealand species, seven individuals of an 

undescribed species were also found (Fig. 2.2 I,J). This species exhibits areoles 

surrounded by fine bristles and possesses a row of large bristles on the ventral side of 

the posterior end in males. These characters are typical of the genus Gordionus. A 

formal description of this species will be provided elsewhere (Appendix A). One 

specimen (OM 10) could not be identified by SEM or molecular methods.  

Mean lengths of each hairworm species are provided in Table 2.4, in which data only 

from intact specimens of known sex are included. The longest specimen was a female 

Gordius sp. at 565 mm.  

Table 2.4 Nematomorph length (mm) by species and sex. 

Species Sex Mean Length ± SD 

Euchordodes nigromaculatus M 106.6	± 19.7 

Parachordodes diblastus M 251.6 ± 44.3 

Gordius paranensis M 136.0 ± 64.6 

Gordius sp. M 205.9 ± 66.5 

 F 478.0 ± 123.0 

Gordionus n. sp. M 95.8 ± 36.5 

 F 149 
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 Figure 2.2 Scanning electron microscopy of nematomorph mid-body cuticular 
features (A,C,E,G,I) and male posterior ends (B,D,F,H,J). A-B, Euchordodes 
nigromaculatus. C-D, Parachordodes diblastus. E-F, Gordius paranensis. G-H, 
undescribed Gordius sp. I-J, Gordionus n. sp. * = cloaca (in B, sperm is coming out of 
the cloaca), PCB = precloacal bristles, PCC = postcloacal crescent. SEM performed 
by A. Schmidt-Rhaesa and A.K. Yadav. 
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2.4.2 – DNA SEQUENCES AND PHYLOGENETICS 

Partial CO1 sequences were successfully obtained from 71 of the 87 hairworms. The 

partial 18S/ITS1/5.8S/ITS2/partial 28S rDNA region was amplified and sequenced 

from 83 hairworms, although not all sequences were complete due to insufficient 

read length. Accession numbers are provided in Table 2.5. Some sequences were not 

entirely of high quality due to long stretches of ambiguities in the ITS regions, likely 

driven by the bi-allelic nature of nuclear rDNA. Thus, not all of the rDNA sequences 

could be used for subsequent population genetic analyses. Of the 83 rDNA 

sequences, all but two contained high quality sequence data for the 3’ end of the 18S 

rRNA gene. These 81 sequences were aligned with available nematomorph 18S 

reference sequences and nematode outgroups, creating a 200 bp alignment for 

phylogenetic analysis. The final alignment for CO1 consisted of 519 bp, with 

Paragordius spp. selected as outgroups based on the results of the 18S tree.  

Table 2.5 GenBank accession numbers of ribosomal and CO1 sequences from this study.     
SP = specimen, SL = sub-location. 

    Accession Number     Accession Number 

SP SL Ribosomal CO1 SP SL Ribosomal CO1 

RK1  KY172663 KY172745 RP32 Big Hut KY172704 KY172777 

CR1  KY172664 - RP33 Big Hut KY172705 KY172778 

CR2  KY172665 - RP34 Big Hut - KY172779 

CR3  KY172666 KY172746 RP35 Big Hut KY172706 KY172780 

CR4  - - RP36 Big Hut KY172707 KY172781 

CR5  KY172667 - RP37 Big Hut KY172708 KY172782 

CR6  KY172668 KY172747 RP38 Big Hut KY172709 KY172783 

CR7  KY172669 KY172748 RP39 Big Hut KY172710 KY172784 

CR8  KY172670 - RP40 Big Hut KY172711 KY172785 

CR9  KY172671 - RP41 Big Hut KY172712 KY172786 
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    Accession Number     Accession Number 

SP SL Ribosomal CO1 SP SL Ribosomal CO1 

CR10  - - RP42 Big Hut KY172713 KY172787 

CR11  KY172672 KY172749 OM1 Stream A KY172714 KY172788 

CR12  KY172673 - OM2 Stream A KY172715 KY172789 

RP1 1st Stream KY172674 KY172750 OM3 Stream A KY172716 KY172790 

RP2 1st Stream - - OM4 Stream A KY172717 KY172791 

RP3 1st Stream KY172675 KY172751 OM5 Stream A KY172718 KY172792 

RP4 1st Stream KY172676 KY172752 OM6 Stream A KY172719 KY172793 

RP5 2nd Stream KY172677 KY172753 OM7 Stream A KY172720 KY172794 

RP6 2nd Stream KY172678 KY172754 OM8 Stream A KY172721 KY172795 

RP7 2nd Stream KY172679 KY172755 OM9 Stream A KY172722 - 

RP8 2nd Stream KY172680 KY172756 OM10 Stream A - - 

RP9 Big Hut KY172681 KY172757 OM11 Stream B KY172723 - 

RP10 Big Hut KY172682 KY172758 OM12 Stream B KY172724 KY172796 

RP11 Big Hut KY172683 KY172759 OM13 Stream B KY172725 - 

RP12 Big Hut KY172684 KY172760 OM14 Stream B KY172726 KY172797 

RP13 Big Hut KY172685 KY172761 OM15 Stream B KY172727 KY172798 

RP14 Big Hut KY172686 KY172762 OM16 Stream B KY172728 KY172799 

RP15 Big Hut KY172687 KY172763 OM17 Stream B KY172729 KY172800 

RP16 Big Hut KY172688 KY172764 OM18 Stream B KY172730 KY172801 

RP17 Big Hut KY172689 KY172765 OM19 Stream B KY172731 KY172802 

RP18 Big Hut KY172690 KY172766 OM20 Stream B KY172732 KY172803 

RP19 Big Hut KY172691 - OM21 Stream B KY172733 KY172804 

RP20 Big Hut KY172692 KY172767 OM22 Stream B KY172734 KY172805 

RP21 Big Hut KY172693 KY172768 OM23 Stream B KY172735 KY172806 
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    Accession Number     Accession Number 

SP SL Ribosomal CO1 SP SL Ribosomal CO1 

RP22 Big Hut KY172694 KY172769 OM24 Stream B KY172736 KY172807 

RP23 Big Hut KY172695 - OM25 Stream B KY172737 KY172808 

RP24 Big Hut KY172696 KY172770 OM26 Stream B KY172738 KY172809 

RP25 Big Hut KY172697 KY172771 OM27 Stream B KY172739 KY172810 

RP26 Big Hut KY172698 KY172772 ID1  KY172740 KY172811 

RP27 Big Hut KY172699 KY172773 ID2  KY172741 KY172812 

RP28 Big Hut KY172700 KY172774 ID3  KY172742 KY172813 

RP29 Big Hut KY172701 - ID4  KY172743 KY172814 

RP30 Big Hut KY172702 KY172775 ID5  KY172744 KY172815 

RP31 Big Hut KY172703 KY172776     

Bayesian and maximum likelihood (ML) methods yielded near identical topologies 

for both the 18S (Fig. 2.3) and CO1 (Fig. 2.4) datasets. Therefore, the Bayesian trees 

are shown with posterior probabilities and bootstrap support values at branch nodes. 

Separate Bayesian and ML trees can be found in Appendices B1-4. Exclusion of the 

third codon position of CO1 did not significantly affect the topology (App. B5-6). The 

results of the phylogenetic trees are in complete agreement with the morphological 

identifications by SEM. With the exception of the displacement of the genus 

Paragordius, both trees support the traditional division of Gordiida into Gordiidae 

and Chordodidae. This is most clearly observed in the CO1 tree which shows a well-

supported bifurcation, with one branch containing only members of the genus 

Gordius and the other containing representatives from all of the remaining included 

genera. In the 18S tree, both Gordionus alpestris and the putative Gordionus n. sp. from 

the present study do not form a monophyletic clade with the other Gordionus species. 

This can also be observed in the CO1 tree, although there are no available CO1 data 

for G. alpestris. Both trees support the division of Gordiidae into two groups, one 

containing Gordius paranensis and the other containing the unidentified Gordius sp.  
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Figure 2.3 Composite maximum likelihood/Bayesian inference phylogenetic tree for 18S rRNA gene. Length of internal 
transcribed spacer (ITS) 1, 5.8S, ITS2 region listed below species names from this study. Boxed numbers indicate two 
sub-clades of Gordius paranensis from this study. Only posterior probabilities (above nodes) and bootstrap support 
values (below nodes) over .70 or 70, respectively, are shown. 
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Figure 2.4	Composite maximum likelihood/Bayesian inference phylogenetic tree for cytochrome oxidase subunit 1 (CO1) 
gene. Boxed numbers indicate two sub-clades of Gordius paranensis and of Gordionus n. sp. from this study. Only posterior 
probabilities (above nodes) and bootstrap support values (below nodes) over .70 or 70, respectively, are shown. 
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from this study. However, the G. paranensis 18S reference sequence is to be 

paraphyletic to those collected during this study. Furthermore, both trees indicate the 

presence of two distinct clades within the Gordius paranensis individuals from this 

study. Strangely, in the CO1 tree these two clades are separated by an unidentified 

Gordius sp. from New Mexico. 

The rDNA region displayed substantial variation in length between the five species 

(Figure 2.3). The longest ITS1/5.8S/ITS2 region was that of Euchordodes nigromaculatus, 

at 1880-1889nts, whereas the shortest was that of Gordius paranensis clade 2, at 560nts. 

Interestingly, there was a trend towards longer rDNA region length in species that 

have diverged more recently, based on the 18S tree. 	

CO1 sequence data for specimens OM 12 and RP 15 were excluded from 

phylogenetic analyses and calculations of pairwise genetic distance, as they were 

presumed to be nuclear pseudogene copies. The CO1 data for OM 12 contained many 

ambiguities, one of which led to a potential early stop codon. The CO1 data for RP 15 

also contained many ambiguities and was very distant from other members of the 

Gordius sp. This coupled with the observation that the ribosomal data for this 

individual was highly similar to those of the other individuals of this species 

supports the conclusion that it is a pseudogene (data not shown). Calculations of 

pairwise Kimura 2-parameter (K2P) genetic distance were performed treating 

Gordius paranensis clades 1 and 2 as separate taxa (Table 2.6).	 

Additionally, specimen ID 4 was treated as belonging to a separate clade of Gordionus 

n. sp., clade 1, due to its high degree of sequence divergence, as evidenced by the 

long branch length in the CO1 tree. The CO1 sequence of this specimen is unlikely to 

be a pseudogene due to the high quality of sequence data and additional observed 

differences in ribosomal sequence data and morphology. The ribosomal sequence of 

this specimen had numerous insertions/deletions in the ITS regions, as well as many 

polymorphisms in the 5.8S rRNA gene (data not shown). The furrows between 

areoles in this individual were also much deeper and wider than those of 
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the other Gordionus n. sp. specimens, and the general cuticular pattern was also 

distinct (Figure 2.5). Mean intraspecific distance ranged from 1% in G. paranensis 

clade 1 to 4.4% in G. paranensis clade 2 (Table 2.6). Mean interspecific distance among 

all clades was 32.8% ± 4.0%. The range of intraspecific (0.2-5.9%) and interspecific 

(20.6-37.3%) distances did not overlap, yielding a so-called “barcoding gap” of 14.7%. 

Table 2.6 Mean CO1 K2P genetic distances of nematomorph species/clades. Mean 
intraspecific distance on diagonal, mean interspecific below.  

	

2.4.3 – POPULATION GENETICS 

The final data set for analyses of population genetics was composed of 68 CO1 

sequences and 66 full length ITS1/5.8S/ITS2 sequences. Standard indices of genetic 

diversity for each species and sampling sites can be found in Table 2.7. Due to the 

broad range of species collected, the number of individuals of a particular species at 

a particular site was often low, limiting the resolution of the diversity estimates. For 

most species there was substantial genetic variation in both CO1 and the 

ITS1/5.8S/ITS2 region. In all cases nucleotide diversity (π) was higher for CO1 than 

for the ribosomal region. The overall number of unique haplotypes of CO1 and 

ITS1/5.8S/ITS2 was 54 and 45, respectively. No reliable full-length ITS1/5.8S/ITS2 

sequence data were obtained from Gordionus n. sp. clade 2. 

Due to the greater numbers in which Euchordodes nigromaculatus was collected, this 

species was selected for further analysis. Two statistical parsimony networks were 

 Species/Clade 1 2 3 4 5 6 7 

1 Gordius paranensis clade 1 0.044       

2 Gordius paranensis clade 2 0.306 0.01      

3 Gordius sp. 0.298 0.295 0.01     

4 Gordionus n. sp. clade 1 0.344 0.307 0.308 ------    

5 Gordionus n. sp. clade 2 0.376 0.341 0.331 0.205 0.03   

6 Parachordodes diblastus 0.353 0.368 0.356 0.335 0.37 0.018  

7 Euchordodes nigromaculatus 0.343 0.342 0.319 0.329 0.389 0.283 0.013 
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Figure 2.5 Scanning electron micrographs of Gordionus n. sp. clades 1 (A) and 2 (B) cuticular features. Gordionus n. sp. clade 1 has a regular 

polygonal areolar pattern and deep, wide interareolar grooves with few bristles. Gordionus n. sp. clade 2 shows a more irregular areolar pattern 

and shallow interareolar grooves with densely packed bristles. 
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Table 2.7 Standard population genetic indices of nematomorph species/clades of both markers. bp = length of fragment in base pairs, n = number of 

individual sequences, Nh = number of haplotypes, Np = number of polymorphic sites, h = haplotype diversity, π = nucleotide diversity. 

  CO1 ITS1/5.8S/ITS2 
Species Range bp n Nh Np h π bp n Nh Np h π 
Euchordodes nigromaculatus 526      1891      
 RK  1 1 - - -  1 1 - - - 
 RP  20 18 30 0.9895 ± 0.0193 0.0125 ± 0.0069  10 10 51 1.0000 ± 0.0447 0.0088 ± 0.0048 
 OM  13 9 24 0.8718 ± 0.0913 0.0114 ± 0.0065  12 10 36 0.9545 ± 0.0569 0.0061 ± 0.0033 
Parachordodes diblastus 602      1538      
 CR  3 3 11 1.0000 ± 0.2722 0.0116 ± 0.0094  9 4 3 0.6944 ± 0.1470 0.0006 ± 0.0005 
 RP  1 1 - - -  2 2 2 1.0000 ± 0.5000 0.0013 ± 0.0016 
 OM  1 1 - - -  4 4 5 1.0000 ± 0.1768 0.0016 ± 0.0013 
Gordius paranensis clade 1 631      670      
 ID  2 2 26 1.0000 ± 0.5000 0.0412 ± 0.0420  2 2 1 1.0000 ± 0.5000 0.0015 ± 0.0021 
Gordius paranensis clade 2 638      560      
 RP  6 4 15 0.8000 ± 0.1721 0.0116 ± 0.0073  6 6 16 1.0000 ± 0.0962 0.0111 ± 0.0071 
 ID  1 1 - - -  1 1 - - - 
Gordius sp. 519      672      
 CR  1 1 - - -  1 1 - - - 
 RP  7 5 10 0.9048 ± 0.1033 0.0077 ± 0.0050  8 5 14 0.8571 ± 0.1083 0.0057 ± 0.0037 
 OM  7 7 14 1.0000 ± 0.0764 0.0106 ± 0.0067  8 3 8 0.4643 ± 0.2000 0.0030 ± 0.0022 
Gordionus n. sp. clade 2 522            
 RP  3 3 29 1.0000 ± 0.2722 0.0370 ± 0.0285  - - - - - 
 OM  1 1 - - -  - - - - - 
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created to show the relationships among CO1 and ITS haplotypes (Figure 2.6 A,B). 

Twenty-six of the 34 CO1 haplotypes and 20 of the 23 ribosomal haplotypes were 

unique. Optimal BAPS clustering yielded three haplogroups for both the CO1 and 

ribosomal data sets. BAPS clustering solutions were generally inconsistent between 

the two markers, as the corresponding haplogroups did not tend to contain the same 

individuals. Proportion of haplogroups represented at each site is shown in Figure 

2.6 C,D, illustrating the general lack of population structure. AMOVA tests of both 

data sets confirmed the lack of population structure. Fixation indices ΦST for CO1 and 

the ribosomal region were quite low (0.036 and 0.030, respectively) and were not 

significant (p = 0.2745 and 0.2604, respectively).  

2.5 – DISCUSSION 

With the exception the 18S rRNA genes of Gordius paranensis and Euchordodes 

nigromaculatus (Bleidorn et al., 2002), no sequence data had been published for New 

Zealand hairworms. In this study, I present the first mitochondrial and nuclear 

ribosomal sequence data for Parachordodes diblastus and a previously reported but 

undescribed Gordius sp. (Schmidt-Rhaesa, 2008), as well as contribute mitochondrial 

sequences for those species already sequenced for 18S. Individuals tentatively 

assigned to the genus Gordionus were also found and molecularly characterised. This 

brings the total number of New Zealand gordiid species to six. I developed two novel 

primer sets, which may prove useful for future molecular studies of hairworms. 

More importantly, results from this study have implications for the systematics of the 

phylum Nematomorpha and the potential for cryptic species, which will be 

addressed below. I also compare the population structures of Euchordodes 

nigromaculatus and its potential hosts using previously published data, and provide a 

discussion of possible mechanisms for reduced parasite population differentiation.  

