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RESOLVING PHYLOGENETIC RELATIONSHIPS WITHIN THE ORDER ENOPLIDA
(PHYLUM NEMATODA)

by Holly Marie Bik

The Order Enoplida (Phylum Nematoda) has been proposed as a divergent
nematode lineage—Enoplid nematodes are thought to exhibit morphological and
developmental characteristics present in the ‘ancestral nematode’. However, previous
molecular phylogenies have failed to unequivocally confirm the position of this group. The
Enoplida is primarily comprised of free-living marine species; if these taxa represent close
relatives of the nematode ancestor, this relationship would presumably imply a marine
origin for the phylum. Prior to this investigation, few publically available gene sequences
existed for Enoplid nematodes, and published sequences represented only shallow water
fauna from Northwest Europe. This study has aimed to improve resolution at the base of
the nematode tree, using drastically increased taxon-sampling within the previously
neglected Enoplid clade. Morphological identifications, nuclear gene sequences (18S and
28S rRNA), and mitochondrial gene sequences (Cox1) were obtained from marine
specimens representing a variety of deep-sea and intertidal habitats. Molecular data were
used to assess the phylogenetic placement of the Enoplid clade, resolve internal taxonomic
relationships within this group, and investigate relationships between shallow water and
deep-sea fauna.

Despite rigorous empirical testing and comprehensive taxon sampling, large-scale
phylogenetic analyses based on 18S rRNA sequences (using both Maximum Likelihood and
Bayesian Inference methods) failed to provide added resolution at the base of the
nematode tree. Molecular data from the 18S rRNA gene was unable to confirm the
placement of Enoplida as a divergent lineage representing the sister taxon to all other
nematodes. These findings highlight the limitations of the 18S gene for resolving the
deepest evolutionary splits amongst nematode clades. Analysis of internal relationships
reveals that the Enoplida is split into two main clades, with groups consisting of terrestrial
and primarily marine fauna, respectively. For marine taxa, deep-sea and shallow-water
specimens from the same genus consistently appear as sister taxa. Deep-sea nematode
species may have arisen via several evolutionary routes; some deep-sea clades appear to
represent recently derived forms, while other groups seem to have radiated much earlier.
Nematodes from deep-sea sites exhibit no obvious clustering according to depth or
geographic location, and specimens represent a wide taxonomic range within the Enoplida.
In addition, there seems to be some molecular evidence for purportedly cosmopolitan
nematode species; identical gene sequences were recorded between distant shallow water
locations, as well as between deep-sea and shallow water habitats. Data from Enoplid
nematodes suggests an intriguing pattern for nematode species distributions—uvalidating
these preliminary insights will require a large amount of molecular data from many
additional geographic locations. Future studies will also need to incorporate data from
additional genetic loci (or use phylogenomic methods) in order to build robust deep
phylogenies.
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<Enoplid_SSU_sequences.FASTA>

FASTA file containing all Cox1 sequences amplified during this study:
<Enoplid_Cox1_sequences.FASTA>

ARB Database used to build large nematode tree (1438 taxa), containing SSU gene
alignment: <ARB_LargeDB.arb>

ARB Database used to build small Enoplid/Dorylaimid tree (563 taxa), containing SSU gene
alignment: <ARB_SmallDB.arb>

ARB Database used to build LSU phylogeny (433 taxa), containing LSU gene alignment:
<ARB_LSU_DB.arb>

Cox1 gene alignment:
<Cox1_alignment.FASTA>

Taxa list and ARB codes used to build smaller Enoplid/Dorylaimid phylogenies:
<EnopTree_TaxalList.xIs>

Best scoring maximum likelihood trees obtained during topological tests: unannotated tree

files (text files) and annotated tree graphics (.PNG files) included in folders named
according to RAXML job number.
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1. Introduction

1.1 An understudied phylum

Purported to be the most abundant metazoan group, nematodes can be found in
every habitat on earth, from alpine soils to the deepest ocean trenches. There are many
examples of well-studied species: Caenorhabditis elegans is a ubiquitous name in genetic
research, Ascaris species infect millions of humans worldwide, and plant parasitic
nematodes such as Meloidogyne javanica are notorious agricultural pests. While these
nematodes may be well known and well-studied, free-living marine species rarely warrant
attention or funding. Yet, nematodes are integral to ecosystem functioning—they
facilitate basal process such as nutrient cycling, sediment stability, and even pollutant
distribution in marine systems (Snelgrove et al. 1997). The global richness of nematode
species has been estimated between 10° and 10® (Lambshead 2004), but the majority of
free-living species are unknown. Nematodes possess the lowest ratio of known to
unknown taxa for all animal groups (Malakhov 1994)—overall estimates for the phylum
suggest that a mere 0.3% to 5.3% of the world’s nematode fauna has been described
(Hugot et al. 2001; Meldal 2004). Hugot et al. (2001) counted 26,646 described nematode
species out of potentially 1,000,000 that exist; this known fauna comprises 4,070 free-
living marine species, 6,611 free-living terrestrial species, 4,105 plant parasitic nematodes,
and 11,860 animal parasitic nematodes. Taxonomic knowledge is greater amongst the
insects, a group whose estimated diversity far exceeds that of nematodes; around 950,000
insect species have been described out of an estimated 10 million total, representing 9.5%
of taxa within this group (Hugot et al. 2001).

For free-living marine species, the described fauna is highly biased towards
Northwest Europe; study sites with close geographic proximity to this region tend to report
the highest percentage of known taxa. For example, a 65% of specimens recovered from
the Clyde Estuary (Lambshead 1986) and 38% of specimens from the Irish Sea (Lambshead
& Boucher 2003) represented previously described nematode species. This is a stark
contrast to species collected from more remote geographic locations, particularly in
regards to the deep-sea; 4% of specimens recovered from the Norwegian sea (Jensen
1988) and only 1% of specimens from the Venezuelan Basin (Tietjen 1984) correlated with
previously described nematode species. Most investigations typically report between 30-
99% of the studied nematode taxa as new, undescribed species (Lambshead 2004).

15



1.2 Limitations of nematode morphology and taxonomy

With the unaided eye, the visual appearance of nematodes, or ‘roundworms’, can
be compared to thin piece of thread or a speck of dusk (depending on the size of the
species being viewed). Parasitic nematodes can grow quite large; the size record is held by
Placentonema gigantissima, a species which inhabits the placenta of sperm whales and
can grow up to 8 metres in length (Gibbons 2001). Free-living species tend to be smaller in
size compared to their parasitic counterparts, and this factor no doubt contributes to the
limited taxonomy in this group. Typical free-living nematodes obtained from deep-sea
sediments average between 0.5-0.75mm in length (Lambshead 2004). Specimens from
intertidal sediments are generally between 1-2mm in size, but some species have been
known to grow larger (Platt & Warwick 1983). Members of this phylum are said to exhibit
pseudocoelomate body plans, consisting of an ectoderm (the exterior cuticle), mesoderm
(muscle layer), endoderm (digestive tract) and a fluid-filled pseudocoelum (Gibbons 2001).
The pseudocoelom and surrounding longitudinal muscles act as a hydrostatic skeleton and
facilitate sinusoidal locomotion. Male and females generally exhibit sexual dimorphism;
species can often be distinguished according to the morphology of spicules, a reproductive
structure found in male nematodes. Nematodes do not have a circulatory system,
although they do possess a complex nervous system and a secretory-excretory system.

Nematodes are typically studied using light microscopy, where features of the
head, tail, cuticle, and reproductive organs are observed, measured and drawn. The
shape, size and relative position of features such as the amphids (pores on the lateral
surface of the head), setae, buccal cavity, genital spicules (in males), vulva (in females), and
tail shape are used to narrow an unknown specimen into a known genera using pictorial
and dichotomous keys (e.g. Platt & Warwick 1983; Abebe et al. 2006). Species are then
identified or delineated using the same characters on a finer scale. Specific features are
weighted heavier in certain genera and serve as the primary means for separating species;
for example, two species could be distinguished based on the measured distance between
rows of setae present on the head capsule.