2.5.1 – NEMATOMORPH SYSTEMATICS AND CRYPTIC SPECIES 

The results of the phylogenetic analyses are largely in agreement with previously 

published phylogenies within Nematomorpha. One noticeable difference, however,



49 
	

	 	

Figure 2.6 Haplotypic graphics for Euchordodes nigromaculatus. A-B, statistical parsimony networks of CO1 (A) and ITS1/5.8S/ITS2 (B) haplotypes. 
Hatch marks indicate number of mutational steps. Coloured boxes indicate haplogroups identified by BAPS. C-D, proportion of haplogroup 
representation at each sampling location for CO1 (C) and ITS1/5.8S/ITS2 (D). 
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is the placement of the genus Paragordius. My results indicate that Paragordius is sister 

to all other ingroup freshwater nematomorphs whereas previous studies placed the 

genus within the family Chordodidae (Bleidorn et al., 2002; Efeykin et al., 2016), 

although this was not always well supported (Bleidorn et al., 2002). This discrepancy 

could be due in part to the relatively small size of the 18S alignment. However, this is 

unlikely since initial phylogenetic reconstructions using nematode outgroups for the 

CO1 data set yielded the same result as in the 18S tree (data not shown). 

Additionally, a phylogenetic tree by Sato et al. (2012b) placed Paragordius outside of 

Gordiidae and Chordodidae, although the tree is unrooted and therefore whether or 

not Paragordius is basal cannot be determined. This disagreement should be resolved 

as sequence data becomes available from additional nematomorph genera.  

The presence of two well-supported clades within the Gordius paranensis specimens 

from this study suggests the existence of cryptic species. Hanelt et al. (2015) similarly 

found evidence of nematomorph cryptic species during an investigation of the 

genetic lineages of Gordius cf. robustus across the contiguous United States, in which 

they argued the case for eight distinct species. They found a minimum among-clade 

CO1 K2P distance of 6%; the distance between G. paranensis clades 1 and 2 of 30.6% is 

well above that threshold. Furthermore, the length of the ITS1/5.8S/ITS2 region in 

these two clades differs by 110 bp, much greater than the intraspecific differences 

observed in other species from the current study and among the eight G. cf. robustus 

lineages. Gordius paranensis has also been reported from Chile, Paraguay, and Brazil, 

where it was originally described (Camerano, 1892, 1894; Montgomery, 1898; De 

Villalobos et al., 2005). Given the findings of the current study, it is possible that 

South American individuals may well represent cryptic species within G. paranensis 

as well, though there are no available genetic data for specimens from that region. In 

both the CO1 and 18S phylogenies, the genus Gordius was found to contain two main 

clades, one containing the G. paranensis specimens from this study along with 

undescribed Gordius spp. from Japan (Sato et al., 2012b), and the other containing all 

remaining Gordius spp. One obvious inconsistency in the 18S tree regarding the 
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position of G. paranensis is the displacement of the individuals from the current study 

from the sequence of a New Zealand G. paranensis specimen included in Bleidorn et 

al. (2002). If G. paranensis is a monophyletic group, it is difficult to explain how a true 

G. paranensis sequence could be included in a clade of Gordius spp. that lack pre-

cloacal bristles. The most parsimonious explanation for this contradiction is that the 

specimen for that study was not properly identified, although it cannot be ruled out 

that pre-cloacal bristles may have evolved independently in separate lineages. This 

alternative scenario is supported by the separation of the two G. paranensis clades in 

the CO1 tree by an unidentified Gordius sp. from New Mexico (Hanelt et al., 2015). 

Although images of this specimen could not be obtained, it can be assumed that it 

lacked pre-cloacal bristles since the presence of this trait would have identified it as 

G. paranensis or G. difficilis, which also possesses pre-cloacal bristles but has cuticular 

areoles, instead of an undescribed species (Montgomery, 1898; Bolek & Coggins, 

2002). This suggests that in addition to the potential of this trait having evolved 

independently more than once, it can also be subsequently lost in certain lineages. 

The addition of genetic data for G. difficilis and the newly described G. jorriti, which 

also possesses a pre-cloacal row of bristles, would shed light upon the potential 

multiple evolution and loss of this character (Schmidt-Rhaesa & Schwarz, 2016). The 

plasticity of cuticular features in nematomorphs has been illustrated previously by 

Hanelt et al. (2015). They found that two Gordius spp. with distinct areolar traits 

clustered within the Gordius cf. robustus species complex, which was classically 

identified by its lack of areoles. Together these findings could have implications for 

the interpretation of cuticular features in species delimitation for nematomorphs. 

Seven specimens were identified by SEM as belonging to Gordionus, a genus new to 

New Zealand. However, monophyly of these specimens with other Gordionus 

sequences was not observed in either the CO1 or 18S trees. Schmidt-Rhaesa (2013) 

previously suggested that Gordionus may not comprise a monophyletic group due to 

inconsistencies within the genus and similarities to other genera regarding its 

supposedly characteristic areolar pattern. A revision of this genus may be necessary, 
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but is outside the scope of this study. This issue will be addressed in a forthcoming 

formal species description of the specimens reported herein (App. A). From a 

morphological perspective, it is conceivable that the differences in the areoles noted 

between Gordionus n. sp. clades 1 and 2 are an example of intraspecific variation, as 

noted elsewhere for this genus (Schmidt-Rhaesa, 2001). However, the genetic 

distance (20.6%) is much greater than that used for species delimitation in the genus 

Gordius (see above), despite being the smallest observed inter-clade distance in the 

present study. Therefore, I conclude that these two clades represent distinct species. 

Unfortunately, only one specimen was found for Gordionus n. sp. clade 1, and it was 

not intact, preventing a comparison of the male posterior end.   

Both CO1 and ribosomal molecular data support the expected placement of 

Parachordodes diblastus within the family Chordodidae but outside the subfamily 

Chordodinae, which includes only species without bilobed male posterior ends 

(Heinze, 1935; Bleidorn et al., 2002; Schmidt-Rhaesa, 2013). Euchordodes nigromaculatus 

was confirmed as belonging to Chordodinae using both mitochondrial and ribosomal 

datasets as shown by Bleidorn et al. (2002) and as classically defined due to its lack of 

tail lobes.   

2.5.2 – LACK OF HOST-PARASITE CO-STRUCTURE 

Tests of genetic differentiation of Euchordodes nigromaculatus using both 

mitochondrial and nuclear data failed to demonstrate even low levels of population 

structure. Because the hairworms in this study were all collected in the post-parasitic 

adult stage, no host genetic data was obtained and therefore a direct comparison 

between host and parasite population structures could not be undertaken. There is, 

however, a substantial number of previously published studies investigating the 

phylogeographical patterns of montane and subalpine insects in New Zealand (see 

Trewick et al., 2011). While there are only two confirmed reports of definitive hosts 

for E. nigromaculatus, the wētā Deinacrida parva (Orthoptera: Anostostomatidae) and 

the grasshopper Sigaus australis (Orthoptera: Acrididae) (Poinar, 1991a; Thomas et al., 
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1999), it is presumed that E. nigromaculatus infects a broader range of New Zealand 

orthopterans (Poinar, 1991a; Thomas et al., 1999). The wētā species Deinacrida 

connectens and Hemideina maori are both well studied taxa from a phylogeographical 

perspective (Trewick et al., 2000; Trewick & Wallis, 2001; King et al., 2003; King, 2015). 

Both species have been shown to display a substantial level of regional population 

structure, with distinct haplotype groups occurring in neighbouring ranges, even 

over relatively small spatial scales (~50-100 km). Genetically distinct lineages of 

D. connectens among nearby ranges in Central Otago and across the South Island 

were identified by both single-stranded conformation polymorphism and sequencing 

of CO1 (Trewick et al. 2000; Trewick & Wallis, 2001). Using CO1 sequence data, King 

(2015) similarly found genetic differentiation of H. maori between populations in the 

Rock & Pillar Range and the Black Umbrella Range, which is within the same larger 

mountain range as the Old Man Range, two locations from which E. nigromaculatus 

specimens were collected for the current study. Trewick (2008) also found 

differentiated lineages of Sigaus australis populations between these two ranges. 

Allopatric speciation of members of the endemic cockroach genus Celatoblatta among 

South Island ranges has also been demonstrated (Trewick & Wallis, 2001; Chinn & 

Gemmell, 2004), with this cockroach genus being a known host taxon of New 

Zealand hairworms (Zervos, 1989).  

A frequent assumption in studies of parasite population structure is that it should 

mirror that of their hosts and that, in general, parasite populations should be more 

differentiated (Jarne & Théron, 2001). This is based on the concept that the dispersal 

potential of a parasite should be dictated by its most mobile host (Prugnolle et al., 

2005a), and that the low effective population sizes and short generation times typical 

of many parasites render them more susceptible to genetic drift (Gandon and 

Michalakis, 2002; Criscione & Blouin, 2005; Prugnolle et al., 2005b). Varying levels of 

parasite population structure as a result of differential host vagility has been 

demonstrated in several systems (McCoy et al., 2003; Criscione & Blouin, 2004; 

Blasco-Costa et al., 2012). For many parasite species with complex life cycles the most 
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mobile host is the final host, especially in the case of parasites of vertebrates. New 

Zealand hairworm dispersal, however, may depend more on intermediate hosts, as 

flightless alpine insects such as acridid grasshoppers and wētā are known to have 

limited dispersal potential (White, 1978; Leisnham and Jamieson, 2002). Gordiid 

larvae can encyst in a wide variety of aquatic organisms, although many of these are 

considered to constitute “dead-end” hosts (Hanelt & Janovy, 2003; Hanelt & Janovy, 

2004). Suitable intermediate hosts must be able to provide a bridge between aquatic 

and terrestrial habitats, examples of which may include midges, mayflies, and 

stoneflies (Hanelt & Janovy, 2003). While no intermediate hosts of New Zealand 

hairworms have been experimentally confirmed, Winterbourn (2005) found that 

adult stoneflies of the species Spaniocerca zelandica and Cristaperla fimbria exhibit a 

high prevalence of infection (69-90%) by nematomorph larvae. Winterbourn & Pohe 

(2016) subsequently found nematomorph larvae in two species of another New 

Zealand stonefly genus, Stenoperla. While Winterbourn (2005) did not find large 

lateral dispersal distances, previous studies of stonefly dispersal have demonstrated 

that adult stoneflies can travel hundreds or even thousands of meters along and 

between stream corridors (Briers et al., 2004; MacNeale et al., 2005). Correspondingly, 

phylogeographical analyses of two of the aforementioned New Zealand stonefly 

genera did not find extensive population differentiation/allopatric speciation over the 

geographical range of the current study (McCulloch et al., 2010). These findings 

together suggest that the dispersal capabilities of the potential intermediate hosts of 

E. nigromaculatus may be a factor in its observed lack of population structure. 

However, intermediate host dispersal likely does not constitute the sole component 

of this absence of population structure, for despite the stonefly’s impressive flying 

ability, it is not sufficient to transport gordiid larvae directly between mountain 

ranges. Instead, dispersal of nematomorph lineages over such a geographical range is 

likely a multi-generational process. Passive dispersal of nematomorph eggs or pre-

parasitic larvae coupled with a lack of definitive host specificity may be one such 

avenue. Several species of hairworms have been shown to deposit egg strings on 



55 
	

debris (Hanelt & Janovy, 2002; Bolek et al., 2010), and it is conceivable that these 

could be carried far downstream, as larval emergence can occur months after laying 

(Müller, 1926; Schmidt-Rhaesa, 2013). Free-living larvae could be similarly 

transported, as they have been shown to remain infective for weeks (Hanelt et al., 

2005). Once downstream, a larva could infect an aquatic invertebrate and 

subsequently be transmitted to a lowland orthopteran definitive host. While I only 

found E. nigromaculatus individuals at elevations above 1300m, this is likely a result 

of bias in sampling effort, as specimens of this species have been found at much 

lower elevations (Poinar, 1991a). After emerging from this lowland definitive host, 

the parasite could then complete its life cycle and its offspring subsequently infect 

another intermediate host. As aquatic insects with flying adult stages have been 

shown to disperse upstream as a means of combating the so-called “drift paradox” 

(Müller, 1954; Hershey et al., 1993; Pachepsky et al., 2005), it is plausible that 

hairworm lineages could use this host trait as a means of spreading upstream. This 

process could progress in a stepping-stone manner (Kimura & Weiss, 1964) through 

multiple generations as seen in other parasite systems (Dybdahl et al., 1996; McCoy et 

al., 2005), maintaining sufficient levels of gene flow between alpine hairworm 

populations to prevent population structuring. 

The absence of congruence between the population structure of E. nigromaculatus and 

its potential definitive hosts stands in contrast to a once prevalent paradigm which 

presumes that: 1) host mobility is the main determinant of parasite population 

structure, 2) population structure of parasites should mirror that of their hosts, and, 

3) overall levels of differentiation should be higher for parasite than for host (Price, 

1980; Jarne & Théron, 2001). Recent empirical studies and meta-analyses have 

highlighted the importance of considering other factors in the determination of host-

parasite co-structure (Bruyndonckx et al., 2009; Keeney et al., 2009; Blasco-Costa & 

Poulin, 2013; Couchoux et al., 2016; Mazé-Guilmo et al., 2016). For example, Keeney et 

al. (2009) suggest that differences in infection intensity and/or the use of different 

host tissues may explain the contrasting population structures of two sympatric 
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trematode species that infect the same intermediate and definitive hosts. In the case 

of the parasitoid wasp Hyposoter horticola, Couchoux et al. (2016) found lower levels 

of population differentiation in the parasite than its butterfly host, indicating that the 

active dispersal ability of the parasite itself is sufficient to overcome the isolating 

effects of habitat fragmentation, which was associated with high levels of 

differentiation in the host populations. Meta-analyses have emphasised the impact of 

other factors such as the percent of free-living stages in a parasite’s life cycle, parasite 

sexual mode, and geographical range on the outcome of studies of host-parasite co-

structure (Blasco-Costa & Poulin, 2013; Mazé-Guilmo et al., 2016). These studies and 

others have remodelled our understanding of the relative influence of certain aspects 

of parasite life-history, ecology, and demography on the genetic composition of 

parasite populations, and provide an interesting lens through which to view the 

results of the current study. Surely more investigations of host-parasite co-structure 

that implement this updated framework are needed.   

2.6 – CONCLUSION 

By providing new genetic data for at least four species of hairworms in New 

Zealand, this study broadens our understanding of the evolution and diversity of 

these oft-neglected and enigmatic parasites. In-depth empirical studies characterising 

the life cycles of the various nematomorph species would be invaluable in 

performing further investigations into the comparative population genetics of host 

and parasite. Furthermore, conducting similar studies over a larger geographical 

range, ideally encompassing both North and South Islands, would be beneficial for 

resolving slight patterns potentially left unrevealed by the current study. By refining 

the molecular tools, identifying new and potentially cryptic species, and examining 

the spatial distribution of hairworm haplotypes, I present some novel findings and 

provide a robust platform upon which to conduct future investigations of New 

Zealand’s nematomorph fauna.  



Tautuku Beach, The Catlins, Otago	
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3.1 – ABSTRACT 

Molecular genetics has proven to be an essential tool for studying the ecology, 

evolution, and epidemiology of parasitic nematodes. However, research effort across 

nematode taxa has not been equal, with parasites of socioeconomic importance 

receiving the bulk of the empirical effort. One such under-studied parasitic group is 

the family Mermithidae Braun, 1883, all members of which are obligate parasites of 

invertebrates. The mermithid Thaumamermis zealandica Poinar, 2002 parasitises the 

sandhopper Bellorchestia quoyana (Milne-Edwards, 1840) (Talitridae: Amphipoda) on 

the sandy beaches around Dunedin, New Zealand. As of yet there have been no 

molecular studies of either host or parasite. This chapter aims to characterise the 

evolutionary genetics of the host-parasite system, with special focus on testing the 

hypothesis that parasite population genetic structure should mirror that of its host. 

Collections of talitrids and their mermithid parasites were conducted at fifteen 

coastal locations along the south-eastern coast of the South Island. Sequencing of the 

mitochondrial gene cytochrome oxidase subunit 1 (CO1) from B. quoyana reveals a 

regional pattern of population structure that suggests some means of dispersal 

among locations and that population bottlenecks may have occurred during 

northward migration. Surprisingly, no population structure was observed for T. 

zealandica. In fact, sequencing of four molecular markers of the parasite typically used 

in population genetics revealed no intraspecific variation. This result, along with 

those of others, suggest that mermithid mtDNA may evolve at an extraordinarily 

slow pace, perhaps as a result of the documented extensive and frequent changes in 

gene order and mitochondrial genome length. Sequences of the 18S and 28S 

ribosomal RNA (rRNA) genes were used to conduct a thorough investigation of 

mermithid phylogeny, suggesting that a systematic revision at the intrafamily level 

may be necessary. 
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3.2 – INTRODUCTION 

Nematoda is one of the most widespread and speciose animal phyla, its members 

being found in nearly every marine, aquatic, and terrestrial environment, having 

evolved both free-living and parasitic forms, and comprising an estimated 100,000 to 

100 million species (Lambshead, 1993; Blaxter, 2003). Despite their taxonomic and 

ecological diversity, studies of nematodes are outnumbered by those of more visible 

and charismatic animal taxa (Cobb, 1914; Baldwin et al., 2000; De Ley, 2000). This is 

due in part to the difficulty with which nematode species are identified, owing to the 

dearth of easily distinguished morphological traits (Floyd et al., 2002; Powers, 2004). 

The advent of molecular genetics, however, has proven to be invaluable for 

characterising nematode diversity and conducting studies of their ecology, evolution, 

and epidemiology (Blaxter et al., 1998; Read et al., 2006; Criscione et al., 2010).  

Parasitism has arisen repeatedly among nematode lineages, encompassing diverse 

host taxa including plants, invertebrates, and vertebrates (Blaxter et al., 1998; Hu et 

al., 2003). Due to their importance for health and agriculture, molecular studies 

abound for nematodes that infect humans, crops, and livestock (Opperman et al., 

2008; Pritchard, 2001; Criscione et al., 2007). Parasitic nematode taxa without obvious 

socioeconomic implications, however, have generally been neglected, with much of 

the scientific literature consisting solely of species descriptions, morphological 

studies, and host reports. 