Nematodes are inherently small animals, and specimens that are fixed and
mounted are identified at settings approaching the resolution limits of light microscopy.
Artefacts from preservation in the specimens, bad optics in the microscope itself, and
environmental conditions which affect microscopy may plague the process of identification

(Coomans 2002). Electron microscopy can reveal much more detailed morphology, but its
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use is impractical for all but the most painstaking taxonomic investigations (De Ley 2000).
Furthermore, inexperience may lead to observational flaws through improper use of the
microscope, or identification mistakes through misinterpretation of nematode characters
(Coomans 2002). Experienced taxonomists learn to cope with many of these problems and
limitations, yet, nematology is often perceived as an inaccessible field due to the depth of
training needed to interpret anatomical features.

Nematode taxonomy has been historically rooted in morphology; some recent
revisions of morphological classifications include those of Andréssy (1976) and Lorenzen
(1981). Meldal (2004) provides a comprehensive overview detailing nematode taxonomy
from start to present. The field of nematology has made vast strides in the 200 years since
its inception, but the current state of morphological classification is by no means coherent.
The nature of many nematode descriptions is highly subjective; many species are poorly
known and poorly described, with some genera needing complete revision for any hope of
correctly identifying the species (Coomans 2002). Redundant species names and nomina
dubia (names of doubtful or unknown application) are particularly pervasive in nematodes,
where specimens are comparatively small and diverse compared to other taxonomic
groups (Dayrat 2005). More worrying is the fact that nematode species descriptions are
overwhelmingly dependent on physical characters and morphometrics; there exists a huge
knowledge gap concerning the biology and reproduction of most specimens, and the
number of existing nematode species remains unknown (Lambshead 1993). Identification
of newly collected specimens is difficult because of these scanty descriptions and is further
complicated by the loss of many type specimens which would be useful for comparison in
cases where the literature is ambiguous (Lambshead 2004). De Ley et al. (2005) note that
in their experience, voucher specimens are often lost or destroyed within 5-15 years of
preservation, despite protocols which are supposed to offer protection for over a hundred
years in storage. Given the above impediments, we cannot hope to claim that the current

state of nematode systematics is clear or concise by any means.

1.3 Molecular investigations in nematodes

For nematodes, there is a pressing need for coherent taxonomy. The application of
molecular tools in nematodes has been slow compared to other phyla; molecular
investigations in other animal groups are moving towards whole-genome analysis (Saccone

et al. 1999), whilst most free-living nematode studies still focus on one or two genetic loci.
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Several molecular evolutionary frameworks for nematodes have been published to date,
by Blaxter et al. (1998), Aleshin et al. (1998), De Ley and Blaxter (2002), Holterman et al.
(2006), Meldal et al. (2007) and most recently Van Megen et al. (2009). These studies have
primarily focused on resolving deep phylogenetic relationships using sequence data,
although this has mainly been limited to terrestrial and parasitic nematode groups. Only
Meldal et al. have provided insight into any free-living marine taxa, sequencing shallow
water species from Northwest Europe. A comprehensive molecular investigation of deep-
sea nematode assemblages has not yet been undertaken.

Genetic data obtained to date has not been consistent with morphological
classifications (Coomans 2002). Selection pressures can drive morphological change, and
in nematodes especially this has resulted in convergent evolution of anatomy (Van Megen
et al. 2009). Most morphological characters cannot be considered homologous, making it
extremely difficult to reconstruct an accurate evolutionary history of nematodes from
morphology alone (Meldal 2004). Groups with highly similar morphology have been
demonstrated as quite diverse at the genetic level, and vice versa (Blaxter et al. 1998).
Such cryptic diversity has now been found in many nematode genera, including
Caenorhabditis (Butler et al. 1981), Meloidogyne (Esbenshade & Triantaphyllou 1987),
Globodera and Heterodera (Bakker & Bouwman-Smits 1988), Anguina (Riley et al. 1988),
Acrobeloides (De Ley et al. 1999), Cylicostephanus (Hung et al. 1999), Panagrolaimus
(Eyualem & Blaxter 2003), Pellioditis (Derycke et al. 2005), and Geomonhystera (Derycke et
al. 2007). In comparison, nucleotide sequences at informative loci usually follow a neutral
mode of evolution. In this sense, nematode classifications based on DNA sequence data
provide an ideal template for studying the evolution of morphological characters across
taxa (Meldal 2004).

Molecular investigations in nematodes have primarily focused on using direct
sequencing methods to obtain gene sequences from individual specimens, usually in
combination with morphological identification. The choice of genetic loci depends on the
focus of the study; conserved loci such as the 18S ribosomal RNA gene are well suited for
uncovering deep phylogenetic relationships (Blaxter et al. 1998), while more variable loci
such as the Internal Transcribed Spacer Region or Cox1 are more useful for investigations
centred on a single species or genus (Derycke et al. 2005). Other molecular methods have
aimed at quantifying whole nematode communities present in environmental samples.

The most recent work in this area has focused on so-called ‘next-generation’ sequencing

18



methods (Porazinska et al. 2009), although the utility of older techniques such as

denaturing gradient gel electrophoresis has also been investigated (Cook et al. 2005).

1.3.1 The 18S ribosomal RNA gene

The nuclear gene encoding the small ribosomal subunit (referred to as 18S rRNA or
SSU) has been the most frequently sequenced locus. The popularity of this gene grew as a
result of its easy amplification, its prospective applications in both phylogenetics and
routine diagnostics, and the growing availability of SSU sequences in public databases (De
Ley et al. 2005). This gene has been shown to work especially well for reconstructing deep
phylogenetic relationships (particularly at the family and order level), and all molecular
evolutionary frameworks have based their phylogenies on SSU sequence data (Aleshin et
al. 1998; Blaxter et al. 1998; Meldal 2004; Holterman et al. 2006). Despite the
recommendations for higher level taxonomic designations, SSU has been observed to have
a high success rate for genus and species-level assignments (Bhadury et al. 2006) and has
also been used to identify reproductively isolated populations within a species (Eyualem &
Blaxter 2003). However, such species assignments using SSU are more resolved in some
groups than in others (De Ley et al. 2005); there is evidence to suggest that the SSU gene
displays accelerated rates of evolution for taxa that exhibit short generation times or
parasitic lifestyles (Holterman et al. 2006). Small subunit sequences are the most
ubiquitous nematode sequences available in public databases (e.g., GenBank), and this
library representing identified specimens (although far from complete) provides an ideal
starting point for phylogenetic studies and diagnostic identifications of unknown
specimens. The presence of highly conserved regions within the SSU gene has allowed for
the development of robust, nematode-specific primers (Blaxter et al. 1998; Floyd et al.
2005; Bhadury et al. 2006). Some primer optimisation may be required for SSU in some
nematode groups (De Ley et al. 2005), but in general, the existing primer sets can be used
to successfully amplify the SSU gene across a wide range of taxa.

The appeal of SSU as a diagnostic and phylogentic locus can be attributed to the
conserved nature of the gene; sequences are highly informative and not subject to high
amounts of polymorphism. SSU is typically arranged in repetitive tandem arrays, and
individual nematodes may possess between 50-100 gene copies (Floyd et al. 2002). The
genome of Caenorhabditis elegans, for example, features one such array containing

approximately 55 copies of the SSU gene (Ellis et al. 1986). This high copy number
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contributes greatly to the high success rates of SSU amplifications, but it also raises
concerns of variation between copies in an individual. The SSU gene is subject to
processes of concerted evolution that tend to homogenize gene arrays, effectively
minimizing variation amongst copies within an individual (Hillis & Dixon 1991).
Widespread divergence between copies has not been observed and is not likely in
nematodes (Floyd et al. 2002). However, evidence from new high-throughput
technologies indicates that nematode specimens may actually carry a suite of minor 18S
variants within their genome, at least transiently (Porazinska et al. 2009). Currently, such
variation is only detectable when using next-generation sequencing platforms that return
sequences from single DNA strands. Most phylogenetic and barcoding studies of
nematodes rely on automated Sanger sequencing methods to obtain SSU sequences from
single worms; these sequences effectively represent a consensus sequence of all the 18S
copies present within an individual. The signal from any minor 18S variants present within
a genome is likely to be lost amongst the overwhelming signal from the dominant 18S
copy, meaning it is still possible to obtain a unique SSU sequence (representing the
dominant 18S variant) for each nematode species. Nevertheless, the apparent presence of
minor 18S variants presents an intriguing challenge for identifiying species using new high-
throughput technologies.

Although not subject to the same functional (and thus mutational) restrictions as
protein coding genes, ribosomal genes are also marked by conserved and variable regions
reflecting hairpins and loops, respectively, present in the folded ribosomal structure (Kjer
1995). Nucleotide sequences are more conserved in hairpins (also known as stem or helix
regions), where the ribosomal structure requires complementary base paring to occur
between nucleotides. Loop regions tend to be more divergent at the sequence level, as
they represent unpaired expansion segments in the folded ribosome that are not subject
to the same base pairing constraints. Secondary structure information can be used as a
guide for nucleotide alignments (Kjer 1995), and in phylogenetic reconstructions where
stem/loop regions can be used to model different structural constraints that may affect
molecular evolution (Holterman et al. 2006). A continued focus on the SSU gene is likely to
result in more sophisticated tools to analyse divergence based on ribosomal structure. In
the future, programs may be developed specifically to apply differential weighting of
substitutions occurring in more informative sites, such as residues important to

maintaining secondary or tertiary protein structure (Blaxter et al. 2005).
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Small subunit DNA is typically obtained via direct sequencing from individual
nematodes or clonal isolates, but several studies have investigated the use of denaturing
gradient gel electrophoresis (DGGE) to evaluate diversity (Waite et al. 2003; Foucher et al.
2004; Cook et al. 2005). This method simultaneously extracts and amplifies 185 DNA from
an entire nematode community in a given sample and applies the product to a gel
containing DNA denaturants, urea, and formamide. Each resulting band on the gel
represents an operational taxonomic unit (OTU), and the overall number of OTUs present
can be used ascertain the diversity of a sample (Foucher et al. 2004). Although this
method is quicker than morphology or direct sequencing, DGGE fails to amplify all
nematode groups within a sample and under-reports biodiversity by failing to identify rare
taxa that may be present in a sample (Cook et al. 2005). The resulting sequences lack any
morphological information as a comparison, limiting inferences regarding how well
operational taxonomic units define species boundaries. However, Cook et al. (2005)
recommended the use of DGGE as a potentially useful method for detecting changes in the

most abundant taxa within nematode communities.

1.3.2 The 28S ribosomal subunit gene

The gene encoding the large ribosomal subunit (known as 28S rRNA or LSU) is more
variable in its nucleotide sequence, and compared to SSU, it shows different rates of
evolution across its structural domains (Hillis & Dixon 1991). The gene region spanning the
D2 and D3 expansion segments of LSU (600-1000 bps in length, close to the 5’ end of the
gene) provides a particularly robust signal and is most commonly used in nematode studies
(Thomas et al. 1997; De Ley et al. 1999; Yoder et al. 2006). Primer pairs available for LSU
are reported to have the broadest application and highest success rate across different
nematode groups; conservation in these D2D3 regions is even consistent across several
metazoan phyla (De Ley et al. 2005) However, the LSU gene is too variable overall to be
informative for inferring deep phylogenetic relationships, and is generally used for small-
scale studies aimed at resolving relationships below the family level. De Ley et al. (2005)
further note that species assignments using LSU sequences do not always correspond to

accepted boundaries.
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1.3.3 The Internal Transcribed Spacer Region

Sequences from the Internal Transcribed Spacer Region (ITS) represent the second
most abundant in databases after SSU. Structurally, ITS is comprised of two variable
spacer regions situated between the 28S, 18S, and 5.8S loci in the repeated ribosomal gene
arrays (De Ley et al. 2005). Although formerly hailed as a good taxonomic marker (Powers
et al. 1997), subsequent studies demonstrated the existence of highly polymorphic
haplotypes (Hugall et al. 1999). Some ITS sequences are so divergent that it is impossible
to infer species boundaries, and gene variation can even prevent direct sequencing in
some cases (De Ley et al. 2005). The ITS region is highly variable (sometimes even within
individual nematodes), and this variation between sequences presents enormous
difficulties for constructing homologous alignments (Hugall et al. 1999). De Ley et al.
(2005) note that one primer set is unlikely to be applicable across all nematode groups,
and predict the focus of ITS will be shifted to population genetics rather than deep
phylogeny or species identification. To date, ITS sequences have been successfully used to
study phylogenetic relationships between close taxa (Chilton et al. 2001; Subbotin et al.
2001), to elucidate potential hybridization events between taxa (Hugall et al. 1999), to
assess intraspecific molecular variation (Kaplan et al. 2000; Elbadri et al. 2002; Ye et al.
2004) and to detect cryptic speciation (Hung et al. 1999; Derycke et al. 2005; Derycke et
al. 2007).

1.3.4 Cytochrome c oxidase subunit |

Mitochondrial genes are usually the preferred markers for population genetic
studies in animal taxa. Mitochondrial DNA is present in a high copy number in animal
tissue, and universal primers exist that allow easy amplification of several informative
genes such as cytochrome c oxidase subunit 1 (Cox1) and 16S rRNA. The utility of
mitochondrial genes stems from their supposed uniparental mode of inheritance, lack of
recombination, and effectively neutral selection (Beebee & Rowe 2003). Typically
maternal inheritance means that the effective population size of mitochondrial DNA
(mtDNA) is one-quarter that of nuclear genes; thus, a gene in any given individual had only

a single ancestor in the previous generation. Genetic variation can therefore accrue over
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relatively short time scales, and the distribution of haplotypes across populations is
considered to reflect demographic rather than selective events (Beebee & Rowe 2003).
Mitochondrial loci have not been widely applied in molecular studies of
nematodes, although fragments of Cox1 have been successfully amplified from a limited
number of species (Kanzaki & Futai 2002; Derycke et al. 2005; Derycke et al. 2007). So-
called ‘universal’ primer binding sites that allow robust amplification of Cox1 in many other
taxa (Wilcox et al. 1997; Hebert et al. 2004; Smith et al. 2005; Gomez et al. 2007) are
notably absent in many orders of nematodes and tardigrades (Blaxter 2004). Because of
this, it is likely that Cox1 primers sets will need to be specifically developed for different
families or genera, according to the requirements of a particular investigation. Even
studies with a specific focus on one genus have required multiple primer sets for adequate
amplification of short Cox1 sequences (Derycke et al. 2005). These persistent difficulties in
amplification have resulted in a notable lack of Cox1 data in online sequence databases;
molecular investigations in nematodes have instead focused on other informative loci

which can be robustly amplified using existing primer sets.

1.3.5 Other genetic methods

Restriction enzymes and cloning methods have been used to amplify stretches of
the mitochondrial genome in nematodes such as Globodera pallida (Armstrong et al.
2000), Meloidogyne spp. (Harris et al. 1990; Okimoto et al. 1991) and Romanomermis
culicivora (Hyman & Slater 1990). These genomic methods have been successful in
differentiating closely related species and providing insight into the structural organisation
of mitochondrial genes. However, restriction enzymes slice DNA only at specific nucleotide
‘words’; thus, products amplified from genomic methods are comprised of random
segments of varying length dependent on the number and position of restriction sites
present. Analysis of restriction fragments is based on the different fragment profiles
obtained after genomic DNA has been sliced by restriction enzymes. The nucleotide
sequence of any given fragment is not phylogenetically informative, as there is no
indication as to whether it derives from a functional gene or a non-transcribed region.