One such nematode taxon is the family Mermithidae Braun, 1883. All mermithids are 

obligate parasites of invertebrates, most commonly infecting insects (Poinar, 1991b). 

Most mermithids have a direct life cycle with a free-living stage, typically emerging 

from hosts into an aquatic environment, mating, and laying eggs; transmission to the 

host is accomplished via ingestion of the eggs or penetration by the hatched larvae 

(Poinar, 1991b). Mermithids have gained attention due to their potential as biocontrol 

agents of mosquitoes (Platzer, 2007), their unusual mitochondrial genomes (Hyman 

et al., 2011), and their purported ability to manipulate the behaviour of their hosts 
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(Vance, 1996). However, little is known of their evolution, both at the species and 

population level.  

Thaumamermis zealandica Poinar, 2002 is a mermithid parasite of the sandhopper 

Bellorchestia quoyana (Milne-Edwards, 1840) (Talitridae: Amphipoda) found on the 

sandy beaches around Dunedin, New Zealand (Poinar et al., 2002). Several studies 

have investigated its infections levels, spatial distribution within individual beaches, 

and effects upon the host’s burrowing behaviour (Poulin & Rate, 2001; Poulin & 

Latham, 2002a,b; Williams et al., 2004; Rasmussen & Randhawa, 2015). However, no 

genetic studies have been carried out for this parasite or its host, nor have surveys 

been conducted outside of the Dunedin area. Macro- and microevolutionary 

investigations of T. zealandica and B. quoyana implementing molecular genetics 

should yield interesting information regarding the phylogeny of the family 

Mermithidae and the factors influencing migration of the host, and how this might 

be reflected in the population genetic structure of the parasite. 

Recent population genetic studies of host and parasite have sought to investigate 

instances of host-parasite co-structure (Dybdahl & Lively, 1996; Criscione & Blouin, 

2004; McCoy et al., 2005). Because parasites are typically dependent on their hosts for 

dispersal, a longstanding assumption in the field has been that the parasite’s 

population structure should reflect that of its host (Jarne & Théron, 2001; Gandon & 

Michalakis, 2002). Furthermore, due to lower effective population sizes and shorter 

generation times, parasite populations are expected to exhibit higher levels of 

differentiation than those of their hosts. (Jarne & Théron, 2001). Instances for which 

these assumptions have been upheld have proven useful for studying host 

phylogeography, as the increased levels of parasite population differentiation have 

provided increased spatiotemporal resolution in elucidating the historical, ecological, 

and geological factors shaping host distributions (Nieberding et al., 2005; Galbreath & 

Hoberg, 2012). While no population genetic or phylogeographical investigations 

have been conducted for B. quoyana, there are numerous studies of other supralittoral 

talitrids (see Pavesi & Ketmaier, 2013). These have generally provided evidence for 
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rafting, the association with floating wrack, as a means of dispersal for these 

organisms. Although most of these studies have focused on talitrid species in the 

Mediterranean, numerous cases of kelp-mediated dispersal for invertebrate taxa in 

southern waters, and specifically in New Zealand, have been documented (Nikula et 

al., 2010; Fraser et al., 2011), suggesting that B. quoyana may also depend on this 

means of transport. As T. zealandica is a direct life-cycle parasite with only one known 

host, it is expected that its population structure will be similar to that of B. quoyana 

and that increased population differentiation may reveal slight patterns left 

uncovered by study of the host genetics alone.  

This chapter seeks to investigate the population genetic structure and 

phylogeography of B. quoyana and its parasite T. zealandica, while testing the 

assumption that a parasite’s population structure mirrors that of its host. 

Additionally, by conducting the most widespread collection of T. zealandica to date, 

this study will provide new information on the spatial distribution of the parasite. In 

obtaining the first genetic data for the host and parasite, this data set will also enable 

me to investigate the phylogeny of the family Mermithidae. The findings of this 

chapter also have important implications for the selection of appropriate molecular 

markers for future population genetic studies of mermithids. 

3.3 – METHODS 

3.3.1 – TALITRID AND MERMITHID COLLECTION 

Talitrids were collected from fifteen locations from December 2015 to March 2016 

(Table 3.1). Twelve of the fifteen sites were purely fine sand beaches, whereas at two 

locations (Patiti Point [PP], Wangaloa [WA]) the beach was comprised only of 

pebbles (2-20 mm). The beach at the Oamaru (OA) site was of mixed composition, 

with fine sand above the high tide mark, pebbles below, and a small margin of 

mixing. At the sites with pebbly sediment (PP, WA, OA), unidentified talitrids with 

distinct morphology and behaviour from those of B. quoyana were found. These 

talitrids are generally shorter than B. quoyana, but their width relative to their length  
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Table 3.1 Talitrid collection site information. S = sandy, P = pebbly. Sites listed from 
northeast to southwest along coast. 

is greater than that of B. quoyana. They tended to respond to collection by curling into 

a ball, much like an isopod, rather than burrowing or hopping away as do B. quoyana 

individuals. These individuals were termed “rocky variant”. The rocky variant 

individuals were the only talitrids found at PP and WA, whereas at OA they were 

found in sympatry with B. quoyana, with B. quoyana being found mainly above the 

high tide mark and the rocky variant below.  

All specimens were collected by hand from the sediment below patches of 

macroalgae. Talitrids were placed in two litre containers with moist sediment, 

transported to the laboratory, and were maintained at a temperature below 20 °C 

while awaiting dissection. All talitrids were processed within three days of 

collection. Dissections were performed using fine forceps, a 100 mm glass petri dish, 

and a dissection stereomicroscope. The four posteriormost pereopods (nos. 6 and 7, 

Site Code Latitude (S) Longitude (E) Sediment type 

New Brighton NB 43° 30' 09.9" 172° 43' 49.0" S 

Sumner SU 43° 33' 56.5" 172° 45' 25.7" S 

Patiti Point PP 44° 24' 37.4" 171° 15' 43.6 P 

Oamaru OA 45° 07' 46.1" 170° 57' 22.4" S/P 

Moeraki MO 45° 21' 07.8" 170° 49' 46.8" S 

Waikouati WK 45° 36' 56.4" 170° 40' 18.5" S 

Long Beach LB 45° 45' 05.0" 170° 38' 49.2" S 

Aramoana AR 45° 46' 29.0" 170° 42' 25.4" S 

Smails SM 45° 54' 25.1" 170° 33' 40.3" S 

Tomahawk TK 45° 54' 24.3" 170° 32' 36.1" S 

Taeri Mouth TM 46° 02' 48.5" 170° 12' 46.6" S 

Wangaloa WA 46° 16' 23.4" 169° 58' 04.7" P 

Tautuku TT 46° 34' 52.7" 169° 26' 36.1" S 

Porpoise Bay PB 46° 39' 19.8" 169° 06' 08.8" S 

Oreti OT 46° 25' 49.6" 168° 13' 35.0" S 
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two each) of the first thirty un-parasitised individuals from each site were removed 

and preserved in 99% ethanol in a 1.5 mL Eppendorf tube for genetic analysis. For 

the OA site, thirty un-parasitised B. quoyana and eight rocky variant tissue samples 

were collected. In parasitised individuals, one or multiple mermithids were removed 

from the haemocoel and transferred to a separate petri dish containing sea water. 

Mermithids were relaxed using heated sea water and untangled with fine forceps. 

Individual mermithids were measured, rinsed to prevent contamination by B. 

quoyana internal tissue and ectoparasites, and preserved in 95% ethanol in a 1.5 mL 

Eppendorf tube.  

3.3.2 – DNA EXTRACTION, PCR AMPLIFICATION, AND SEQUENCING  

Extractions of B. quoyana genomic DNA were performed on twenty samples each for 

all sites except PP and WA (no B. quoyana found at these sites), for a total of 260 B. 

quoyana samples. Genomic DNA was extracted from five rocky variant individuals 

each from OA, PP, and WA, for a total of 15 rocky variant samples. DNA was 

extracted using a modified Chelex method (Walsh et al., 1991). For each talitrid, the 

basis, ischium, and merus (segments 2-4) of one pereopod were macerated with 

forceps and placed together in a 1.5 mL Eppendorf tube containing 300 µL of an 

aqueous 5% Chelex 100 (BioRad) solution containing 0.2 mg/mL of proteinase K 

(Roche). Forceps were dipped in 95% ethanol and flame sterilised between each 

individual. Tubes were vortexed and centrifuged briefly, then incubated at 55 °C 

overnight. Following incubation, tubes were vortexed thoroughly and incubated at 

94 °C for 10 minutes to deactivate the proteinase K. Tubes were then centrifuged at 

14,000 rpm for 10 minutes to pellet Chelex resin and undegraded tissue or 

exoskeleton. The supernatant was then transferred to a fresh 1.5 mL Eppendorf tube 

or 96-well plate for storage at 4 °C. Extractions of T. zealandica were performed using 

the same Chelex protocol as for the talitrids, except that a ~20 mm segment of the 

worm was used as the source tissue. For worms smaller than 20 mm, the entire worm 

was used. Extractions were performed on all collected mermithids.  
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Unless otherwise stated, all polymerase chain reactions (PCRs) were performed in a 

final volume of 15 µL, comprising 3 µL of MyTaqTM Red 5x reaction buffer (Bioline), 

0.75 µL of 10µM stock (75pmol) of each primer, 0.2 µL (1U) of MyTaqTM Red DNA 

Polymerase, and 2 µL of talitrid or 3 µL of mermithid genomic DNA extract. All 

PCRs were cycled using an Eppendorf Mastercycler Pro thermal cycler (Hamburg, 

Germany). The products were visualised by running 3 µL of the reaction on a 1% 

agarose gel and imaging with a UVITEC HD5 gel imager (Cambridge, United 

Kingdom). PCRs were purified of remaining dNTPs and oligonucleotides using the 

ExoSap method by adding 0.5 µL of exonuclease 1 (New England Biolabs, 1U/ µL) 

and 0.5  µL of shrimp alkaline phosphatase (GE Healthcare, 1U/ µL) to the remaining 

12 µL of the reaction, and incubating at 37 °C for 40 minutes then at 94 °C for 15 

minutes. The DNA concentration of a subset of samples was measured using an 

Invitrogen Qubit 3.0 fluorometer (Carlsbad, California, USA). Sanger sequencing by 

capillary electrophoresis was performed by Genetic Analysis Services, Department of 

Anatomy, University of Otago (Dunedin, New Zealand) or Macrogen Inc. (Seoul, 

Republic of Korea). 

For the talitrids, a 709 bp partial fragment from the 5’ end of the mitochondrial gene 

cytochrome c oxidase subunit 1 (CO1) was amplified using the “universal” primers 

LCO1498 (5’-GGTCAACAAATCATAAAGATATTGG-3’) and HCO2198 

(5’-TAAACTTCAGGGTGACCAAAAAATCA-3’) (Folmer et al., 1994). Cycler 

conditions were as follows: initial denaturation at 94 °C for 2 minutes, 40 cycles of 94 

°C for 30 seconds, 48.6 °C for 30 seconds, and 72 °C for 1 minute, followed by a final 

extension at 72 °C for 4 minutes. In total, partial CO1 fragments were successfully 

amplified from 260 B. quoyana and 13 rocky variant talitrids. All samples were 

sequenced in the reverse direction, with a subset sequenced in the forward direction 

as well, using the same primers as for amplification. 

Additionally, a ~750 bp fragment of the first internal transcribed spacer (ITS1) from 

the nuclear rRNA region was amplified using the primers ITS1 F 

(5’-CACACCGCCCGTCGCTACTACCGAT-3’) and ITS1 R 
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(5’-GCGGCAATGTGCATTCGACATGTGA-3’) (Kornobis & Pálsson, 2013). Cycler 

conditions were as follows: initial denaturation at 94 °C for 5 minutes, 40 cycles of 

94 °C for 30 seconds, 58 °C for 30 seconds, and 72 °C for 1 minute, followed by a final 

extension at 72 °C for 5 minutes. In total, partial ITS1 sequence was amplified from 

four B. quoyana individuals. All samples were sequenced in both directions using the 

same primers as for amplification. 

For T. zealandica, multiple markers were amplified via PCR. For CO1, two partially 

overlapping regions were amplified. A 418 bp fragment of the I3M11 partition 

(Erpenbeck et al., 2006), from the middle of the CO1 gene, was amplified using the 

primers JB3 (5’-TTTTTTGGGCATCCTGAGGTTTAT-3’) (Bowles & McManus, 1994) 

and JB5 (5’-AGCACCTAAACTTAAAACATAATGAAA-3’) (Derycke et al., 2005). 

Cycler conditions were as follows: initial denaturation at 94 °C for 5 minutes, 40 

cycles of 94 °C for 30 seconds, 50 °C for 30 seconds, and 72 °C for 1 minute, followed 

by a final extension at 72 °C for 5 minutes. In total, the I3M11 fragment of CO1 was 

amplified from fourteen individuals; four samples were sequenced in both directions 

and ten samples were sequenced in the reverse direction alone, using the same 

primers as for amplification.  

For amplification of the M1M6 partition (Folmer fragment) of CO1, sequence data 

from the 5’ end of the I3M11 partition was used to design the novel primer 

MM_M1M6_R (5’-ATAGTCAGATGTGATAAGATTCCG-3’). Using the 

MM_M1M6_R and LCO1498 primers, the M1M6 partition was amplified from two 

individuals. Cycler conditions were as follows: initial denaturation at 94 °C for 5 

minutes, 40 cycles of 94 °C for 30 seconds, 45 °C for 30 seconds, and 72 °C for 1 

minute, followed by a final extension at 72 °C for 5 minutes. Amplification of the 

M1M6 partition was suboptimal, resulting in faint bands with significant amounts of 

primer dimer. The remaining PCR volume was run on a 1% agarose gel, the 709 bp 

bands were excised, and the DNA was purified using the Invitrogen PureLink Quick 

Gel Extraction Kit (Carlsbad, California, USA). Products were then sequenced in both 

directions, and the resulting sequence data was used to design the novel, more 



66 
	

specific forward primer MM_M1M6_F 

(5’-GGATCTTTCTATTTTATTCTAAGATTGTGG-3’). This primer and the 

aforementioned MM_M1M6_R primer were used to reliably amplify this now 

slightly truncated fragment of 683 bp. Cycler conditions were as follows: initial 

denaturation at 94 °C for 4 minutes, 40 cycles of 94 °C for 30 seconds, 48 °C for 30 

seconds, and 72 °C for 1 minute, followed by a final extension at 72 °C for 5 minutes. 

In total the M1M6 fragment of CO1 was amplified from 83 individuals; 2 samples 

were sequenced in both directions using the LCO1498 and MM_M1M6_R primers, 10 

samples were sequenced in both directions using the MM_M1M6_F and 

MM_M1M6_R primers, and 71 samples were sequenced in the reverse direction 

alone using the MM_M1M6_R primer.  

To design primers for the amplification of a 474 bp partial fragment of the 

mitochondrial gene cytochrome b (CYTB), orthologous sequences from the following 

complete mermithid mitochondrial genomes were obtained from GenBank 

(www.ncbi.nlm.nih.gov): Agamermis sp. BH-2006 (NCBI Reference Sequence: 

NC_008231.1), Hexamermis agrotis (NC_008828.1), Romanomermis culcivorax 

(NC_008640.1), Romanomermis iyengari (NC_008693.1), Romanomermis nielseni 

(NC_008692.1), Strelkovimermis spiculatus (NC_008047.1), and Thaumamermis cosgrovei 

(NC_008046.1). These sequences were aligned in Geneious v8.1.8 

(http://www.geneious.com, Kearse et al., 2012) and the consensus sequence was used 

to design the degenerate primers MM_CytB_F 

(5’-GCATTTWTAGGGTATGTKYTACCYTGR-3’) and MM_CytB_R 

(5’-CGWGGYATMCCATTTAADCCYAWAAAR-3’). PCRs were performed as 

previously stated but with 1.5 µL of 10µM stock (150pmol) of each primer. Cycler 

conditions were as follows: initial denaturation at 94 °C for 4 minutes, 40 cycles of 

94 °C for 30 seconds, 52 °C for 30 seconds, and 72 °C for 1 minute, followed by a final 

extension at 72 °C for 5 minutes. In total, the partial CYTB fragment was amplified 

from 37 individuals; 10 samples were sequenced in both directions and 27 samples 



67 
	

were sequenced in the reverse direction alone using the same primers as for 

amplification.  

To design primers for the amplification of a 473 bp partial fragment of the 

mitochondrial gene NADH dehydrogenase subunit 4 (NADH4), orthologous 

sequences the complete mermithid mitochondrial genomes listed above were aligned 

in Geneious. The consensus sequence of the alignment was used to design the novel 

degenerate primers MM_ND4_F 

(5’-TTTTAYATWTTKTWTGAAMTKAKCATAATTCC-3’) and MM_ND4_R 

(5’-ACTGAWCTWAARGCWAYTARTTTTTTAAAATC-3’). Using these degenerate 

primers, the partial NADH4 fragment was amplified from two individuals. PCR 

reactions were performed in a final volume of 50 µL, comprising 10 µL MyTaqTM Red 

5x reaction buffer (Bioline), 5 µL of 10µM stock (500pmol) of each primer, 0.67 µL 

(3.35U) of MyTaqTM Red DNA Polymerase (5U/ µL), 0.67 µL bovine serum albumin 

(BSA) (New England Biolabs), and 10 µL of extracted mermithid DNA. Cycler 

conditions were as follows: initial denaturation at 94 °C for 4 minutes, 40 cycles of 

94 °C for 30 seconds, 40 °C for 40 seconds, and 72 °C for 1 minute, followed by a final 

extension at 72 °C for 5 minutes. Amplification of the partial NADH4 fragment was 

suboptimal, resulting in faint bands with significant amounts of primer dimer. The 

remaining 47 µL was run on a 1% agarose gel, the 473 bp bands were excised, and 

the DNA was purified using the Invitrogen PureLink Quick Gel Extraction Kit. 