Several other genes have been sequenced in nematodes, including heat shock
protein gene Hsp90 (Skantar & Carta 2004) and cytochrome b oxidase (Vanfleteren &
Vierstraete 1999). Such studies usually represent isolated efforts, however, and the

overwhelming majority of molecular investigations focus on ribosomal genes (SSU, LSU, or
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ITS). Various other molecular techniques have been tested in nematodes, including
restriction fragment length polymorphism (RFLP) (Powers et al. 1997; Szalanski et al. 1997;
Elbadri et al. 2002), amplified fragment length polymorphism (AFLP) (Folkertsma et al.
1996; Semblat et al. 1998), random amplified polymorphic DNA (RAPD) (Da Conceigéo et
al. 2003), and single-stranded conformational polymorphisms (SSCP) (Derycke et al. 2007).
These alternative techniques represent ‘molecular fingerprinting’ methods, and have often
been used in combination with direct sequencing for selected taxa (Floyd et al. 2002;
Derycke et al. 2007). However, use of these methods alone offers limited information
compared to direct sequencing of specific genes. Some may offer only very limited
information from certain taxa (as in the case of RFLP), while other methods deliver copious
amounts of data that cannot be placed into an informative context (e.g. RAPD and AFLP)
(Floyd et al. 2002). There is particular concern about using fingerprints from RAPD and
AFLP studies to make species delimitations from nematode community samples; it is
unclear what banding patterns represent real species differences, and what patterns
instead represent novel intraspecific diversity (Floyd et al. 2002). Many concerns have
been raised about the reproducibility of RAPD markers; existing protocols are extremely
sensitive to minute variation, and many labs have found it difficult to reliably duplicate
RAPD marker profiles (Jones et al. 1997). Despite these drawbacks, more robust methods
(e.g. AFLP) are highly informative for studying the population genetics and biogeography of
a specific species; this technique is routinely applied in this context in other phyla (Meudt
& Clarke 2007).

One drawback of direct sequencing is most often related to the high cost of
processing a large number of specimens; in such cases, methods such as single-strand
conformational polymorphism (SSCP) can be valuable analyses that minimize costs by
reducing the total amount of sequencing required (Sunnucks et al. 2000). In SSCP methods,
a gene of interest (either a nuclear or mitochondrial marker) is amplified from a target
population, labelled with radioisotopes, and run on non-denaturing polyacrylamide gels.
Under these conditions, DNA fragments will physically contort and fold, and the resulting
structures will migrate on the gel according to their shape; different haplotypes will exhibit
different “fingerprints’ when visualised on a gel. To characterise the nucleotide sequence
of a given haplotype, investigators can choose a small subset of specimens to undergo
direct sequencing. Such SSCP methods have been successfully applied to population

genetic studies in nematodes (Derycke et al. 2005; Derycke et al. 2007).
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1.4 Practical applications of molecular data

1.4.1 DNA Barcoding

There has been much discussion about barcoding methods in nematodes, such as
the Molecular Operational Taxonomic Unit (MOTU) concept outlined by Floyd et al. (2002)
and Blaxter et al. (2005). Although barcoding itself has been subject to intense
controversy (Sperling 2003), preliminary work in nematodes shows promise for its use in
routine identifications and biodiversity investigations. Robust primers are first used to
amplify a short sequence of a chosen gene (generally ~500 bps of SSU for nematodes);
sequences are subsequently analysed and clustered by similarity, according to a user-
defined cut-off value. These sequence clusters represent MOTUs, and are defined by an
algorithm that separates species based on pairwise distances; the authors use cut-offs
which represent 2 or 3 base pair differences to assign divergent sequences into different
MOTUs. Assigning such a cut-off value is dependent on the genes being examined—the
level of intraspecific variability may require a higher or lower cut-off value to obtain
MOTUs which correlate with biological assemblages. Blaxter et al. (2005) empirically
demonstrated the application of varying cut-off values to a dataset of SSU sequences.
Higher cut-off values result in lower numbers of MOTUs with higher sequence diversity per
cluster; there still remains some structure, although this structure becomes increasingly
‘fuzzy’. Delimitation of sequence clusters is also contingent on the order in which
sequences are presented to the algorithm, as this can determine MOTU membership and
overall number of units. Blaxter et al. (2005) do not see this as a shortcoming, but rather
as a tool which allows “exploration of the ‘clouds’ of taxa which are closely related”
(Blaxter et al. 2005). MOTUs representing robust biological species are likely to be distinct
from other sequence clouds and consistently comprised of the same member sequences.
Conversely, if MOTUs seem to be unstable and swap member sequences between
analyses, this could represent population structuring within a species, or recently diverged
taxa which still share gene polymorphisms.  Repeated analysis can be undertaken if the
investigator remains unconvinced, but data from SSU sequences suggests that MOTU
clusters are likely to represent real biological assemblages.

Bhadury et al. (2006) further tested barcoding methods in free-living nematodes,
sequencing a 345 bp segment of the SSU gene from individually identified nematodes.

Results indicated that approximately 98% of barcodes were correctly assigned to genus
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and species level; this success rate of SSU sequences in nematodes is akin to that of Cox1
barcodes employed in other taxa. Despite the promising outlook for barcoding
applications in nematodes, the authors stress that accuracy and efficiency of barcoding is
dependent on several factors. Firstly, extensive sequence databases are needed in order
to ensure accurate species assignments using barcodes of unknown specimens. Secondly,
continuing work is needed to ensure congruence between molecular and morphologically
defined species assemblages. Finally, single-worm methods in nematodes are inherently
time consuming; development of high-throughput methods is needed if nematode
barcoding is to be used for routine surveys and monitoring.

Opponents often condemn barcoding studies for their use of arbitrary divergence
ranges and cut-off values to separate species based on short DNA sequences.
Investigations in nematodes have acknowledged this limitation; studies often compare
morphological and molecular methods to assess the reliability of sequence analysis. Floyd
et al.’s (2002) initial attempt at defining MOTUs from soil nematodes indicated a strong
correlation with morphological identifications; MOTUs were defined from sequence data
and taxa ‘clouds’ were identified via comparisons with online databases. Those sequences
which did not match exactly with previously sequenced species could instead be assigned
to genera, potentially representing unknown cryptic diversity at the sample site. In the
case where a defined MOTU matched with multiple genera, as with Acrobeloides and
Cephalobus in Floyd et al.’s (2002) study, it may represent an area which requires further
taxonomic investigation to resolve ambiguous and difficult groups. Eyualem and Blaxter
(2003) added a further dimension by conducting a breeding trial alongside taxonomic
identification and sequence analysis of Panagrolaimus cultures. The results of this
experiment showed that the two distinct MOTU clusters derived from sequence analyses
accurately represented reproductively isolated populations; morphological characters
showed only the slightest variation in one culture, and this did not correspond with the
sequence data or breeding results. Many other nematode investigations have used
integrative methods to verify conclusions from molecular results (De Ley et al. 1999; Felix
et al. 2001; Bhadury et al. 2006; Griffiths et al. 2006; Fonseca et al. 2008) and some species
descriptions have even begun to include molecular characterisations (Sommer et al. 1996).

Molecular analyses serve to highlight areas requiring further work utilising
integrated methods; it is anticipated that continuing analysis of sequence data will reveal
many morphological groups that are misrepresented by current taxonomy. A jump to

barcoding methods has been suggested in nematodes, but our current understanding of
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nematode biodiversity is still rudimentary at best. Even in well-studied terrestrial groups,
the focus remains on amassing sequence data and developing comprehensive, integrated
databases (Powers 2004). One such example is the push for morphological vouchering
using video capture, whereby anatomical features can be recorded and stored before a
specimen is destroyed for molecular analysis (De Ley & Bert 2002; De Ley et al. 2005). The
information can be linked with any molecular data obtained, thus providing a valuable
reference in the case of ambiguous results. Online databases have since emerged to
curate both sequence data and morphological vouchers from nematode specimens, such
as the NemaTol website hosted at the University of New Hampshire

(http://nematol.unh.edu/).

1.4.2 Future prospects

With the advent of new high-throughput, ‘next-generation’ sequencing
technologies, the future of nematode molecular studies is evolving. Despite this promise,
the field of metagenomics is still in its infancy. Ribosomal data obtained from next-
generation sequencing platforms (e.g. the GS FLX by 454 Lifesystems) is inherently
different from data obtained using traditional automated sequencing methods; this is a
consequence of repeated ribosomal gene arrays and concerted evolution within individual
nematodes. Automated Sanger sequencing essentially returns a consensus sequence
representing all the 18S copies within an individual; the resulting chromatogram is
obtained from a huge pool of PCR amplicons and the consensus sequence represents the
most dominant 18S variant. In comparison, a sequence obtained from a next-generation
platform represents a single PCR amplicon from a single 18S copy found in an individual.
Intraspecific variation exists between gene copies (at least transiently) and in this case,
individual nematodes could be represented by several gene sequences. This fundamental
difference means that more complex analyses are needed to define species using next-
generation techniques—instead of obtaining one diagnostic 18S sequence (as in
automated Sanger Sequencing), high-throughput methods produce ‘clouds’ of 18S variant
sequences for any given nematode species (Porazinska et al. 2009).

The current challenge is developing robust analytical methods that can be applied
to such high-throughput, or ‘metagenomic’ datasets. The OCTUPUS pipeline (Sung et al. in
preparation) has recently been assembled as a computational tool for processing the large

amount of 18S rRNA sequence data generated from a typical nematode metagenomic
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dataset (up to 400,000 sequences per run on the GS FLX platform). OCTUPUS processes
raw data, performs quality checks on all sequences, and subsequently uses several
algorithms to delineate sequence ‘clouds’ as biological species. These clouds are similar to
the MOTU clusters obtained in single-worm barcoding approaches (Blaxter et al. 2005);
they may represent intraspecific variation between 18S gene copies within an individual, or
shared polymorphisms between recently diverged taxa.

Preliminary work on control samples indicates that metagenomic methods work
relatively well at estimating species richness from short ribosomal gene fragments
(Porazinska et al. 2009); data from two genetic loci may be more effective at accurately
estimating species richness within a sample, as opposed to data from a single locus.
However, control studies have not been able to obtain accurate abundance estimates of
individual species, suggesting that further methodological refinement is needed. Another
problematic issue is the identification of closely related sister species (which may be
biologically distinct species but share copies of 18S rRNA variants). Metagenomic
techniques developed using artificial control samples will need to be further tested using
real environmental samples from a variety of habitats. Much more data is needed in order
to validate conclusions from control studies and address unresolved issues.

In studies of microbes, metagenomic investigations have expanded known diversity
by several orders of magnitude (Edwards et al. 2006; Sogin et al. 2006), and studies
focused on nematodes are likely to have similar results. High-throughput methods will
facilitate attempts to accurately estimate global nematode biodiversity. Molecular data
also indicates that some shallow-water nematode species may be cosmopolitan (Bhadury
et al. 2008; Derycke et al. 2008). These new sequencing methods will allow for much
broader comparisons across many taxa, perhaps shedding light on the true extent of

‘cosmopolitan’ nematode species.

1.5 Molecular evolution

The study of molecular evolution is inherently based on the sporadic imperfections
that occur during the replication of DNA. Mutations that arise in gene sequences provide
primary information that can be used to reconstruct the evolutionary history of a species.
The functional implication of mutations depends on where they occur within a gene. In
protein coding genes, changes in single nucleotides (point mutations) can either be

synonymous or non-synonymous with respect to the resulting protein’s primary structure;
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in either case, variation at a single site within a gene is known as a single nucleotide
polymorphism (SNP). Because most amino acids are encoded by several triplet nucleotide
codons, mutations can occur within gene sequences (particularly at third codon positions)
and the translated amino acid sequence can be synonymous with respect to the pre-
mutational sequence. In non-synonymous mutations, a nucleotide change produces a
codon that encodes a different amino acid, resulting in a substitution within the translated
amino acid chain. At the protein level, changes in the amino acid sequence are likely to be
highly debilitating if the given residue possesses a key structural or enzymatic function.
However, the mutation may not affect the protein structure or function if the residue isin
a less crucial position; this ‘milder’ form of amino acid substitution may be subsequently
incorporated into the genetic code of future offspring.

Mutations that occur in the sequences of non-coding genes such as 18S rRNA are
subject to different constraints. Ribosomal genes are not transcribed into proteins;
instead, the gene sequence itself is directly folded into a complex secondary structure
displaying paired stem (helix) regions and unpaired loop expansions (Noller 1984). The
effect of nucleotide substitutions that occur within this gene sequence depends on
whether a given base is normally incorporated into a stem or loop regions. Substitutions in
loop regions are likely to have little effect on overall structure, while substitutions in stem
regions are more crucial because bases in this region are paired with a complementary
string of nucleotides. In stem regions, paired nucleotides may undergo compensatory
changes in order to circumvent potentially lethal mutations—in this scenario, a
substitution in one nucleotide also causes a substitution to occur at the complementary
paired base (Page & Holmes 1998). This dual nucleotide substitution effectively serves to
maintain structural stability in the stem regions of ribosomes. The functional implications
of rRNA mutations are still not fully understood; contrary to traditional views, there is
evidence that points to conserved bases in rRNA loops (potentially retained because of
functional contraints) (Hickson et al. 1996) and hypervariable nucleotide sites in paired
stem regions (Kjer 1995).

Any given SNP may represent a single substitution or a multiple substitution; two
sequences may possess different nucleotides at the same homologous alignment site, but
the data itself gives no further information regarding the number of historical mutational
steps that have resulted in the observed change (Page & Holmes 1998). Observed
substitutions are likely to represent single events if the taxa are closely related or if the

gene being studied evolves at a very slow rate. If the studied taxa are very distantly
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related, or a given gene shows a rapid rate of evolution, than the observed substitutions
may actually represent multiple events. Sites can also exhibit homoplasious similarities; in
this case, the same base is present at a homologous site but the observed similarity has
not been inherited from the same ancestral sequence. If the same nucleotide change has
occurred independently in different lineages, it is said to be a parallel substitution.
Convergent substitution is when multiple changes in multiple lineages have resulted, by
chance, in the same base at a homologous position. Back substitutions may also occur if
repeated substitution events at a given position ultimately result in a nucleotide
representing the ancestral state. Because phylogenetic methods depend on homologous
similarity, the choice of genetic marker is crucial. Conserved, slowly evolving genes such as
18S rRNA are generally recommended for deep phylogenies involving distantly related
taxa. Rapidly evolving genes are not useful for deep phylogenies because they exhibit site
saturation; multiple substitutions have probably occurred at most nucleotide positions,
confounding any phylogenetic signal. However, for studies of closely related taxa (e.g. at
the level of genus or species), conserved genes would not exhibit enough variation
between individuals; quickly evolving genes such as ITS or Cox1 are more suited for this
purpose. Another way to classify substitutions is based on the chemical nature of the
original and replacement base. There are two chemical classes of nucleotides, pyrimidines
(cytosine and thymine) and purines (adenine and guanine). Substitution within one
chemical class (e.g. purine = purine) is known as a transition, while substitutions between
chemical classes (e.g. purine = pyrimidine) are known as transversions. Mutations are
often biased in favour of transitions—base changes within a class will retain a similar
chemical structure and are also more likely to be synonymous (or have less severe
consequences) at the amino acid level (Turner et al. 2000).