Products were then sequenced, and the resulting sequence data was used to design 

the novel, more specific primers TZ_ND4_F 

(5’-TCCCATATTATTTTTACTCTTAGG-3’) and TZ_ND4_R 

(5’-TTTTAAAATCTCTTTGGAATAAGC-3’), which amplify a 423 bp fragment. 

Cycler conditions were as follows: initial denaturation at 94 °C for 4 minutes, 40 

cycles of 94 °C for 30 seconds, 45 °C for 30 seconds, and 72 °C for 1 minute, followed 

by a final extension at 72 °C for 5 minutes. In total, a partial region of NADH4 was 

amplified from 37 individuals; 2 samples were sequenced in both directions using 

the primers MM_ND4_F and MM_ND4_R, 8 samples were sequenced in both 
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directions using the primers TZ_ND4_F and TZ_ND4_R, and the remaining 27 

samples were sequenced in the forward direction alone using the primer TZ_ND4_F.  

Two partial fragments of mermithid nuclear ribosomal RNA (rRNA) genes were also 

amplified from three individuals: the small ribosomal subunit (18S) and the large 

ribosomal subunit (28S). For the amplification of a ~1,700 bp partial fragment of the 

18S rRNA gene, the primers 1.2F (5’-TGCTTGTCTCAAAGATTAAGC-3’) and 9R 

(5’-GATCCTTCCGCAGGTTCACCTAC-3’) were used (Whiting, 2002). Cycler 

conditions were as follows: initial denaturation at 94 °C for 3 minutes, 40 cycles of 

94 °C for 30 seconds, 54 °C for 30 seconds, and 72 °C for 2 minutes, followed by a 

final extension at 72 °C for 5 minutes. For the amplification of a ~1,100 bp fragment of 

the 28S rRNA gene, the primers 28S rd1.2A (5’-CCCSSGTAATTTAAGCATATTA-3’) 

and 28S B (5’-TCGGAAGGAACCAGCTAC-3’) were used (Whiting, 2002). Cycler 

conditions were as follows: initial denaturation at 94 °C for 4 minutes, 40 cycles of 

94 °C for 30 seconds, 49 °C for 30 seconds, and 72 °C for 1 minute, followed by a final 

extension at 72 °C for 5 minutes. In total, partial fragments from both 18S and 28S 

were amplified from three individuals and sequenced in both directions using the 

same primers as for amplification.  

A ~1,600 bp fragment containing partial sequence of the 3’ end of the 18S rRNA gene, 

complete sequence of the first internal transcribed spacer (ITS1) and the 5.8S rRNA 

gene, and partial sequence of the second internal transcribed spacer (ITS2) was 

amplified using the primers rDNA2 (5’-TTGATTACGTCCCTGCCCTTT-3’ (Vrain et 

al., 1992) and rDNA1.58 s (5’-ACGAGCCGAGTGATCCACCG-3’) (Cherry et al., 

1997). Cycler conditions were as follows: initial denaturation at 94 °C for 4 minutes, 

40 cycles of 94 °C for 30 seconds, 54 °C for 30 seconds, and 72 °C for 1 minute, 

followed by a final extension at 72 °C for 5 minutes. In total, this region was 

amplified from thirteen individuals; three samples were sequenced in both directions 

and ten samples were sequenced in the forward direction alone using the same 

primers as for amplification.  
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3.3.3 – SEQUENCE PROCESSING 

Raw chromatogram files with base calls were uploaded into Geneious. Sequences 

were automatically trimmed with a default error probability limit of 0.05. For 

samples sequenced in both directions, a contiguous sequence (contig) was 

assembled. All sequences were manually edited for incorrect or ambiguous base 

calls. All sequence overlapping with the primer binding sites was removed. A subset 

of sequences for each marker were uploaded into the BLAST online search tool 

(www.ncbi.nlm.nih.gov, Zhang et al., 2000) to ensure sequence information was not 

from a contaminant.  For all non-protein-coding markers, sequences were aligned 

using MAFFT (Katoh et al., 2002), with the specific algorithm selected by the “Auto” 

function in Geneious. For protein-coding genes, sequences were aligned using the 

“Translation Align” tool, implementing MAFFT and using the BLOSUM62 scoring 

matrix (Henikoff & Henikoff, 1992). Sequences were then inspected further for 

obvious incorrect base calls. For protein-coding genes, the correct reading frame was 

determined by toggling frame start positions and examining the alignment for stop 

codons. The reading frame was then confirmed by comparing to reference sequences 

on GenBank (www.ncbi.nlm.nih.gov). All sequences from this study are available on 

GenBank (accession nos. KY264137-65). 

3.3.4 – SANDHOPPER POPULATION GENETICS 

The final sequence alignments for B. quoyana and rocky variant CO1 encompassed 

622 bp and 598 bp, respectively. A combined alignment for the two talitrids of 598 bp 

was used in calculations of pairwise genetic distance. Calculations were performed in 

MEGA v7 (Kumar et al., 2016) using the Kimura 2-parameter (K2P) measure of 

genetic divergence (Kimura, 1980), calculating the distance between each haplotype 

as well as mean intra- and interspecific distances. Haplotype networks were 

constructed with PopART (Leigh & Bryant, 2015) using the median joining and TCS 

network inference methods (Bandelt et al., 1999; Clement et al., 2002). Arlequin v3.5 

(Excoffier & Lischer, 2010) was used to calculate the standard indices of haplotype 

diversity (h) and nucleotide diversity (!), perform analyses of molecular variance 
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(AMOVAs) and spatial analyses of molecular variance (SAMOVAs) (Dupanloup et 

al., 2002), as well as conduct a Mantel test (Mantel, 1967). For SAMOVA, AMOVA, 

and Mantel tests, genetic distance was estimated as determined by a model of 

sequence evolution selected using the corrected Akaike criterion (AICc) in 

jModelTest v2.1.6 (Guindon & Gascuel, 2003; Darriba et al., 2012), which was 

performed remotely using the CIPRES Science Gateway v3.3 (Miller et al, 2010). The 

two best models, TIM2+G and TIM2+I+G, are not implemented in Arlequin, so the 

third best model, TrN+G (gamma shape parameter " = 0.023) was used (Tamura & 

Nei, 1993). The difference in AICc score between TrN+G and the two best models 

was low (1.5531 and 0.0515). Clustering of sampling locations into groups for 

hierarchical tests of population structure was performed using SAMOVA. Sequential 

SAMOVA tests were performed both with and without the inclusion of spatial 

information, with the number of groups (K) ranging from 2 to 12 (number of sites - 

1). AMOVA tests (see below) were performed for all grouping schemes and the 

resulting FST, FSC, and FCT were plotted and compared to identify the most optimal 

number of groups, similar to the ΔK method (Evanno et al., 2005) used for 

microsatellite data in STRUCTURE (Pritchard et al., 2000) (eg. Kuhn et al., 2010; 

Domínguez-Domínguez et al., 2011; Shi et al., 2012). Population differentiation was 

visualised by creating principal coordinates of analysis (PCoA) plots of Nei’s 

uncorrected measure of nucleotide differentation, DXY, in Genalex (Nei, 1978; Peakall 

and Smouse, 2006, 2012). Genetic structure was investigated by three independent 

AMOVAs, with significance testing done by 10,000 random permutations. One 

treated all populations as being separate subpopulations. The second test used the 

population groups as determined from the SAMOVA. The third test used the 

SAMOVA groups except one sampling location (TT) was transferred between two 

groups to preserve geographical contiguity (see Results). A Mantel test was 

performed to investigate genetic isolation by distance. The Geographic Distance 

Matrix Generator (Ersts, http://biodiversityinformatics.amnh.org/open_source/gdmg) 

was used to calculate the linear distance in kilometres between all pairs of sampling 

locations from their geographical coordinates. Genetic isolation was measured as the 



71 
	

pairwise difference in ΦST/(1-ΦST) (Rousset, 1997). Significance testing was performed 

through 1,000 random permutations.  

3.3.5 – MERMITHID PHYLOGENETICS 

Markers used in phylogenetic tree-building for the family Mermithidae were the 

partial 18S rRNA gene, partial 28S rRNA gene, and partial CO1 gene. The length of 

each alignment was: 18S = 755 bp, 28S = 277 bp, CO1 = 328 bp. These alignments are 

significantly shorter than the fragments amplified from T. zealandica due to the 

limited coverage of many mermithid sequences available on GenBank, as inclusion of 

more taxa was prioritised over alignment length and incorporation of missing data 

was avoided. All mermithid sequences available for each marker on GenBank that 

fully spanned each alignment were included, with the exception of identical 

duplicate sequences from the same species and source study. One additional 28S 

sequence from Amphimermis sp. B 2007 (EF617373) was excluded. This sequence has 

98.88% nucleotide sequence identity with Octomyomermis huazhongensis, as opposed 

to 79.48% identity with the conspecific Amph. sp. A 2007. These three sequences were 

all obtained in the same study (Wang et al., 2007), which confirmed monophyly of the 

two Amphimermis spp. using CO1 and 18S data but suggested polyphyly using 28S 

data. The incongruent result from 28S data is likely due to sequence data having 

been mistakenly obtained from Octomyomermis huazongensis or simply mislabelled. A 

list of the mermithid and outgroup sequences from GenBank used in phylogenetic 

analyses is provided in Table 3.2.  

Table 3.2 Accession numbers and references of mermithid and outgroup sequences used for 
phylogenetic analyses. Outgroup sequences indicated by *. 

Species 18S 28S CO1 Reference 
Agamermis changshaensis DQ628908 EF617371 EF617362 Wang et al., 2007 

Agamermis sp. BH-2006 DQ665653  DQ665656 DS 

Agamermis xianyangensis EF617352 EF617370 EF617361 Wang et al., 2007 

Allomermis solenopsii DQ533953   Poinar et al., 2007 

Amphimermis sp. A-2007 EF617354 EF617372 EF617363 Wang et al., 2007 
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Species 18S 28S CO1 Reference 
Amphimermis sp. B-2007 EF617355  EF617364 Wang et al., 2007 

Anatonchus tridentatus AY284768* AY593065*  Holterman et al., 2006; 
DS 

Gastromermis sp. BH-2006 DQ533954   DS 

Gastromermis viridis   EU876605 St-Onge et al., 2008 

Heleidomermis sp. BH-2006 DQ533955   DS 

Hexamermis agrotis A DQ530350 EF617369 EF617360 Wang et al., 2007 

Hexamermis agrotis B   EF368011 DS 

Isomermis lairdi FN400892   Crainey et al., 2009 

Isomermis wisconsinensis   EU876606 St-Onge et al., 2008 

Limnomermis sp. 1 JH-2014 KJ636371   DS 

Longidorus helveticus EF538759 EF538753 EF538747 Kumari et al., 2009 

Mermis nigrescens BC, CA 
1 

DQ518905   DS 

Mermis nigrescens BC, CA 
2 

AF036641   Blaxter et al., 1998 

Mermis nigrescens New 
Zealand  

KF886018 KF886018  Presswell et al., 2015 

Mermithid sp. JH-2004 AY284743   Holterman et al., 2006 

Mermithidae sp. 1 KCK-
2013 

KC243312   Kobylinksi et al., 2012 

Mermithidae sp. 2 JH-
2014 

KJ636328   DS 

Mermithidae sp. A-AV-
2003 

AY374415   Vandergast & 
Roderick, 2003 

Mermithidae sp. B-AV-
2003 

AY374416   Vandergast & 
Roderick, 2003 

Mermithidae sp. C-AV-
2003 

AY374417   Vandergast & 
Roderick, 2003 

Mermithidae sp. JR-2009 FJ982324   Ross et al., 2010 

Mermithidae sp. MHMH-
2008 

FJ040480   Holterman et al., 2006 

Mermithidae sp. NM1 LC114020   Kubo et al., 2016 

Mermithidae sp. TB-2009 FJ605514   Yeates & Buckely, 
2009 
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Species 18S 28S CO1 Reference 
Mesomermis camdenensis   EU876607 St-Onge et al., 2008 

Mesomermis flumenalis 
complex S1 

  EU876610 St-Onge et al., 2008 

Mesomermis flumenalis 
complex S2 

  EU876611 St-Onge et al., 2008 

Mesomermis flumenalis 
complex W1 

  EU876608 St-Onge et al., 2008 

Mesomermis flumenalis 
complex W2 

  EU876609 St-Onge et al., 2008 

Mononchus truncatus AY284762* AY593064*  Holterman et al., 2006; 
DS 

Mononchus tunbridgensis AY593954* AY593063*  Holterman et al., 2006; 
DS 

Nematoda sp. MQ26 JQ894731   Umbers et al., 2015 

Nematoda sp. MQ94 JQ894732   Umbers et al., 2015 

Octomyomermis 
huazhongensis 

EF617353 EF617368 EF617359 Wang et al., 2007 

Ovomermis sinensis China DQ520879   Wang et al., 2007 

Ovomermis sinensis Europe KU177046   DS 

Romanomermis culcivorax DQ418791 EF417153 EF154459 DS; Sonnenberg et al., 
2007 

Romanomermis iyengari JX021620  EF175764 DS 

Romanomermis nielseni   EF175763 DS 

Romanomermis       
sichuanensis 

EF612769 EF617366 EF617357 Wang et al., 2007 

Romanomermis 
wuchangensis 

DQ520878 EF617365 EF617356 Wang et al., 2007 

Strelkovimermis spiculatus DQ665654 LN879496 LN879495 DS 

Strelkovimermis spiculatus 
isolate Cd Punta Lara 

KP270700   Belaich et al., 2015 

Strelkovimermis spiculatus 
isolate Oa Los Hornos 

KP270703   Belaich et al., 2015 

Thaumamermis cosgrovei DQ665655  DQ520858 DS; Tang & Hyman, 
2007 

Xiphinema americanum AY283170* AY580056* AY382608* Neilson et al., 2004; 
DS; He et al., 2005 
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Selection of nucleotide substitution models and optimal partitioning schemes was 

determined using PartitionFinder v2.0.0 (pre-release 14) (Lanfear et al., 2012), which 

utilises the software PhyML v3.0 (Guindon et al., 2010) and allows the user to restrict 

model testing to those implemented in MrBayes. The corrected Aikake information 

criterion (AICc) was used for evaluating the likelihood of the proposed models and 

partitioning schemes. Phylogenetic tree building was performed with MrBayes v3.2.6 

(Ronquist & Huelsenbeck, 2003) and RAxML v8 (Stamatakis, 2014), and was 

performed remotely using CIPRES. For CO1, the optimal scheme partitioned the data 

into two partitions, one containing codon positions 1 and 2, and the other containing 

codon position 3. Substitution saturation of the third codon position of CO1 was 

assessed by plots of transitions/transversions versus Jukes-Cantor ’69 distance (Jukes 

& Cantor, 1969, created in DAMBE v6.4.2 (Xia, 2013). For MrBayes, models selected 

by PartitionFinder for each marker were used: 18S = GTR+I+Γ, 28S = GTR+I+Γ, CO1 

(codon positions 1 and 2) = GTR+Γ, and CO1 (codon position 3) = HKY+Γ. For 

Bayesian analyses, two runs, each consisting of four Markov chains, were allowed to 

run for 10,000,000 generations and were sampled every 1,000. A chain heating 

parameter of 0.04 was used. The first 2,500 trees (25%), were discarded as burn-in 

and posterior probabilities were obtained from a majority-rule consensus. Tracer v1.6 

(Drummond & Rambaut, 2007) was used to assess convergence of the two runs and 

ensure high effective sample size (ESS). For maximum likelihood, the RAxML default 

model of GTR+Γ was used for all markers. Bootstrap support values were obtained 

using the rapid bootstrap method with 1,000 replicates. 

A fourth, concatenated alignment including sequences from all three markers was 

also used in phylogenetic analyses. This alignment included two dorylaimid 

outgroup species (Xiphinema americanum and Longidorus helveticus) and three 

mononchid outgroup species (Mononchus truncatus, Mononchus tunbridgensis, and 

Anatonchus tridendatus). Mermithid species included were: Agamamermis chanshaensis, 

Agamermis xianyangensis, Amphimermis sp. A 2007, Hexamermis agrotis, Mermis 

nigrescens, Octomyomermis huazhongensis, Ovomermis sinensis, Romanomermis 
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culcivorax, R. sichuanensis, R. wuchangensis, Strelkovimermis spiculatus, Thaumamermis 

cosgrovei, and T. zealandica. Some taxa were included despite missing data at some 

loci. No 28S data are available for S. spiculatus and T. cosgrovei. No CO1 data are 

available for the three mononchid species or the mermithid species Mermis nigrescens. 

Despite the unavailability of sequence data for the aforementioned markers, these 

species were included to increase the number of taxa in the alignment and because 

missing data is not expected to have a significant impact on the results of 

phylogenetic analyses of multi-locus data (Wiens & Morril, 2001; Streicher et al., 

2016). The data were partitioned into 18S, 28S, CO1 codon positions 1 and 2, and CO1 

codon position 3, utilizing the same models and parameters as in the individual 

analyses. Separate analyses were performed with the third codon position of CO1 

both included and excluded. 