It is often assumed that the evolutionary steps inferred from a gene sequence
represent the actual evolutionary path of a particular species. In reality, this is not always
the case; populations undergoing speciation may still exhibit sporadic reproduction,
hybridization, and gene flow (Nichols 2001). Such processes may affect certain genes more
than others, leading to separate evolutionary histories at different genetic loci which may
not independently reflect the historical trajectory of the species. Lineage sorting may also
contribute to alternative gene histories, for example, if alleles of a given gene show
differential survival rates or retain ancestral polymorphisms (Page & Holmes 1998).
Coalescence time is the amount of evolutionary time observed since orthologous genes

last shared a common ancestor (e.g. since the lineages coalesced). Itis generally thought
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that gene lineages tend to diverge long before speciation occurs at the population level
(Nei 1987), and calculations concerning the timing of past speciation events are likely to be
biased in this respect. Molecular phylogenies actually reconstruct the evolutionary history
of the gene—this may or may not accurately reflect the evolutionary history of species.
Thus, the choice of genetic loci is critical for phylogenetic studies. Genes are said to be
orthologous if a particular locus (present across many taxa) has arisen from a single gene
present in the nearest common ancestor. Paralogous genes, on the other hand, have
arisen following a gene duplication event in an ancestral lineage. A third and less common
situation is xenology, where a gene has been directly copied from the genome of one
species to another as a result of horizontal gene transfer (Page & Holmes 1998). Accurate
phylogenies can only be inferred from orthologous genes; the evolutionary history of these
genes is most likely to correspond to evolution at the species level. Ribosomes are critical
components for cellular protein synthesis, and thus rRNA genes are universally present in
all living organisms. Ribosomal genes such as 18S have long been recommended for
molecular phylogenies (Hillis & Dixon 1991)—the ubiquity and conserved nature of these
genes makes them ideal molecular markers for accurately inferring the evolutionary

history of species.

1.6 Reconstructing evolution using phylogenetic methods

1.6.1 Alignment Construction

Alignment construction is perhaps one of the most contentious steps in the overall
process of building molecular phylogenies. Alignment of protein-coding genes can be
relatively straightforward for a conserved gene amongst closely related taxa. Hall (2005)
recommends the alignment of translated protein sequences when constructing alignments
for protein coding genes, noting that aligning translated sequences (and backtranslating to
nucleotides after alignment) resulted in more accurate phylogenies compared to those
built from directly aligned nucleotide sequences. Aligning sequences at the protein level
avoids the risk of introducing gaps within codons, thus eliminating any potential frameshift
artefacts in the resulting alignment (Hall 2008). Risks of protein alignment only increase
when aligning distantly related homologs found in highly divergent taxa. The accuracy of

resulting phylogenetic trees falls sharply if there is under 20% amino acid identity in
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pairwise comparisons between sequences (Thompson et al. 1999); in this scenario, less
than 50% of amino acid residues are correctly aligned. Above this threshold identity value,
there appears a ‘twilight zone’ between 20-30% where approximately 80% of amino acids
are correctly aligned; at levels exceeding 30% average identity, one can expect over 90% of
residues to be accurately aligned (Thompson et al. 1999).

Non-coding DNA sequences (such as rRNA genes) are notoriously more difficult to
align, due to the increased presence of insertions/deletions. In addition, difficult decisions
must be made regarding the placement of gaps in less conserved alignment regions.
Nevertheless, it has been suggested that phylogenetic methods can produce robust tree
topologies as long as sequence alignments are more than 50% accurate (Ogden &
Rosenberg 2006). Non-coding genes such as 18S rRNA normally exhibit a mixture of
conserved and variable sequence regions. For non-coding sequences, Kumar and Filipski
(2007) recommend a minimum threshold of 66% sequence identity using pairwise
comparisons to ensure that alignments maintain at least 50% overall accuracy. As long as
60% of bases are accurately aligned, further improvements to alignment accuracy result in
little difference for tree-building programs. Even if a sequence alignment displays near
perfect alignment, the quality of resulting phylogenetic trees can vary substantially—tree
accuracy is highly contingent on the chosen method of phylogenetic analysis (Ogden &
Rosenberg 2006).

For highly similar sequences exceeding 80% sequence identity, most sites in the
resulting alignment (>99%) would represent homologous positions (Rosenberg 2005), with
alignment homology declining with decreasing identity. For nematodes, most
phylogenetic reconstruction is based on the 18S rRNA gene, a loci which is slowly evolving
and thus highly conserved across nematode taxa. A BLAST comparison of two divergent
nematode sequences (an Enoplid nematode, Viscosia sp. [Acc. No. FJ040494] and a
Rhabditid nematode, Cruznema tripartitum [Acc. No. EU196012]) reveals that the two 18s
rRNA sequences maintain 77% sequence identity, despite these two species being placed
at opposite ends of the nematode tree (Meldal et al. 2007)—this value is well within the
recommended threshold of sequence identities. Although some manual alignment editing
is necessary to confirm the homology of alignment positions, it is likely that the resulting
nematode alignments for such conserved, noncoding genes will be highly accurate.

To avoid any potential problems in aligning non-coding genes such as 18S rRNA,
another method is to use secondary structural information, where available. The small

ribosomal subunit is organised into paired stem regions and loop expansions; although
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bacteria and archaea exhibit some specific structural features, a core section of the small
subunit is highly conserved and found across all domains of life (Wuyts et al. 2002).
Theoretical models have proven immensely useful for predicting and inferring secondary
structure features from a variety of taxa (Wuyts et al. 2000), and empirical data from X-ray
crystallography has confirmed the existence (and usefulness) of many ribosomal structures
(Ban et al. 1999; Cate et al. 1999; Clemons et al. 1999). Previous studies have found that
secondary structure information can aid decisions regarding homologous alignment
positions and improve the resulting phylogeny (Kjer 1995). The large ribosomal subunit
(28S rRNA) exhibits similar structural features, although variable regions in this subunit’s
gene sequence are much less conserved—producing accurate alignments in such variable
gene regions represents one of the major hurdles for molecular evolutionary studies (Lee
2001).

One of the main concerns for multiple sequence alignments is dealing with the
placement of gaps. Gaps represent valid evolutionary events—insertions or deletions
(indels) that have historically occurred within nucleotide sequences (Kumar & Filipski
2007). Automated alignment programs such as ClustalX (Thompson et al. 1997) aim to
accurately infer where these indel events occurred by assigning certain costs to the
opening and extension of gaps in nucleotide sequences. The ‘optimal’ alignment is the one
with the lowest overall score, theoretically representing the best inference of homology.
Placing gaps may not be much of a problem for closely related sequences, where
homology can be easily inferred for most alignment sites. In contrast, alignments
containing distantly related taxa or highly divergent sequences may exhibit ambiguously
aligned regions containing many gapped sites. Itisimpossible to guarantee that
alignments have inferred the exact place and length of historical indel events—thus,
homology of alignment sites cannot be guaranteed. The most conservative solution would
be to remove all alignment sites containing gaps. However, strict exclusion of gapped
alignment sites may result in a loss of phylogenetic information. Some authors argue that
only fully ambiguous positions need be excluded (Smith 1994), while other authors object
to removing any gapped positions at all (Phillips et al. 2000; Lee 2001), arguing that
alignment sites are not independent of each other and gapped sites play an important role
in positional homology assessments. Alignment sites that contain gaps may still be useful
for elucidating phylogenetic relationships amongst a subset of closely related taxa. Finally,
excluding heavily gapped regions may artificially homogenize evolutionary rates within an

alignment, preventing comparisons of evolutionary rates across a gene sequence or set of
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taxa (Lee 2001). Despite the concern regarding gaps, alignment accuracy can be drastically
improved by adding intermediate sequences that represent ‘stepping stones’ between

distantly related taxa (Kumar & Filipski 2007).

1.6.2 Phylogenetic reconstruction

The goal of molecular phylogenetics is to use information from DNA sequences to
reconstruct a taxon’s evolutionary history in the form of a phylogenetic tree. Phylogenetic
methods implicitly assume that all gene sequences in a given dataset are homologous and
orthologous, that is, they share common descent from an ancestral sequence that has not
undergone a gene duplication event. Two sequences can be similar (but not necessarily
homologous) if they share a proportion of identical nucleotide sites when aligned. The
homology and phylogenetic utility of ribosomal gene sequences is now widely accepted, so
this question of homology is not particularly relevant to molecular studies of nematodes.
However, the issue becomes pertinent when investigating new gene families; for example,
cases where enzymes show similar catalytic properties but their genes have not derived
from a single common ancestor (Hall 2008).

A tree is a mathematical structure whose topology models the evolutionary history
of a given group of gene sequences (with each sequence representing a specific taxon)
(Page & Holmes 1998). A phylogeny, or evolutionary tree, is an accepted tree topology
that is thought to represent the historical relationships between species, and (if a
sufficiently conserved gene is used) deeper relationships between major clades. When
visually represented, a tree is comprised of branches and nodes. Nodes can either be
external (also known as terminal nodes, representing present-day taxa or gene sequences)
or internal (points representing hypothetical ancestral lineages). Branch lengths reflect the
amount of observed divergence between nodes, and in the case of sequence data, the
actual genetic difference that separates extant taxa from ancestral lineages. Most
phylogenetic analyses will return numerical values to represent branch lengths; this value
reflects the amount of genetic change that has occurred per alignment site, and such trees
are referred to as ‘weighted trees’. Trees can be rooted or unrooted. If a root is specified,
the tree topology will signify a directional path which has led to the evolution of present-
day taxa; this root also represents the common ancestor of all sequences within a tree.

Divergent, extant lineages that split off closest to the root of the tree are often thought to
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represent the most ancestral taxa. Unrooted trees do not imply evolution from any given
direction, and only demonstrate relationships between extant taxa. Rooted trees provide
more information about evolutionary relationships, as they allow for inferences of older
lineages and more recently derived taxa. Nodes can be described as bifurcating or
multifurcating. A bifurcating node is one that has only two descendent lineages; that is,
speciation of one ancestral taxon resulted in two daughter lineages. A multifurcating
node, or polytomy, is where more than two species simultaneously arose from an
ancestral node (a ‘hard’ polytomy), or alternatively, a node that lacks enough data to
sufficiently elucidate historical events (a ‘soft’ polytomy) (Page & Holmes 1998; Hall 2008).
Hard polytomies probably do not represent real evolutionary events, but instead reflect
scenarios where the evolutionary rate of phylogenetic characters was too slow to infer the
true relationship (Maddison 1989).

A number of terms can be used to describe the layout and information contained
in tree topologies. A cladogram is the most basic way to display evolutionary relationships;
it shows lineage descent and common ancestry of taxa, but offers no other information
(Page & Holmes 1998). Additive trees (also known as metric trees or phylograms) contain
additional information about branch lengths as well as displaying evolutionary
relationships. A tree is said to be ‘additive’ if the sum of the branch lengths between any
two nodes is equal to the distance between them. In reality, this is unlikely to be the case
because multiple substitutions may have occurred at any given alignment position, but
certain phylogenetic methods do not account for this possibility (Hall 2008). An
‘ultrametric’ tree (also known as a dendrogram) is a special type of additive tree where all
terminal nodes are equidistant from the root of the tree (Page & Holmes 1998).
Depending on the algorithm, phylogenetic methods may return trees in the form of a strict
consensus tree or majority-rule consensus. In a strict consensus tree, the topology
represents only those nodes and splits present in all trees considered by the chosen
phylogenetic algorithm. A majority-rule consensus tree represents a more relaxed
topology, displaying all nodes and splits present in over half the trees considered.

The evolutionary history displayed by given phylogeny can be analysed in terms of
character state changes observed in a set of taxa (Page & Holmes 1998). For sequence
data, a character is one of four possible nucleotides (A, C, T, or G). A plesiomorphy (or
plesiomorphic character state) represents an ancestral trait that is retained in extant taxa.
Characters which have changed between ancestral and terminal nodes are said to

represent apomorphic, or derived character states. For example, an ancestral lineage may
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have possessed an ‘A’ in certain nucleotide position, but mutational change over time
changed this nucleotide to a ‘T’ in extant taxa. Derived character states may only be
observed in only one extant lineage (autapomorphies), or shared between several terminal
taxa (synapomorphies). Synapomorphies only refer to homologous derived characters—
that is, the character state arose from the same mutational event in a common ancestral
lineage. Shared character states which arose independently in different taxa are known as
homoplasies. Homoplasy presents a particularly difficult challenge for inferring
evolutionary relationships, and it may appear through several different processes. In
parallel evolution, separate events produce homoplasies in multiple terminal taxa, from
the same ancestral character state. In convergent evolution, the ancestral nodes
possessed different character states, but mutational changes led to extant taxa possessing
the same character state. Secondary loss results when a synapomorphic character reverts
back to an ancestral state.

Closely related groups of taxa on a phylogenetic tree are known as clades. A clade
is said to be monophyletic if all its taxa are derived from the same common ancestor. Taxa
which do not group into a monophyletic clade are said to be either paraphyletic or
polyphyletic. Paraphyletic clades are groups of taxa that share plesiomorphies, and
exclude related taxa which exhibit unique autapomorphies. Such excluded taxa may
actually be closely related certain members of a paraphyletic clade; for example, birds are
closely related to crocodiles, but crocodiles are instead classed with their more distant
relatives of the Reptilia based on primitive, shared traits (Page & Holmes 1998).
Polyphyletic taxa are those which have been grouped together based on homoplasious
characters. Before the advent of molecular phylogenies, many nematode groupings were
polyphyletic; taxa were organised according to morphological structures which exhibited
convergent evolution, and such classification did not represent the true evolutionary

history of most species.

1.6.3 Building molecular phylogenies

A variety of phylogenetic methods exist which can be differentially applied
depending on the scope and focus of a given investigation. These methods can be divided
into two main types of analysis: algorithmic methods and criterion-based methods
(Swofford et al. 1996). In algorithmic methods (such as Neighbour Joining), the input data

is analysed using a specific set of steps (an algorithm), and once completed, these steps
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determine a tree topology. Criterion-based methods (such as Maximum Likelihood or
Bayesian Inference) instead use a standard guideline, known as an optimality criterion, to
compare different trees and choose the best scoring topology that is produced by a given
algorithm. Algorithmic methods tend to be fast, since they infer and choose trees in a
single step. Criterion-based methods are much slower because tree inference and tree
choice represent separate, discrete tasks; searching for the best tree requires significant
computing power, especially for large datasets. These two methods often implement the
same algorithms for different purposes; an algorithmic method may use a given algorithm
as the primary means to construct and output a tree, while a criterion-based method may
use the same algorithm as a preliminary step during tree topology searches (Swofford et
al. 1996). Algorithmic methods produce only one tree from the data, whereas criterion-

methods can return many different versions of the ‘best’ tree (Hall 2008).

1.6.3.1 Algorithmic methods

The two most widely applied algorithmic methods (also known as distance
methods) are Unweighted Pair-Group Method with Arithmetic Mean (UPGMA) and
Neighbour Joining (NJ). These methods measure the divergence between sequences in a
dataset by calculating a matrix of pairwise distances; this matrix is then used to compute
branch lengths and order and output a tree topology (Hall 2008). UPGMA uses a clustering
method to sequentially reduce a dataset into a set of matrices; it first calculates pairwise
distances between the most closely related sequences and collapses these into single
nodes. Pairwise differences are calculated between the closest nodes, and so on, until the
dataset is represented by a matrix with a single entry. The final set of matrices
(representing nodes at different levels) is then used to construct the tree starting at the
root and moving outwards until it reaches the terminal branches (representing the
sequences with the lowest pairwise distance). UPGMA assumes that the final tree
topology is additive and ultrametric (e.g. it relies on molecular clock assumptions with a
constant rate of evolution); it incorrectly assumes that all taxa are equally distant from the
base of the tree, and uses this reasoning to root the tree Because of this, UPGMA is now
viewed as an outdated an unreliable method and is rarely used in modern phylogenetic
studies (Hall 2008).