3.4 – RESULTS 

3.4.1 – COLLECTIONS 

In total, 247 Thaumamermis zealandica were isolated from 6,040 talitrids. Mermithid-

infected Bellorchestia quoyana were found at eight of the fifteen sampling locations: 

Long Beach (LB), Aramoana (AR), Smails (SM), Tomahawk (TK), Taeri Mouth (TM), 

Tautuku (TT), Porpoise Bay (PB), and Oreti (OT) (Table 3.3). No mermithids were 

found north of LB in Bellorchestia quoyana or from the unidentified rocky variant 

talitrid. Furthermore, no mermithids were found at Wangaloa (WA), a pebbly beach 

within the mermithid’s range at which only the rocky variant occurs. Among the 

sites at which infected sand hoppers were found, there was a wide range of 

prevalence, from 0.35% at OT to 15.56% at PB. The mean intensity (number of 

parasites per infected host) among all sites was 1.355 (SD=0.694). The mean 

mermithid length among all sites was 67.01 mm (SD=34.98). The longest mermithid 

found was 146 mm.  
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Table 3.3 Collection results, including prevalence (% parasitised), intensity (n mermithids per infected host), and mean mermithid length.                              
* = numbers reflect just the rocky variant talitrid, ** = numbers reflect a combination of rocky variant and B. quoyana, *** = three mermithids excluded 
from length measurements at this site.	

Site n talitrids n parasitised (%) n T. zealandica Mean intensity +/- SD Mean T. zealandica length +/- SD (mm) 

NB 313 0 0 N/A N/A 

SU 275 0 0 N/A N/A 

PP  163* 0 0 N/A N/A 

OA    298** 0 0 N/A N/A 

MO 395 0 0 N/A N/A 

WK 310 0 0 N/A N/A 

LB 967 32 (3.31) 46 1.438 ± 0.840 56.80 ± 31.35 

AR 535 7 (1.31) 10 1.429 ± 0.787     73.14 ± 32.16*** 

SM 460 24 (5.22) 36 1.500 ± 0.885 59.28 ± 33.06 

TK 133 12 (9.02) 18 1.500 ± 0.905 73.67 ± 29.75 

TM 221 18 (8.14) 19 1.056 ± 0.236 50.53 ± 41.20 

WA  198* 0 0 N/A N/A 

TT 722 10 (1.39) 14 1.400 ± 0.966 91.17 ± 32.56 

PB 482 75 (15.56) 102 1.360 ± 0.629 72.72 ± 35.08 

OT 568 2 (0.35) 2 1.000 ± 0.000 78.50 ± 27.58 

Total 6040 180 (3.13) 247 1.355 ± 0.694 67.01 ± 34.98 
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3.4.2 – BELLORCHESTIA QUOYANA POPULATION GENETICS 

CO1 sequence data was obtained from thirteen rocky variant talitrids. Nine of these 

sequences had one or multiple stop codons in the validated reading frame, which 

indicates that they may be nuclear pseudogene copies of CO1. These sequences were 

therefore excluded from the study. Of the remaining four sequences, one is from 

Patiti Point (PP) and three are from WA, and all are unique haplotypes. Pairwise K2P 

genetic distance among these haplotypes ranges from 0.2-0.7%. K2P genetic distance 

of these rocky variant haplotypes to the B. quoyana haplotypes ranges from 17.4-

18.5%, of sufficient distance to be considered a separate species (see Discussion). As 

such, sequence data from these individuals were not used in subsequent analyses of 

B. quoyana population genetics.  

Bellorchestia quoyana ITS1 sequence data were of low quality and contained many 

overlapping peaks, indicative of intragenomic variation, as has been observed for 

this marker in other crustaceans (Harris & Crandall, 2000; Chu et al., 2001; Gandolfi et 

al., 2001). Therefore, the use of ITS1 for population genetic analyses was not pursued 

further. 

From the 260 B. quoyana CO1 sequences, 23 polymorphic sites and 20 unique 

haplotypes were identified, although two of these (Moeraki_06 and Oreti_08) only 

differed from a more common haplotype due to an ambiguous nucleotide (both T→K 

at position 16 in alignment). Standard indices of population genetic diversity are 

provided in Table 3.4. Three of the haplotypes (nos. 1, 2, and 3) were shared among 

many individuals, whereas the remaining seventeen were each only found in a single 

individual. Pairwise K2P genetic distance among these haplotypes ranges from 0.2-

1.5%. TCS and median joining methods yielded identical haplotype network 

topologies (Figure 3.1). The most common haplotype, haplotype 1, is separated from 

both haplotypes 2 and 3 by single mutational steps. Haplotypes 2 and 3 are separated 

from each other by two mutational steps, either through haplotype 1 or an 

unsampled haplotype. Most unique haplotypes are separated from only one of the 
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Table 3.4 Standard population genetic indices for the B. quoyana at all collection sites. n = 
number of individuals sequenced, Nh = number of haplotypes, Np = number of polymorphic 
sites, h = haplotype diversity, π = nucleotide diversity. 

common haplotypes by one or two mutational steps, with the exception of 

Oamaru_03, which is removed from haplotype 3 by six mutation steps, and 

Moeraki_05, which is removed from both haplotypes 2 and 3 by two mutational steps 

through an unsampled haplotype. Haplotype 1 was found at every B. quoyana 

sampling site, and at the Christchurch-area beaches New Brighton (NB) and Sumner 

(SU) it was the only represented haplotype (Figure 3.2). Haplotype 2 was only found 

at sites south of the Otago Harbour entrance and was most prevalent at SM, TK, and 

TM. Haplotype 3 was found from Oamaru (OA) to PB, but was most common at the 

central coast locations OA, Moeraki (MO), Waikouati (WK), LB, and AR. In general, 

there was a pattern of high haplotype diversity in southern sampling locations, 

moderate diversity in central locations, and no diversity in northern locations. In 

other words, haplotype diversity decreased with decreasing latitude.

Site n Nh Np h π 

NB 20 1 - - - 

SU 20 1 - - - 

OA 20 4 8 0.3635 ± 0.1309 0.001557 ± 0.001234 

MO 20 5 4 0.6316 ± 0.0875 0.001320 ± 0.001101 

WK 20 4 4 0.6000 ± 0.0771 0.001295 ± 0.001087 

LB 20 2 1 0.5053 ± 0.0560 0.000812 ± 0.000803 

AR 20 2 1 0.5053 ± 0.0560 0.000812 ± 0.000803 

SM 20 4 4 0.7211 ± 0.0506 0.001794 ± 0.001363 

TK 20 5 4 0.6789 ± 0.0798 0.001591 ± 0.001252 

TM 20 6 5 0.6737 ± 0.0998 0.001836 ± 0.001386 

TT 20 4 3 0.5368 ± 0.1042 0.001032 ± 0.000935 

PB 20 4 3 0.5737 ± 0.0904 0.001092 ± 0.000970 

OT 20 4 2 0.4895 ± 0.1167 0.000795 ± 0.000792 
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	 Figure 3.1 Statistical parsimony network of B. quoyana CO1 haplotypes. Hatch marks represent mutational steps. Dark circles 
represent inferred, unsampled haplotypes. Sampling locations are coloured according to their position along the coast, with 
hotter colors representing northeastern locations and cooler colors representing southwestern locations. 
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Figure 3.2 Map of study area indicating B. quoyana CO1 haplotype representation at the various collection sites. 
Haplotype 1 is found at all locations, while haplotype 2 is found only in southern locations. Haplotype 3 is mainly found 
in central locations but is also found in lower numbers further south. Note a northward trend of decreasing diversity.  
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The optimal number of SAMOVA groups was determined to be three, as the largest 

rise in FCT (differentiation among groups) and fall in FSC (differentiation among 

populations within groups) occurred when group number (K) was increased from 

two to three (Figure 3.3). SAMOVA tests yielded identical groupings of populations 

when performed both with and without spatial information, largely corresponding to 

regional subdivision. Group 1 contains just the northern sites of NB and SU. Group 2 

contains the southern sites OT, PB, TM, TK, and SM. Group 3 contains the central 

sites of OA, MO, WK, LB, and AR along with one southern site, TT. This grouping is 

also evident from the PCoA (Figure 3.4). AMOVA tests revealed substantial levels of 

differentiation at the global, SAMOVA group, and regional levels (Table 3.5). The 

regional hierarchy (Group 1 : [Group 2 – TT] : [Group 3 + TT]) performed similarly to 

that of the SAMOVA groups. A simple Mantel test of a linear relationship linking 

distance between sampling location and genetic isolation (ΦST/(1-ΦST) showed 

moderate levels of isolation by distance (r2 = .1496; p = 0.007) (Figure 3.5).  

K	vs.	FCT,	FSC,	FST	

FSC	 FST	 FCT
Figure 3.3 Plot of hypothetical population number (K) vs. fixation indices for selection of K 
in AMOVA tests. Most drastic increase in FCT and decrease in FSC occurs when raising K 

from 2 to 3.  
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Table 3.5 Results of AMOVA tests. d.f  = degrees of freedom, % var. = percentage of total 
variation explained by each source. 

Analysis Source of Variation d.f. % var. Fixation Indices p-value 
Overall Among sites 12 26.69 ΦST = 0.26689 <0.001 

 Within sites 247 73.31   

SAMOVA Among groups 2 30.70 ΦCT = 0.30701 <0.001 

 Among sites within groups 10 3.49 ΦSC = 0.05038 <0.01 

 Within sites 247 65.81 ΦST = 0.34192 <0.001 

Regional Among regions 2 28.98 ΦCT = 0.28983 <0.001 

 Among sites within regions 10 4.79 ΦSC = 0.06743 <0.01 

 Within sites 247 66.23 ΦST = 0.33771 <0.001 

Figure 3.4 PCoA of Nei’s uncorrected measure of nucleotide differentiation, DXY. Shapes and 
colors represent the groups identified by SAMOVA. 
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3.4.3 – THAUMAMERMIS ZEALANDICA SEQUENCE CHARACTERSITICS AND 
MERMITHID PHYLOGENY 

Partial sequences of CYTB (alignment length = 418 bp) and NADH4 (384 bp) were 

obtained from five individuals each from each of the eight locations at which 

mermithids were found (except for OT where only two were found), for a total of 37 

sequences for each of the two markers. Partial sequence of the M1M6 partition of 

CO1 (686 bp) was obtained from at least ten mermithids from each location except for 

OT, for a total of 83 sequences. Additionally, sequence data from the I3M11 partition 

of CO1 (385 bp) and the internal transcribed spacer region (1,020 bp) was obtained 

from a total of fourteen and thirteen individuals, respectively, among four locations 

(OT, PB, AR, LB). Surprisingly, for every marker all sequences were identical to one 

another and not a single polymorphism was observed.  

Figure 3.5 Plot of linear distance between sites vs. genetic distance (ΦST/(1-ΦST)), showing 
moderate levels of isolation by distance (r2 = .1496; p = 0.007). 
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In analyses of mermithid phylogeny, Bayesian and maximum likelihood (ML) 

methods each yielded similar topologies for the 18S, 28S, CO1, and concatenated data 

sets. Bayesian trees for the 18S and concatenated data sets are displayed here with 

both posterior probabilities and bootstrap support values. The separate Bayesian and 

ML trees for these two datasets, along with the 28S and CO1 data sets (with and 

without third codon position), are provided in Appendices B7-14. The 18S tree 

(Figure 3.6) shows a trifurcation at the most basal node within the family, separating 

it into three clades: clade 1 containing the genera Allomermis, Mermis, Heleidomermis, 

Limnomermis, Isomermis, Gastromermis, Strelkovimermis, Amphimermis, and 

Romanomermis; clade 2 containing the genera Octomyomermis, Hexamermis, Agamermis, 

and Ovomermis; and clade 3 containing the study species, Thaumamermis zealandica, 

and its conspecific, T. cosgrovei. Plots of transitions/transversions versus genetic 

distances indicated significant saturation of the third codon position of CO1 (App. 

B15). Therefore, the tree presented here is estimated from the concatenated data set 

from which third codon position data is excluded (Separate Bayesian and ML trees, 

as well as those from an alignment including third codon position, are provided in 

Appendices B16-19). Inclusion of data from 28S and CO1 codon positions 1 and 2 

with that from 18S yields a similar topology (Figure 3.7), except that a bifurcation at 

the most basal node is now observed and T. zealandica and T. cosgrovei now form a 

sister taxon to clade 1. 

3.5 – DISCUSSION 

In addition to characterising the geographical range and infection levels of the 

mermithid Thaumamermis zealandica, this chapter also provides the first genetic data 

for the parasite and its talitrid host, Bellorchestia quoyana. It also provides data from 

an unidentified talitrid that is distinct from B. quoyana. Population genetic analyses of 

B. quoyana CO1 sequence data demonstrates moderate levels of population 

structuring that support the existence of three regional metapopulations along the 

south-eastern coast of New Zealand’s South Island. Surprisingly, sequence from four 
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Figure 3.6	Combined Bayesian/ML tree of the 18S rRNA gene. Posterior probabilities indicated above the nodes, bootstrap support 
values below. Only values above .70 or 70 are shown. Clade numbers are indicated in boxes at base of each clade.  
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Figure 3.7	Combined Bayesian/ML tree of the 18S/28S/CO1 concatenated data set. Third codon position of CO1 is excluded. Posterior 
probabilities indicated above the nodes, bootstrap support values below. Only values above .70 or 70 are shown. Clade numbers are 
indicated in boxes at base of each clade. 



expectedly-polymorphic molecular markers commonly used in population genetic 

and phylogeographical studies revealed absolutely no sequence variation of 

mermithid individuals both within and among sampling locations. This chapter also 

provides new, multi-locus phylogenetic reconstructions of the family Mermithidae.  

3.5.1 – RANGE, SPECIFICITY, AND INFECTION LEVELS OF T. ZEALANDICA 

All previous studies of T. zealandica focused only on locations in and around 

Dunedin, with the most comprehensive collection having been conducted between 

the town of Brighton and Long Beach, encompassing roughly 60 km of coastline 

(Rasmussen & Randhawa, 2015). The present study collected potential hosts over a 

range of at least 700 km of coastline, from OT near Invercargill to NB in Christchurch. 

This revealed that T. zealandica is likely restricted to locations in the Dunedin area 

and southwards, as not a single individual was found among the 1,754 talitrids 

collected north of LB. Additionally, no individuals were found in the rocky variant 

talitrids from WA, which is within T. zealandica’s range. It is possible that T. zealandica 

may only be able to parasitise B. quoyana but not the rocky variant. Alternatively, the 

parasite may not be a specialist of B. quoyana but rather there may be little 

opportunity for host-switching, as B. quoyana and the rocky variant were not found 

in sympatry outside of OA. Given that several mermithid species can parasitise a 

range of host species (Petersen et al., 1969; Blackmore, 1992; Becnel & Johnson, 1998), 

and that T. zealandica’s congeneric, T. cosgrovei, infects multiple species of isopod 

(Poinar, 1981), a taxon quite distantly related to amphipods, it is likely that the latter 

scenario is correct. However, experimental infections would be required to determine 

this with certainty.  

The levels of parasite prevalence from this study fall within the previously observed 

range. With the exception of the study by Rasmussen & Randhawa (2015), all 

previous investigations of T. zealandica were carried out at Long Beach alone. 

Prevalence at this location has varied greatly, from 0% in Rasmussen & Randhawa 

(2015) to 31.3% in Poulin & Latham (2002a), compared to 3.31% in the current study. 

This could be due to a variety of factors, both spatial and temporal. Poulin & Rate 
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(2001) found that parasite prevalence can vary greatly among kelp patches on an 

individual beach. Thus, the difference in the prevalence may be explained by chance 

selection of high- or low- prevalence kelp patches in each study. Alternatively, 

seasonal or annual fluctuations in the parasite’s population levels may explain this 

difference. These explanations are not mutually exclusive and may be working in 

concert to generate the observed differences in prevalence among the studies.  

3.5.2 – TWO SPECIES OF TALITRID 

Collections of talitrids yielded two morphologically and behaviourally distinct 

variants of talitrid: one, Bellorchestia quoyana, inhabiting sandy substrate, and the 

other, the rocky variant, inhabiting pebbly substrate. As the focus of this chapter is 

not talitrid morphology and there are no available species keys for New Zealand 

talitrids, the rocky variant was not taxonomically identified. However, the minimum 

K2P CO1 genetic distance of 17.4% between the rocky variant and B. quoyana 

indicates that they are separate species. Previous studies comparing CO1 sequences 

of talitrid species have suggested using a K2P distance of 4% as lower limit for CO1 

barcoding-based species delimitation, similar to the 3% level suggested for 

crustaceans at large (Radulovici et al., 2009; Ketmaier & De Matthaeis, 2010; Wildish 

et al., 2012). Unfortunately, as this is the first study to provide genetic data for New 

Zealand talitrid species, there are no sequences available in databases against which 

the rocky variant could be compared in order to identify it genetically. According to 

the World Amphipoda Database (http://www.marinespecies.org/amphipoda/), there 

are at least sixteen supralittoral talitrids found in the New Zealand Exclusive 

Economic Zone. The rocky variant may be one of these or an undescribed species. 

Future studies coupling morphological and genetic data are needed to determine the 

identity of the rocky variant and to characterise the diversity of New Zealand’s 

supralittoral talitrids.  
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3.5.3 – BELLORCHESTIA QUOYANA PHYLOGEOGRAPHY 

This chapter demonstrates that the population genetic structure of B. quoyana largely 

follows a pattern of regional subdivision, with three distinct groups in the north, 

centre, and south of the collection range. Separations between these three groups 

occur at the Otago Peninsula for the southern and central groups, and at Banks 

Peninsula for the central and northern groups. This suggests that these two 

peninsulas, the largest on the South Island’s eastern coast, function as barriers to 

B. quoyana dispersal.  Additionally, the Canterbury Bight, a long stretch of coast 

between Oamaru and Banks Peninsula comprised solely of pebbly substrate, likely 

contributes further to the isolation of the northern populations. A pattern of higher 

genetic diversity in the southern group, moderate genetic diversity in the central 

group, and no diversity in the northern group suggests a northwards direction 

B. quoyana gene flow, indicating that consecutive population bottlenecks may have 

occurred at the peninsulas and/or across the Canterbury Bight. This, along with the 

small divergence between haplotypes, suggests that B. quoyana may be a recent 

arrival to the Christchurch area, or that previous populations had gone locally extinct 

and the area has subsequently been re-colonised. This recent expansion is further 

supported by the observation that no unique haplotypes were encountered at NB 

and SU, indicating that these populations have established relatively recently with 

little time to accumulate novel alleles. Given that the Southland Current travels from 

south to north, these findings are consistent with the dominant hypothesis of rafting 

as the dispersal mechanism for talitrids (Wildish, 2012).  

The majority of population genetic studies of supralittoral talitrids have been carried 

out in the Mediterranean and have also found evidence for current-mediated 

dispersal via rafting (De Matthaeis et al., 2000; Henzler & Ingólfsson, 2008; Pavesi et 

al., 2012, reviewed in Pavesi & Ketmaier, 2013).  The connectivity between 

populations has largely been linked to the ecological characteristics of the talitrid in 

question and their effects on dispersal. For example, beachfleas, which do not burrow 

and tend to inhabit macroalgae or seagrass, typically show lower levels of population 
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differentiation, indicating higher levels of connectivity between locations (Pavesi & 

Ketmaier, 2013). As they directly associate with wrack, long distance dispersal via 

rafting may occur with relatively high frequency. Sandhoppers, on the other hand, 

burrow into the substrate and feed on wrack rather than directly living among it. As 

such, dispersal occurs less frequently, as evidenced by higher levels of population 

differentiation (Pavesi & Ketmaier, 2013).  The population structure of B. quoyana is 

therefore in accordance with previously observed patterns for sandhoppers from the 

Mediterranean. 

While there are no previous phylogeographic studies of New Zealand talitrids, there 

is a substantial body of work on other coastal benthic and littoral species (see Ross et 

al., 2009). Many of these studies have revealed a phylogeographic break between 

north and south, largely attributed to the complex hydrogeographic features around 

the Greater Cook Strait area (Apte & Gardner, 2002; Ayers & Waters, 2005; Veale & 

Lavery, 2011). The majority have focused on species with a planktonic larval stage, 

which therefore have much greater dispersal potential than B. quoyana. However, 

there are a handful of studies that have investigated brooding littoral species or 

otherwise dispersal-limited organisms, often highlighting the importance of kelp 

rafting in mediating population connectivity and the distribution of species (Sponer 

& Roy, 2002; Jones et al., 2008). For example, Sponer & Roy (2002) found that while 

the brooding brittle star Amphipholis squamata did exhibit local patterns of population 

differentiation, there was evidence for connectivity between far flung populations, 

suggesting that stochastic, infrequent dispersal via rafting is integral to its 

widespread present-day distribution. Similarly, Jones et al. (2008) found significant 

levels of genetic structuring among populations of the seagrass Zostera mulleri, with 

analysis of the lineages present in each population suggesting limited dispersal 

between sites.  

Though once discounted in favour of vicariant processes (plate tectonics, glaciation, 

etc.), the role of dispersal in explaining present-day biogeographical patterns is 

increasingly being appreciated (Zink et al., 2000; De Queiroz, 2005). What was once 
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considered to be an implausible force in mediating species distributions, drift/rafting 

has more recently been shown to be an important means of dispersal for many 

marine taxa, specifically in southern waters (Highsmith, 1985; Donald et al., 2005; 

Nikula et al., 2010; Fraser et al., 2011; Nikula et al., 2012; see Waters, 2008). One study 

particularly relevant to the findings of this chapter deals with the asymmetric 

dispersal of southern bull-kelp (Durvillaea antarctica) in New Zealand and its 

subantarctic islands (Collins et al., 2010). Conducted over a comparable range as the 

current study, Collins et al. (2010) determined the source populations of stranded bull 

kelp adults on the shores of the Canterbury Bight using molecular markers. They 

showed that nearly all individuals had drifted from southern locations, some over 

distances of at least 500 km from the subantarctic, with the small fraction of those 

that displayed southward dispersal typically only having travelled tens of 

kilometres. This indicates that the dispersal capability and directionality of Durvillaea 

antarctica, with which B. quoyana is closely associated (Marsden, 1991a,b; Dufour et 

al., 2012), is sufficient to transport the talitrid over the distances observed in the 

current study and contribute to the south-to-north pattern of decreasing diversity. 

3.5.4 – THAUMAMERMIS ZEALANDICA SEQUENCE INVARIANCE 

The complete lack of sequence variation for T. zealandica CO1, NADH4, CYTB, and 

ITS1/5.8S/ITS2 indicates a lack of population structure for the parasite and/or the 

unsuitability of these markers in population genetic studies of this species. This 

striking result is unexpected given the typically high substitution rates and 

widespread use of these markers in population genetic studies of many taxa, 

including other nematodes (Moritz et al., 1987; Sunnucks, 2000; Hu et al., 2003). This 

observed lack of sequence variation could be explained by markedly low mutation 

rates for these markers, the occurrence of a recent population bottleneck, or a 

combination of the two.  

Could extremely slow evolutionary rates of mtDNA and ITS1/5.8S/ITS2 somehow be 

characteristic of mermithids? Unfortunately, there have been very few studies 
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investigating intraspecific variation of these markers in mermithids, making it 

difficult to draw comparisons (St-Onge et al., 2008; Belaich et al., 2015). St-Onge et al. 

(2008) identified four cryptic species within Mesomermis flumenalis, a mermithid 

parasitising blackflies in North America. Two of the four cryptic species showed no 

variation in a 325 bp region of CO1, though they were only represented by a total five 

specimens. The remaining two cryptic species, however, did exhibit intraspecific 

sequence polymorphism, albeit at quite low levels. Belaich et al. (2015) similarly 

found intraspecific variation of NADH4 in the South American mosquito parasite 

Strelkovimermis spiculatus. In contrast, ITS1/5.8S/ITS2 sequences of two Mermis 

nigrescens specimens provided by Presswell et al. (2015) are completely identical. It is 

difficult to make conclusions about rates of molecular evolution in the family 

Mermithidae when sampling both among and within species is so limited. The 

observation of slow mutational rates in mermithids would be contrary to findings 

from other parasitic taxa, as there is a general trend of parasite genomes evolving 

more rapidly than their hosts’ (Best et al., 2009; Kochin et al., 2010).  

While there has been little investigation of mtDNA gene sequence evolution in 

mermithids, there is a larger body of work characterising the structure of their 

mitochondrial genomes (Powers et al., 1986; Hyman & Azevedo, 1996; He et al., 2009). 

Mermithids are unique in that they have considerably large mitochondrial genomes 

that display rapid changes in gene order both among and within species (Hyman et 

al., 2011). A striking example is that of T. zealandica’s congeneric, T. cosgrovei (Tang & 

Hyman, 2005, 2007). The mitochondrial genome of this mermithid species is one of 

the largest among all metazoans (>34kb) and contains a “hypervariable region” with 

repeated non-coding stretches and degenerate pseudogene copies, which has also 

been observed in other mermithid species (Wu, 2007; He et al., 2009). The sequence 

and length variability of this region are so pronounced that, unless recovered from 

the same individual host, no two T. cosgrovei specimens share a genomic haplotype. 

Interestingly, although they do not provide the data directly, when Tang & Hyman 

(2007) sequenced a ~4kb stretch of the shared mitochondrial backbone they found 
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greater than 99.5% sequence identity among specimens, which they suggested 

indicates strong selection upon this region to maintain the functional integrity of its 

genes in the face of frequent and extensive remodelling of the hypervariable region. 

Thus, it is possible that the rapid changes in gene order and length necessitate 

sequence conservation in the functional gene copies. This would support the 

assertion of slow mutational rates of mtDNA in mermithids and account for the 

observed lack of polymorphism in the current study. An interesting future study 

would involve sequencing of the full mitochondrial genomes of many T. zealandica 

individuals across the study range. In the likely event that T. zealandica contains a 

hypervariable region in its mitochondrial genome, analysis of its length or gene order 

may provide an alternative to gene sequence comparisons as a means of elucidating 

its population structure and phylogeography.  

A lack of haplotype diversity within a population can also be indicative of a recent 

population bottleneck due to a founder effect, as that inferred for B. quoyana 

populations near Christchurch. If this were the case, T. zealandica would have to be a 

recent coloniser of the south-eastern coast. This scenario would necessitate the recent 

colonisation of New Zealand by its host or a recent host switch from an exotic, 

unidentified host. Both scenarios are rather unlikely. For one, B. quoyana is only 

found in New Zealand, and so the question of from where it may have been 

introduced is moot. Secondly, as the rocky variant talitrids were never found to be 

infected, a recent host switch is also hard to imagine. It is possible, though, that an 

introduced, unidentified talitrid sympatric with B. quoyana may have brought with it 

T. zealandica and transferred it to its current host. Though it cannot be ruled out, this 

is also unlikely in that intensive talitrid sampling failed to yield any other genetically 

distinct lineages aside from the rocky variant. In either case, as population 

structuring of the host was observed over the geographical range of the parasite, the 

bottleneck scenario must also include slower evolutionary rates of the parasite than 

the host. Thus, one must conclude that rates of nucleotide substitution for mtDNA 

are too low for it to be of use in population level analyses of T. zealandica. The 
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application of more variable nuclear markers such as microsatellites may provide 

enhanced resolution and allow one to investigate host-parasite co-structure at a level 

not possible in the current study.  

Examples demonstrating invariance of molecular markers in population genetic 

studies of animals are difficult to identify, ostensibly due to the widespread 

unwillingness to publish negative results.  However, one has to assume that this is 

not an isolated phenomenon. Slow evolutionary rates of mtDNA in plants have been 

documented for some time, highlighting their unsuitability for population genetics 

and phylogeography, which require intraspecific variation (Palmer & Herbon, 1988; 

Schaal et al., 1998). For this reason, many such studies of plants have relied on 

chloroplast DNA (cpDNA) and/or microsatellites (Schaal et al., 1998; Petit et al., 2005). 

Within animals, there is evidence of slower mtDNA evolutionary rates among basal 

lineages of the metazoan tree (Huang et al., 2008). Substitution rates 50-100 times 

slower than most animals have been observed in anthozoans, such as corals and 

anemones, which has implications for phylogeographical studies (Shearer et al., 2002; 

Hellberg, 2006). For example, in a study of the waratah anemone (Actinia tenebrosa), 

Veale & Lavery (2012) found no sequence polymorphism of mitochondrial genes or 

their introns among specimens collected throughout New Zealand, relying instead 

on microsatellites alone. Slow rates of mtDNA evolution have also been observed in 

certain chordate linages, such as sharks and turtles (Avise et al., 1992; Palumbi, 1992), 

although not of sufficient magnitude to preclude population genetic and 

phylogeographical studies at large spatial scales (Dutton et al., 1999; Bowen et al., 

1994; Keeney et al., 2005; Duncan et al., 2006).  

While high levels of intraspecific mtDNA sequence conservation may be a feature of 

plants, basal metazoans, and certain vertebrate lineages, this certainly does not 

appear to be a feature of nematodes in general. Similar levels of intraspecific mtDNA 

variation have been observed in nematodes as in other animal taxa (Blouin, 1998; 

Blouin et al., 1998; Blouin, 2002). As such, the use of mtDNA in population genetic 

and phylogeographical studies of nematodes, both free-living and parasitic, is 
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widespread (Blouin et al., 1995; Anderson et al., 1998; Brant & Ortí, 2003; Nieberding 

et al., 2004, 2005; Derycke et al., 2008; Bik et al., 2010). While the majority of these 

investigations focused on nematode lineages distantly related from mermithids, 

studies of the order Dorylaimida, the closest taxon to Mermithidae with available 

data, also demonstrate expected levels of intraspecific mtDNA divergence (Kumari et 

al., 2009; Chizhov et al., 2014). 

Despite the aforementioned lack of mtDNA sequence data for mermithids, the 

results of the current study suggest that extremely low levels of intraspecific mtDNA 

diversity may be characteristic of the family, perhaps as consequence of the extensive 

and frequent remodelling of mitochondrial genome structure. To investigate whether 

this may indeed be the cause, a future study could examine rates of mtDNA 

sequence evolution in the various metazoan taxa exhibiting aberrantly structured 

mitochondrial genomes. In any case, the results of this chapter should function as a 

guide for marker selection in future studies of mermithid population genetics, 

advising against the use of mtDNA in favour of more variable markers such as 

microsatellites. The development of microsatellite primers for T. zealandica, while 

time-intensive, may prove worthwhile for examining host-parasite co-structure.  

3.5.5 – PHYLOGENETIC RELATIONSHIPS WITHIN THE FAMILY MERMITHIDAE 

No previous study has investigated the genetics of T. zealandica. The results from all 

phylogenetic analyses conducted here are consistent with T. zealandica and T. 

cosgrovei being congeners, demonstrating monophyly of the genus and confirming 

previous morphological determinations (Poinar et al., 2002). This comes as no 

surprise, as the autapomorphy of this genus is the extreme inequality in length 

between the two spicules, which is not apparent in any other mermithid species 

(Poinar et al., 2002).  

The evolutionary relationships among mermithid taxa have not been extensively 

investigated. Based on morphological data alone, Gafurov (1997) published the only 

systematic framework within the family, establishing seven subfamilies (Figure 3.8). 
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The paucity of genetic data from mermithids has made it difficult to verify 

congruence between molecular and morphological phylogenies. The majority of 

mermithid studies that include phylogenetic trees do so only to verify the identity of 

the specimen in question, rather than to investigate mermithid systematics in 

general. By attempting to include as many taxa as possible, using multi-locus data, 

and applying more rigorous analytical techniques, this chapter provides the most 

comprehensive phylogenetic investigation within the family to date.	

Figure 3.8	Mermithidae phylogenetic tree as proposed by Gafurov (1997). Adapted from 
Gafurov (1997), kindly provided by B. Hyman. 
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Both the results of the current study and those of others are in accordance with 

Gafurov’s scheme at relatively shallow nodes, for example, those separating the 

genera Hexamermis and Agamermis, or Allomermis and Mermis (Poinar et al., 2007; 

Crainey et al., 2009). However, certain genera are occasionally placed in entirely 

different parts of the tree, such as Amphimermis, which is considered as part of the 

subfamily Agamermithinae but clusters more closely with Gastromermis and 

Romanomermis in the trees provided here and elsewhere (Wang et al., 2007; Crainey et 

al., 2009). Furthermore, relationships among subfamilies depicted by Gafurov are 

mostly without molecular phylogenetic support.  

Many previous studies provide trees supporting two of the main clades found here 

(clades 1 and 2) (Wang et al., 2007; Crainey et al., 2009). However, few investigations 

have included sequences from Thaumamermis spp. in their phylogenetic analyses, 

thus preventing a thorough comparison of the position of the genus. Kubo et al. 

(2016) demonstrate a similar topology to that of the 18S data presented here, except 

that Thaumamermis falls among species defined here as clade 2, though it diverges 

very early on. Wang et al. (2007) present a similar topology in their 18S tree, as do 

Kobylinski et al. (2012). In a mitochondrial genome-wide phylogenetic investigation 

of nematodes by Park et al. (2011), Thaumamermis was either basal to all other 

mermithids or fell within clade 2 depending on the specific analysis. The 

phylogenetic tree from the concatenated 18S/28S/CO1 dataset provided here is the 

first to provide support for Thaumamermis falling within clade 1. However, caution 

should be taken when interpreting this result. A look at the analyses of the individual 

markers (App. B) reveals that this position is mostly driven by the 28S data set, as 

both the 18S and CO1 data sets fail to provide sufficient resolution at this depth of 

the tree. As the length of the 28S alignment was restricted due to the constraints of 

the sequences available on GenBank, this may be due to differences in homology 

among various taxa along the length of the gene. As more genetic studies of 

mermithids are carried out and the number of available sequences increases, future 
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investigators will be better equipped to reconstruct the evolutionary history of the 

family.   

3.6 – CONCLUSION 

In addition to providing detailed information on the population genetics of the host 

and the unexpected lack of intraspecific variation in the parasite, this chapter 

provides the first genetic data for either study organism and an investigation of the 

phylogeny of the family Mermithidae. Phylogeographical results from the 

sandhopper indicate that it likely utilises kelp rafting as a means of dispersal, and 

that successive population bottlenecks may have occurred due to topographical 

features such as peninsulas and long stretches of coarse-sediment coastline. The 

extensive refinement of primers for the amplification of several mitochondrial genes 

may assist in future studies involving molecular genetics of mermithids. In providing 

interesting data on the invariant nature of T. zealandica mtDNA, this chapter 

highlights the potential importance of mitochondrial genome rearrangement in 

minimizing rates of mtDNA evolution in mermithids and suggests the use of 

alternative markers such as microsatellites in future population genetic studies of this 

group.  
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The intimate association between parasites and their hosts has made parasitism an 

attractive model in which to study ecological and evolutionary processes (Poulin, 

2007). A long-standing assumption in evolutionary studies of parasites has been that 

hosts are the singular drivers of their diversification, both at the macro- and 

microevolutionary scales (Fahrenholz, 1913; Jarne & Théron, 2001; Paterson & Banks, 

2001). On a population-genetic level, theory predicts that because parasites are 

dependent on their hosts for dispersal, the allelic composition of parasite populations 

(i.e. population structure) should mirror that of their hosts (Jarne & Théron, 2001; 

Gandon & Michalakis, 2002). Furthermore, several evolutionary traits of parasites in 

general (low effective population sizes, short generation times, higher rates of 

nucleotide substitution) suggest that their populations should be more differentiated 

than those of their hosts (Jarne & Théron, 2001). In instances of strong host-parasite 

co-structure and increased parasite population differentiation, parasites may 

function as ‘biological tags’ that can provide more information for phylogeographical 

studies than using the host genetics alone (Nieberding & Olivieri, 2007). 

This thesis set out to test these microevolutionary assumptions in two under-studied 

host-parasite systems on New Zealand’s South Island. Chapter Two investigated the 

genetic diversity of free-living, freshwater nematomorphs (gordiids) collected from 

five mountain ranges in the Central Otago region and characterised the population 

genetics of the most commonly encountered species, Euchordodes nigromaculatus. 

Congruence with host population structure was assessed via a comparison with 

previously published data for known and likely host species. Chapter Three focused 

on the population genetics of the mermithid nematode Thaumamermis zealandica and 

its sandhopper host, Bellorchestia quoyana, along a ~700 km section of the south-

eastern coast. As basically no genetic studies had been carried out in these systems, 

an additional goal of the thesis was to provide (in most cases) the first genetic data 

for the study organisms. This allowed me to conduct phylogenetic analyses to 

investigate the systematic relationships within these oft-neglected parasitic taxa. 
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In contrast to the theoretical predictions, population genetic comparisons revealed no 

incidence of co-structure in either study system. In the case of the nematomorph 

E. nigromaculatus, I proposed that a combination of passive dispersal of eggs or 

larvae, intermediate host movement, and a lack of definitive host specificity may 

account for this discrepancy, as these factors could contribute to maintaining 

sufficient levels of gene flow between far-flung mountain ranges. In the case of 

T. zealandica, however, the lack of population structure was reflected in the complete 

invariance of all the genetic markers used. This was attributed not to demographic 

factors, but rather to the potential for extremely slow-evolving mtDNA in this species 

and for mermithids more generally, perhaps as a consequence of extensive and 

frequent mitochondrial genome rearrangement. Thus, there may indeed be structure 

among T. zealandica populations, but not at the level of resolution provided by the 

markers implemented here.  

While these results do not disprove the notion that host dispersal is the main force 

influencing the structure of parasite populations, they do emphasise the importance 

of considering other factors. Similar considerations have been voiced in recent years 

(Blasco-Costa & Poulin, 2013; Mazé-Guilmo et al., 2016). Indeed, as much of the 

previous research has focused on a restricted subset of taxa, such as vertically 

transmitted parasites like certain ectoparasites of birds or nematodes infecting 

rodents, it may be of little surprise that expected outcomes should change with the 

addition of data from taxa with different life history traits. By providing insights 

from two under-studied parasite groups, this thesis contributes further to this 

emerging standpoint.  

This thesis is not without its limitations, however. One rather obvious disadvantage 

is the reliance on previously published data for nematomorph hosts. The direct 

collection of host data, as was done for B. quoyana in Chapter Three, would have 

provided a more robust platform upon which host-parasite comparisons could be 

made. However, the low prevalence of nematomorph infection (Poulin, 1995), 

coupled with the presence of numerous different parasite and definitive host species, 
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would have necessitated the collection of vast numbers of host specimens, which 

would be difficult as several locations were accessed on foot. As intermediate hosts 

are more likely to influence nematomorph dispersal, a future study could collect 

stream invertebrates likely to harbour gordiid cysts (mayflies, stoneflies, dobsonflies, 

etc.) and use the genetics of both for comparison. As cysts lack sufficient 

morphological characteristics for species identification, the genetic data provided by 

this thesis would enable one to match sequences from larval gordiids with those of 

adults of described species in order to conduct such an investigation.  

A second limitation is the invariant nature of the markers used to study the 

population genetics of T. quoyana. While it is possible that the mermithid populations 

simply aren’t structured, the complete lack of sequence polymorphism suggests that 

atypically slow rates of nucleotide substitution, instead of demography, are 

responsible for this result. As suggested in Chapter Three, the implementation of 

more variable markers such as microsatellites has the potential to reveal patterns left 

uncovered in the current study. Unfortunately, as there are no previous studies that 

have used microsatellites for this nematode family, the use of microsatellites would 

have required the de novo development and testing of a vast number of primers, 

which was simply not feasible within the temporal scope of this study.  

The emergence of next-generation sequencing (NGS) techniques in population 

genetic and phylogeographical studies has facilitated the discovery and 

implementation of variable genetic markers at a scale not previously conceivable 

(Davey et al., 2011). NGS techniques such as reduced-representation sequencing 

using reduced-representation libraries (RRLs) and restriction-site-associated DNA 

sequencing (RAD-seq) have revolutionised the ways in which investigators search 

for informative loci, facilitating the transition from population genetics to population 

genomics (Van Tassel et al., 2008; Peterson et al., 2012). These specific NGS techniques 

show much promise in studies of parasites, as they do not require previously 

assembled reference genomes, which are generally in short supply for parasitic 

species (Ekblom & Galindo, 2011). As of yet there have been relatively few parasite 
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studies implementing these methods, most having focused on the malaria-causing 

Plasmodium spp. or other protozoan parasites of humans (Downing et al., 2012; 

Volkman et al., 2012; Tennessen et al., 2015), though the increasing accessibility of 

these tools will surely result in their application to a wider range of parasitic taxa. An 

added benefit of these techniques is that in addition to searching for neutral loci for 

investigating parasite population genetics, they can be used to identify loci under 

selection to discover genes mediating important epidemiological and ecological 

processes such as the evolution of drug resistance or local adaptation to particular 

habitats or hosts (Stinchcombe & Hoekstra, 2008; Jex et al., 2010; Gilabert & Wasmuth, 

2013; Tennessen et al., 2015).  

In addition to the aforementioned technical developments, conceptual strides have 

also been made regarding the design and implementation of population genetic and 

phylogeographical studies. Recently, criticism has been lodged against traditional 

models of population genetics that require the establishment of discrete populations 

and the field’s reliance on Mantel tests for inferring structure, which often do not 

accurately reflect population dynamics and are highly susceptible to bias due to 

spatial autocorrelation, respectively (Legendre & Fortin, 2010; Meirmans, 2012; 

Guillot & Rousset, 2013). More nuanced models that can accommodate the many 

ways in which populations are spatially structured (or not) would more accurately 

identify the forces responsible for generating genetic structure. Moving beyond 

simple correlations with geographical distance, the emerging field of landscape 

genetics seeks to explain the influence of specific landscape features (vegetation type, 

rivers, roads, etc.) upon gene flow and local adaptation, incorporating aspects of 

landscape ecology, population genetics, and spatial statistics (Manel et al., 2003; 

Storfer et al., 2010; Manel & Holderegger, 2013). This approach has started to be 

applied in studies of parasites and disease (Foley et al., 2005; Wood et al., 2007; 

Blanchong et al., 2008; Criscione et al., 2010; see Biek & Real, 2010). Landscape 

genetics can provide a powerful framework for investigating the factors mediating 

parasite transmission, barriers to gene flow, and opportunities for host-switching. 
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For example, in the case of nematomorphs, one could model streams and rivers as 

dendritic networks through which passive dispersal of eggs or larvae could occur 

while integrating the amount of time they remain infective. Other factors such as the 

density of potential hosts or climatic variables could also be incorporated. Of course, 

such analyses require much more ecological and physiological information before 

they can be applied to New Zealand nematomorphs.  

The research conducted and presented herein provides valuable information on the 

population genetics, phylogeography, and systematics of these two under-studied 

host-parasite systems. However, much remains to be gained from further studies. 

Experimental infections to determine host specificity are necessary for characterising 

the parasites’ life-cycles. A broader and more intensive collection effort should be 

made to understand their broader biogeography. Transcriptomic analyses of host 

and parasite at different stages of infection has the potential to elucidate the 

mechanisms underlying the manipulation of host behaviour. These are just a few 

exciting opportunities that these systems have to offer. In providing novel 

information on these two parasite taxa, it is my hope that this thesis will serve not 

only as a valuable source of information, but also as a means to encourage future 

researchers to engage with these fascinating organisms.	
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APPENDIX A 

This appendix contains a formal species description for the Gordionus n. sp. found as 

part of the collections for this thesis (see Chapter 2). This species is still awaiting 

formalisation of the species name, and therefore this appendix will refer to it as 

Gordionus X. As such, two sections (Etymology and Type Depositories) are 

incomplete. This manuscript uses a different specimen numbering scheme, so the 

numbers corresponding to those used in Chapter 2 are provided in brackets. 

Formatting is as per typical species description submission guidelines, though the 

figures, tables, and respective captions are provided in-text for clarity. The target 

journal is the New Zealand Journal of Zoology. This description is the result of the 

combined efforts of myself, Arun Yadav, and Andreas Schmidt-Rhaesa. Author 

contributions are as follows: ZT: field collection, genetic analyses, writing; AY: 

scanning electron microscopy (SEM), morphological description, writing; ASR: SEM, 

morphological description, writing. The manuscript begins on the following page.
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ABSTRACT 

Only 4 species of freshwater Nematomorpha (Gordiida) and one undetermined 

Gordius sp. are known from New Zealand. During recent surveys in the South Island, 

we discovered a new species belonging to the genus Gordionus, a genus new to New 

Zealand. Scanning electron microscopic observations of seven collected specimens 

revealed that the species is clearly morphologically distinct from all other members 

of the genus and is characterised by the presence of an extensive row of large bristles 

on the ventral side of the posterior end in males. This row is much larger than in any 

known Gordionus species. Analysis of the mitochondrial CO1 gene and of the nuclear 

18S rRNA gene showed that the new Gordionus specimens form a monophyletic 

clade, but with partly extensive internal genetic difference. This indicates that cryptic 

species might be present, for although there are minor variations in cuticular areoles, 

other morphological characters do not indicate much difference between specimens.  

INTRODUCTION 

Of about 360-plus freshwater gordiid (Nematomorpha) species known globally so 

far, only 5 species in 3 genera are known to occur in New Zealand (Poinar, 1991, 

2009; Schmidt-Rhaesa, 2008, 2013; see Townsend, 1970 and Zervos, 1989 for two 

further records of undetermined gordiids). The species include, Gordius dimorphus 

Poinar, 1991, Gordius paranensis Camerano, 1892, Parachordodes diblastus (Örley, 1881), 

Euchordodes nigromaculatus Poinar, 1991 and one further, but undetermined, Gordius 

species (Schmidt-Rhaesa, 2008; Schmidt-Rhaesa et al., 1998, 2000). Due to its varied 

topography, consisting of several islands and sharp mountain peaks, and the fact that 

this region had remained isolated for a very long time, New Zealand is considered to 

possess a very unique diversity of animals. Additionally, the country is known to 

possess a number of insect species that are considered to be adequate hosts for 

several species of nematomorphs (see Poinar, 1991; Poulin, 1995; Winterbourn, 2005; 

Winterbourn & Pohe, 2016). Therefore, it is expected that a broader and more 

thorough sampling may reveal new species of nematomorphs in New Zealand.  
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During the course of a recent study investigating nematomorph genetic diversity and 

population structure (see Chapter 2), a comprehensive sampling of free-living, post-

parasitic nematomorphs was conducted in a variety of montane and subalpine 

locations in the Central Otago region of New Zealand’s South Island. Altogether, this 

study yielded 87 specimens of adult nematomorphs. A thorough scanning electron 

microscopic (SEM) investigation of the collected material revealed the presence of 

seven interesting specimens, which are described herein as the first Gordionus species 

from New Zealand. We also present mitochondrial and nuclear ribosomal DNA 

sequence data for this species, information that is rare for the genus. 

MATERIALS AND METHODS 

The seven Gordionus specimens were collected by hand in their free-living adult stage 

from small, 1st-order streams in the cushionfields and tussock grasslands of three 

mountainous areas in the Central Otago region of the South Island: the Rock & Pillar 

Range (RP) (45.433755 S, 170.076145 E; 1319m), the Old Man Range (OM) (45.344442 

S, 169.199390 E; 1588m), and the Ida Range (ID) (44.925604 S, 170.263658 E; 1148m) 

from March to May, 2016 (Figure A1). The material was fixed in 70% ethanol 

overnight at 4 °C. Subsequently, the specimens were observed by light microscopy 

for body colour patterns, and measured for body length and diameter. Roughly 5 

mm segments of the anterior, mid-body, and posterior from each specimen were 

excised and stored in 70% ethanol for SEM, with the rest of the specimen stored at 

4 °C in 95% ethanol for molecular work. Material for SEM was dehydrated in an 

increasing ethanol series, critical point dried, and coated with gold in a sputter 

coater. Observations were made using a LEO SEM 1524. Digital images were taken.  

Genomic DNA from all nematomorphs was extracted using a modified Chelex 

method (Walsh et al., 1991). For each hairworm, a ~5 mm section was removed and 

the cuticle was sliced longitudinally with a scalpel. The internal tissue was then 

scraped out and placed in 300 µL of an aqueous 5% Chelex 100 (BioRad) solution 

containing 0.2 mg/ml of proteinase K (Roche). Extractions were incubated at 55 °C
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overnight and then at 94 °C for 10 min to deactivate the proteinase K. Tubes were 

then centrifuged at 14,000 rpm for 10 min to pellet Chelex resin and undegraded 

cuticle. The supernatant was kept and stored at 4 °C.  

Amplification of 709 bp or 592 bp partial fragments of the mitochondrial gene 

cytochrome c oxidase subunit 1 (CO1) were amplified using the primers HHW-cox1-

F2 (5’-TTTCWACYAATCAYAARGAYATTGG-3’) and HHW-cox1-R2 

(5’-TWACTTCAGGRTGACCAAAAAAYC-3’) (Hanelt et al., 2015), or the primers 

NZHW_CO1_F (5’-DTTYTGRTCTGCHTTTTTRGG-3’) and NZHW_CO1_R 

(5’-RAAAAAWGAWGTDTTAAYATTTCG-3’) (see Chapter 2), respectively. The 

nuclear rDNA region containing partial sequence of the 3’ end of the 18S rRNA gene, 

internal transcribed spacer 1, 5.8S rRNA gene, internal transcribed spacer 2, and 

partial sequence of the 5’ end of the 28S rRNA were amplified using the primers 

HHW-ITS-F2 (5’-CACGCGCGCTACACTGAA-3’) and HHW-ITS-R2 

(5’-GGCGCTGGACTCTTCCTATT-3’) (Hanelt et al., 2015). Polymerase chain 

reactions (PCRs) were performed in a final volume of 15 µL, comprising 3 µL of 

Figure A1 Map of Gordionus X collection sites. OM = Old Man Range, ID = Ida Range, 
RP = Rock & Pillar Range. 
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MyTaqTM Red 5x reaction buffer (Bioline), 0.75-1.5 µL of 10µM stock (75-150pmol) 

of each primer, 0.2 µL (1U) of MyTaqTM Red DNA Polymerase (5U/ µL), and 3 µL of 

extracted nematomorph genomic DNA. Products were purified of remaining dNTPs 

and oligonucleotides using the ExoSap method. Sanger sequencing by capillary 

electrophoresis was performed by Genetic Analysis Services, Department of 

Anatomy, University of Otago (Dunedin, New Zealand) or Macrogen Inc. (Seoul, 

Republic of Korea).  

All sequence data editing and aligning was performed using Geneious v8.1.8 

(http://www.geneious.com, Kearse et al., 2012). All sequences were trimmed with an 

error probability limit of 0.05, inspected by eye for incorrect base calls and 

ambiguities, and then edited manually. Alignments of the partial CO1 and partial 

18S sequences were created using the MAFFT algorithms (Katoh & Stanley, 2013). 

Sequences were inspected further to check for obvious incorrect base calls. CO1 

pairwise genetic distance was calculated with MEGA v7 (Kumar et al., 2015) using 

the Kimura 2-parameter measure of genetic divergence (Kimura, 1980). For 

phylogenetic analyses, model selection and optimal partitioning schemes were 

determined using PartitionFinder v2.0.0 (pre-release 14) (Lanfear et al., 2012). For 

CO1, the optimal partitioning scheme consisted of one partition containing all codon 

positions. Phylogenetic tree building was conducted using MrBayes v3.2.6 (Ronquist 

& Huelsenbeck, 2003) and RAxML v8 (Stamatakis, 2014), performed remotely using 

the CIPRES Science Gateway (Miller et al., 2010). For Bayesian analyses of 18S and 

CO1, PartitionFinder selected the models SYM+I+Γ and GTR+I+Γ, respectively. Two 

runs, each consisting of four Markov chains, were run for 10,000,000 generations and 

were sampled every 1,000. A chain heating parameter of 0.04 was used. The first 

2,500 trees (25%), were discarded as burn-in and posterior probabilities were 

obtained from a majority-rule consensus. For maximum likelihood, the RAxML 

default model of GTR+Γ was used for all markers. Bootstrap support values were 

obtained using the rapid bootstrap method with 1,000 replicates. Nematomorph 

reference sequences used in phylogenetic analyses were obtained from GenBank and 
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can be found in Table A1. GenBank accession numbers for the specimens are: 

KY172682, KY172758, KY172691, KY172700, KY172774, KY172779, KY172714, 

KY172788, KY172743, KY172814, KY172744, KY172815.  

Species 18S CO1 Reference 

Chordodes morgani AF036639 KU721072 (Blaxter et al., 1998); (Harkins et al., 
2016) 

Chordodes sp. BH-2013  KF381359 (Bolek et al., 2013) 

Chordodes sp. BSG-2002 AF421763  (Bleidorn et al., 2002) 

Chordodes fukuii   AB647244 (Sato et al., 2012) 

Gordionus chinensis  AB741906 (Sato et al., 2014) 

Gordionus lokaaus  JX244234 (Begay et al., 2012) 

Gordionus bilaus  JX244228 (Begay et al., 2012) 

Gordionus kii  AB647252 (Sato et al., 2012) 

Euchordodes nigromaculatus  AF421764 KY172745 (Bleidorn et al., 2002); (Chapter 2) 

Gordius aquaticus X80233  (Winnepenninckx et al., 1995) 

Gordius attoni  KM382318 (Hanelt et al., 2015) 

Gordius albopunctatus U88337  (Aleshin et al., 1998) 

Gordius balticus  KM382320 (Hanelt et al., 2015) 

Gordionus alpestris KT202292  (Efeykin et al., 2016) 

Gordionus sp. BD15 KT202294  (Efeykin et al., 2016) 

Gordionus wolterstorffi AF421765  (Bleidorn et al., 2002) 

Neochordodes occidentalis AF421768 JN881995 (Bleidorn et al., 2002); (Looney et 
al., 2012) 

Parachordodes diblastus  KY172746 (Chapter 2) 

Paragordionus dispar AF421769  (Bleidorn et al., 2002) 

Table A1 GenBank accession numbers of nematomorph sequences used for phylogenetic 
analyses. 
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Paragordionus rautheri AF421770  (Bleidorn et al., 2002) 

Spinochordodes tellini AF421773  (Bleidorn et al., 2002) 

RESULTS 

Taxonomic account 

Class Nematomorpha Vejdovsky, 1886 

Order Gordiida Vejdovsky, 1886 

Family Chordodidae May, 1919 

Genus Gordionus Müller, 1926 

Gordionus X n. sp. 

Material examined: Holotype (male, HW_047 {RP 34}), paratype (female, HW_056 

{OM 1}) and 5 further specimens (4 males: HW_032 {RP 19}, HW_041 {RP 28}, 

HW_023 {RP 10}, HW_087 {ID 5}, and one female HW_086 {ID 4}). 

Molecular results 

Phylogenetic analyses of both the 18S rRNA and CO1 genes demonstrate that the 

Gordionus X n. sp. specimens form a monophyletic clade (Figures A2, A3). This clade 

is well separated from other Chordodidae as well as from other Gordionus species, 

indicating that the genus is likely polyphyletic. As shown in the CO1 tree, HW_086 

{ID 4} is significantly diverged from the remaining members of the species (Figure 

A3). Mean K2P genetic distance between HW_086 {ID 4} and the other specimens 

was 0.205, compared to a mean of 0.03 among the remaining specimens alone.  

Morphological description 

From the morphological perspective, the seven investigated specimens share 

similarities as well as smaller differences. All specimens are described together, 
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Figure A2 Composite 18S maximum likelihood (ML)/Bayesian inference phylogenetic tree of Gordionus X specimens and selected 
nematomorph reference sequences. Bayesian posterior probabilities shown above nodes; ML bootstrap support values shown below 
nodes. Only values above .70 or 70 are shown. 
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Figure A3 Composite CO1 maximum likelihood (ML)/Bayesian inference phylogenetic tree of Gordionus X specimens and selected 
nematomorph reference sequences. Bayesian posterior probabilities shown above nodes; ML bootstrap support values shown below nodes. 
Only values above .70 or 70 are shown. 
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including the genetically distinct HW_086 {ID 4}, but characters are presented 

separately.  

Male specimens are between 58 and 140 mm long (58, 71, 81, 129, 140 mm; mean 

value 95.8 mm; holotype 81 mm), females are 149 mm (paratype) and 81 mm 

(HW_086 {ID 4}) mm long. The diameter of males is between 0.22 (holotype) and 0.42 

mm (0.22, 0.3, 0.4, 0.42, 0.30 mm; mean value 0.33 mm) and that of females is 0.5 mm 

(paratype) and 0.35 mm (HW_086 {ID 4}). The body colour varies between pale 

yellowish brown and light brown. A black collar in the head region, as present in 

most other Gordionus species, is not present. Only the female paratype (HW_056 {OM 

1}) was dark tan on both ends. 

The cuticle in midbody region contains in all specimens one single type of flat areole 

(Figure A4 A-F). These are variable in shape and size, but mostly have a polygonal 

appearance (Figure A4 B-F). The surface of the areoles is either smooth (HW_023 {RP 

10}, HW_032 {RP 19}, HW_041 {RP 28}, HW_047 {RP 34}) (Figure A4 B,C,D) or has 

few distinct furrows (HW_056 {OM 1}, HW_086 {ID 4}; Figures A4 E,F). The furrows 

are oriented perpendicular to the longitudinal axis of the animal. In specimen 

HW_032 {RP 19}, the smooth areoles appear to have a very fine striped pattern under 

high magnification (Figure A4 G). Areoles are separated by an interareolar groove. 

The width of this groove varies, the measured maximal width differed between 3.0 

and 6.0 µm. The groove is filled with short bristles, hardly extending over the areolar 

surface (Figure A4 C, D). Such bristles are evident in specimens HW_032 {RP 19}, 

HW_041 {RP 28}, HW_047 {RP 34}, HW_056 {OM 1} and HW_087 {ID 5}. In 

specimens HW_023 {RP 10} and HW_086 {ID 4} there was some material in the 

groove, but its exact nature could not be determined with certainty (Figure A4 B,E,F). 

In specimen HW_087 {ID 5} the small bristles partly extend onto the areolar surface. 

Higher magnification of specimen HW_032 {RP 19} showed that the interareolar 

bristles have different sizes (Figure A4 G). 
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The male posterior end is bilobed. The ventral cloacal opening was covered with 

debris in all male specimens and could not be observed. The region around the 

cloacal opening and the inner side of the tail lobes has a smooth cuticle (Figure A5 A-

D). The region of the smooth cuticle is bordered in most specimens by a row of 

bristles (Figure A5 A-E). Anterior to the cloacal opening, both sides of the row almost 

meet and leave only a small stretch of cuticle without bristles in between (Figure A5 

A,C). Posteriorly, the row of bristles extends onto about two thirds of the tail lobes 

(Figure 5A-E). The length of the bristles decreases towards the anterior and the 

posterior end of the rows (Figure A5 B,D,E). In the center, at about the level of the 

cloacal opening, they reach their maximal length with values between 27.3 and 

36.1µm (n = 4). Apically, some bristles are branched into few short branches (Figure 

A6 A,B). In the region posterior of the cloacal opening and extending onto the inner 

side of the tail lobes are short but slender spines (Figure A6 B,C). These could be 

Figure A4 Gordionus X sp. nov. A, Overview on the cuticle of HW_032 {RP 19}; B-F, 
pattern of areoles and interareolar spaces in specimens HW_023 {RP 10} (B), HW_032 
{RP 19} (C), HW_056 {OM 1} (D) and HW_086 {ID 4} (E, F); G, Fine structure of areoles 
and interareolar structures in HW_032 {RP 19} 
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observed only in the holotype, because the region is obscured by debris in the other 

specimens. The spines decrease in size towards the posterior end. On the posterior 

tip of the tail lobes are some very short processes, as well on the smooth part as 

between the areoles (Figure A6 D). Where present, the areoles on the posterior end 

are more elevated than in the remaining body and are almost semicircular in shape 

(Figure A6 D). Adhesive warts (as present in other Gordionus species) were not 

observed, because investigated pieces of the posterior end were too short. 

Figure A5 Gordionus X sp. nov. A-D, Ventral view on posterior end of HW_023 {RP 10} (A), 
HW_032 {RP 19} (B), HW_041 {RP 28} (C) and HW_047 {RP 34} (holotype)(D). Encircled is 
the region of the cloacal opening, pbr indicates the precloacal rows of bristles; E, Lateral 
view on a row of bristles in the holotype (HW_047 {RP 34}). 
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In the female specimen HW_086 {ID 4} the anterior end was investigated (Figure A7 

C). In the anterior 20 µm the cuticular structure changed from the “usual” areolar 

pattern. The anterior tip contains smooth cuticle (Figue A7 B). From 5.5 to 20.0 µm 

there is a ring of altered cuticular structure (Figure A7 B), being composed of a 

spongiform network of elevated cords (Figure A7 D). 

The female posterior end, as observed in HW_056 {OM 1}, did not show any peculiar 

features, with areoles extending along the entire posterior end (Figure A7 A).  

Etymology  

(as species name has not yet been formalised, this section is not complete) 

Figure A6 Gordionus X sp. nov. A, B, Magnification of precloacal bristles (pbr), encircled are 
some examples of apically branching bristles. HW_032 {RP 19} (A), HW_047 {RP 34} (B); C, 
Spines (arrows) on the inside of the tail lobes in HW_047 {RP 34}; D, Hemispherical areoles 
and short bristles (arrows) on the tips of the tail lobes in HW_032 {RP 19}. 
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Type locality 

Rock & Pillar Range (45.433755 S, 170.076145 E; 1319m): one male (HW_047 {RP 34}), 

collected by Zachary Tobias and Brenah M. Hearne on March 26, 2016. 

Further localities and number of specimens 

Paratype (HW_056 {OM 1}), female, from Ida Range (44.925604 S, 170.263658 E; 1148 

m). 3 further specimens (HW_023 {RP 10}, HW_032 {RP 19}, HW_041 {RP 28},) from 

type locality; 1 specimen (HW_056 {OM 1}) from Old Man Range (45.344442 S, 

169.199390 E; 1588 m); 2 specimens (HW_086 {ID 4}, HW_087 {ID 5}) from the Ida 

Figure A7 Gordionus X sp. nov. A, Posterior end of female specimen HW_056 {OM 1}; B-
D, anterior end in female specimen HW_086 {ID 4}, showing the changing pattern 
between smooth tip of the animal, region of alternate cuticular structure and transition 
to areoles. D shows the fine structure of the intermediate area. 
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Range (45.433755S, 170.076145E; 1319 m). All specimens were collected by Zachary 

Tobias and Brenah M. Hearne. 

Type depositories  

(No specimens have yet been deposited, and thus museum accession numbers are not 

included. Specimens are to be deposited the Otago Museum, Dunedin, New Zealand, and the 

Hamburg Zoological Museum, Hamburg, Germany.) 

Differential diagnosis  

The investigated New Zealand specimens fit quite well into the descriptions of the 

genus Gordionus and still represent a unique species. Gordionus is a well-known 

genus, consisting of about 59 valid species, which are mainly distributed in Europe, 

Asia, and North and South America (see Schmidt-Rhaesa, 2013; Begay et al., 2012, 

Ernst et al., 2016), but none have been reported from Oceania or Australasia regions 

until now. The cuticle contains only one type of areole, with or without some knob- 

or bristle-like interareolar structures. The male posterior end is similar to other 

genera, Paragordionus, Parachordodes and Beatogordius, and bears paired rows or fields 

of bristles anterolateral of the cloacal opening and spines in the region posterior to 

the cloacal opening (see Schmidt-Rhaesa, 2002, 2013). In a single known case, in G. 

sinepilosus Schmidt-Rhaesa, Hanelt & Reeves, 2003, the precloacal rows of bristles are 

lacking (Schmidt-Rhaesa et al., 2003). In comparison with other Gordionus species, the 

rows of bristles in G. X contain very long bristles and extend posteriorly distinctly 

further onto the tail lobes. Bristles in other Gordionus species may also be apically 

branched. The shape of the postcloacal spines in the New Zealand specimens 

corresponds to that in other Gordionus species. Usually, there are short spines around 

the cloacal opening in Gordionus specimens; these could not be observed in the New 

Zealand specimens because the region was covered with debris. Nevertheless, the 

mentioned differences make it certain that the New Zealand specimens represent a 

new species. 
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The structure of the anterior end in specimen HW_086 {ID 4} has not been observed 

in any other gordiid specimen. Whether this is a constant character of the specimen 

could not be confirmed, because only one anterior end was investigated.  

FURTHER REMARKS 

Analysis of DNA sequence data revealed that although all investigated specimens 

form a monophyletic clade, there is considerable genetic distance between specimen 

HW_086 {ID 4} and the other specimens. However, we could not detect very clear 

morphological differences between specimen HW_086 and the other specimens. 

Because HW_086 is a female and, as in most nematomorph species, the posterior end 

of the female in Gordionus species does not contain any such characters that can be 

reliably used for a differential diagnosis, only the cuticular structure remains for 

comparison. The interareolar space of specimen HW_086 appears to have no bristles, 

but there were some cuticular structures in the interareolar space of this specimen. 

The appearance is comparable to specimen HW_023. It is not clear whether bristles 

are really absent or are modified in an artificial way, possibly due to desiccation or 

other preparation procedures. Due to the lack of clear morphological differences, we 

hesitate to consider specimen HW_086 as a distinct species, although this possibility 

exists based on the genetic difference. The K2P CO1 genetic distances between 

HW_086 {ID 4} and the other specimens is much greater than intraspecific distances 

observed in studies of other hairworm species, and are more in agreement with 

interspecific distances (Chiu et al., 2011; Hanelt et al., 2015). Chiu et al. (2011) found 

intraspecific distances of no greater than 0.015 among specimens of Chordodes 

formosanus, and distances greater than 0.165 when comparing to the congeneric 

Chordodes japonensis. In a study revealing cryptic species within Gordius robustus, 

Hanelt et al. (2015) demonstrated intraspecific distances of less than 0.026 and 

interspecific distances between 0.080 and 0.243.  

Morphological variability of cuticular characters is still little understood in 

nematomorphs. Variation of areolar shapes has been documented, e.g. for Gordionus 
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violaceus (Baird, 1853) and G. wolterstorffii (Camerano, 1888) (Schmidt-Rhaesa, 2001) 

and for G. chinensis (Villot, 1874) (Schmidt-Rhaesa and Sato, 2009). Unpublished CO1 

data make it possible that G. violaceus is a species without much variation, but 

G. wolterstorffii is a species with a broad range of variation (Schmidt-Rhaesa, 

unpublished data). 

The position of G. X in phylogenetic trees confirms the polyphyly of the genus 

Gordionus that has been the result of previous analyses (Begay et al., 2012; Efeykin et 

al., 2016). From the morphological perspective, no characters can be named that 

unequivocally support a monophyly of this genus (Schmidt-Rhaesa, 2002). 

According to molecular results, species of the genus Gordionus are placed basally 

within the Chordodidae and several other genera (Parachordodes, Beatogordius, 

Paragordionus) as well as the subfamily Chordodinae evolved from Gordionus-like 

ancestors  
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APPENDIX B 

This appendix contains supplementary phylogenetic trees from Chapters Two and 

Three as well as a transition/transversion vs. genetic distance plot from Chapter 

Three. Figures commence on the following page.
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Appendix B1 Nematomorph 18S rRNA Bayesian phylogenetic tree. Posterior probabilities shown 
above nodes.  
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Appendix B2 Nematomorph 18S rRNA maximum likelihood phylogenetic tree. Bootstrap support 
values shown above nodes.  
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Appendix B3 Nematomorph CO1 Bayesian phylogenetic tree. Posterior probabilities shown above nodes.  
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Appendix B4 Nematomorph CO1 maximum likelihood phylogenetic tree. Bootstrap support values 
shown above nodes.  
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Appendix B5 Nematomorph CO1 Bayesian phylogenetic tree. Third codon position is excluded. 
Posterior probabilities shown above nodes.  
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Appendix B6 Nematomorph CO1 maximum likelihood phylogenetic tree. Third codon position is 
excluded. Bootstrap support values shown above nodes.  
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Appendix B7 Mermithid 18S rRNA Bayesian phylogenetic tree. Posterior probabilities shown 
above nodes.  
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Appendix B8 Mermithid 18S rRNA maximum likelihood phylogenetic tree. Bootstrap support 
values shown above nodes.  
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Appendix B9 Mermithid 28S rRNA Bayesian phylogenetic tree. Posterior probabilities shown above 
nodes.  
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Appendix B10 Mermithid 28S rRNA maximum likelihood phylogenetic tree. Bootstrap support 
values shown above nodes.  
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Appendix B11 Mermithid CO1 Bayesian phylogenetic tree. Posterior probabilities shown above nodes.  
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Appendix B12 Mermithid CO1 maximum likelihood phylogenetic tree. Bootstrap support values 
shown above nodes.  
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Appendix B13 Mermithid CO1 Bayesian phylogenetic tree. Third codon position is excluded. Posterior 
probabilities shown above nodes.  
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Appendix B14 Mermithid CO1 maximum likelihood phylogenetic tree. Third codon position is excluded. 
Bootstrap support values shown above nodes.  
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Appendix B15 Transition/transversion vs. JC69 genetic distance plot of mermithid CO1 codon 
position three showing high levels of substitution saturation.  
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Appendix B16 Mermithid 18S/28S/CO1 concatenated Bayesian phylogenetic tree. Posterior probabilities 
shown above nodes. 
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Appendix B17 Mermithid 18S/28S/CO1 concatenated maximum likelihood phylogenetic tree. Bootstrap 
support values shown above nodes.  
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Appendix B18 Mermithid 18S/28S/CO1 concatenated Bayesian phylogenetic tree. CO1 third codon 
position excluded. Posterior probabilities shown above nodes. 
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Appendix B19 Mermithid 18S/28S/CO1 concatenated maximum likelihood phylogenetic tree. CO1 third 
codon position excluded. Bootstrap support values shown above nodes. 