Neighbour Joining is considered a more robust distance method, as it does not

suffer from the same incorrect assumptions as UPGMA (Hall 2008)—NJ instead relies only
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on tree additivity. Tree construction is similar to UPGMA in that NJ sequentially reduces
and creates a set of distance matrices, but NJ analyses construct unrooted trees. NJ does
not cluster sequences but instead directly computes pairwise differences to internal nodes.
NJ calculates a distance matrix that represents net divergence; this represents a sum of the
distances observed between each individual sequence and all other taxa within the
dataset. The two sequences with the lowest net distance in the dataset are collapsed into
a single node, and a new matrix is built following this reduction. Asin UPGMA, this
continues until a matrix is obtained with a single datapoint, and the calculated set of
matrices is used to construct a final tree topology. NJ analyses do not utilise an optimality
criterion and thus topologies only represent approximate solutions; the final output does
not represent the best or even optimal tree, and thousands of alternate, better topologies
can typically be found using an optimality criterion (Hillis et al. 1996). As a result, several
authors have recommended the use of Neighbour Joining only as a fast, preliminary
method to test tree topologies before subjecting datasets to more robust phylogenetic
methods (Hillis et al. 1996; Swofford et al. 1996). Neighbour Joining is used frequently in
barcoding studies, where investigators are required to match unknown barcode sequences
with the closest identified relative (Hebert et al. 2003; Bhadury et al. 2006; Hajibabaei et
al. 2006). NJ methods fare quite well for such studies where the group of choice has been
thoroughly sampled; the more representative sequences in a tree, the more likely that an
unknown sequence will exhibit a low pairwise distance to the query dataset.

Two main criticisms of distance methods entail their inherent tendency to lose
information through use of a distance matrix and the limited evolutionary interpretations
possible from the branch lengths of resulting trees (Page & Holmes 1998). Algorithmic
methods essentially ‘summarise’ sequence data by comparing sequences in terms of
overall relatedness; in comparison, criterion-based methods examine datasets using every
nucleotide site in a multiple sequence alignment. While distance methods report how
much change has occurred between two sequences, criterion-based methods allow us to
additionally infer the exact location of this change in the gene sequence. For distance
methods, the value of branch lengths on a tree cannot be biologically interpreted as the
actual number of nucleotide substitutions that have occurred over time. The total tree
length (representing the total number of substitutions) resulting from distance methods
may be less than the minimum amount of nucleotide substitutions actually observed in the

data (Page & Holmes 1998). Despite this, the branch lengths of distance trees are
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internally consistent, and they can be used as a general guide to demonstrate which

sequences are more or less divergent from other taxa.

1.6.3.2 Criterion-based methods

Criterion-based methods tend to be very computationally expensive; the total number
of possible tree combinations increases exponentially with greater numbers of taxa
present in a dataset. Even for a dataset containing only 20 sequences, there are a total of
8.2 x 10** possible tree topologies (Page & Holmes 1998). Because of the huge amount of
possibilities in ‘tree space’, phylogenetic methods need to employ heuristic methods in
their search for the best possible tree—this searching method examines a small subset of

trees (out of millions of possibilities) in hopes of finding an optimal topology.

1.6.3.2.1 Parsimony

Parsimony analyses aim to find the most parsimonious tree—that is, the topology that
requires the minimum number of evolutionary changes. There are two types of
Parsimony: generalised parsimony and weighted parsimony. Both of these methods
increase the flexibility and accuracy of parsimony analyses by allowing users to specify
additional criteria for analysing sequence data. Generalised parsimony allows the
incorporation of basic nucleotide substitution models (in the form of step matrices), while
weighted parsimony assigns weights to alignment sites according to their information
content. In weighted parsimony, conserved, slowly evolving sites are considered
phylogenetically informative—these sites are more valuable because they provide better
evidence for reconstructing evolution. Informative sites are assigned more weight in
comparison to phylogenetically uninformative sites which may be invariable, highly
conserved, or exhibit site saturation. Parsimony analysis evaluates tree topologies for each
informative site, scoring the number of evolutionary steps required in each tree; the
topology with the lowest total score is accepted as the best reconstruction of evolutionary
history (Hall 2008).

There has been much debate regarding the use of parsimony for phylogenetic
reconstructions of sequence data (Page & Holmes 1998). Supporters of the method argue

that parsimony is, by definition, aimed at maximising the homologous similarity displayed
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by a given tree topology; parsimony assumes that homoplasies are rare, and that shared
characters are more likely to be derived from a common ancestor (Hall 2008). Secondly,
parsimony assumes that mutational change is rare, and thus the resulting tree topology is
likely to be an accurate reflection of evolutionary history. Critics of parsimony state that
this phylogenetic method often recovers the wrong tree under certain conditions, even if
more data is added to reduce this possibility (Hendy & Penny 1989). Parsimony can be
especially inconsistent within the so-called ‘Felsenstein zone’ (Felsenstein 1978) where
heterogeneous evolutionary rates result in some taxa displaying long branches on the true
tree topology. Because parsimony aims to reconstruct the shortest possible tree (e.g. the
one requiring the fewest evolutionary changes), long branches attract under this scenario
and Parsimony consistently infers the wrong tree topology. Using longer gene sequences
only increases the likelihood of incorrect trees. Thorough empirical tests by Meldal et al.
(2007) demonstrated the inaccuracy of parsimony methods for reconstructing evolutionary

history of nematodes using the 18S rRNA gene.

1.6.3.2.2 Maximum Likelihood

The principle of likelihood suggests that the most probable explanation for a given
scenario is likely to be the correct one. In Maximum Likelihood (ML) methods, the ‘best’
tree is the one whose topology maximises the likelihood of observing the dataset (Hall
2008). For a given dataset, ML methods will compute a likelihood value for all possible
tree topologies; the tree that recovers the greatest likelihood value is chosen as the ‘best
tree’. Such likelihood searches are computationally intensive, and this has limited the
application of maximum likelihood analyses in the past. However, increasing
computational power and faster algorithms such as RAXML (Stamatakis 2006) have
contributed to the widespread use of ML in recent years.

One advantage of ML is the ability to apply detailed models of molecular evolution in
the analysis of sequence data. Model parameters are either predefined or estimated from
the dataset during analysis—in practise, parameters such as base frequency estimates,
proportion of invariable sites, and the gamma distribution parameter are usually estimated
from the dataset (Hall 2008). Although ML is generally accepted as a robust phylogenetic
method, its dependence on an explicit nucleotide substitution model presents an inherent
dilemma. Since we do not possess the true evolutionary tree of any given dataset, the

parameter values of nucleotide models represent assumptions regarding the probability
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that certain evolutionary events will occur. One argument suggests that ML methods
should simultaneously search for both the best model as well as the best tree in order to
obtain the most accurate topology (Page & Holmes 1998). However, recent studies have
shown that model choice does not significantly affect evolutionary inferences from tree
topologies; alternate models only appear to differ in their arrangements of poorly
supported nodes (Ripplinger & Sullivan 2008). Phylogenetic methods that require a model
choice (e.g. ML) usually outperform other methods that do not utilise evolutionary models
(e.g. Parsimony)—maximum likelihood methods in particular display less variance in
response sampling error and can withstand repeated violations of model assumptions
(Swofford et al. 1996).

1.6.3.2.3 Bayesian Inference

Bayesian inference (BI) represents a variation of maximum likelihood. Whereas ML
chooses the tree that maximises the likelihood of observing the dataset, Bayesian
inference chooses the tree with the greatest likelihood, given the dataset. Instead of
assessing trees based on likelihood values, Bl utilises posterior probabilities and seeks to
find the best tree from the dataset by searching for the topology with the highest
probability value (Hall 2008). Maximum Likelihood analyses return one ‘best’ tree, while
Bayesian methods instead return the best set of trees (in the form of a consensus tree)
that can be found at the top of a ‘hill’. In this *hill-climbing’ strategy, Bayesian algorithms
choose a random tree and rearrange the topology; if this new topology scores higher than
the original tree, then this tree is retained and used as a new starting point. If the new
tree has a significantly worse score, the topology is rejected and the search re-commences
using original tree. In this sense, the range of tree scores represent the ‘hill’ and trees with
sequentially higher scores represent ‘steps’ leading to the optimal tree (the highest point
of the hill). There is a difference between the ‘locally optimum tree’ and the ‘globally
optimum tree’ (Page & Holmes 1998). The locally optimum tree may represent the best
scoring tree (or highest point of a hill) that exists within the sampled subset of tree space.
However, because not all possible tree topologies were examined, there may be a better
scoring tree (on a higher hill) within the unsampled tree space that is the best tree to
represent the data—the global optimum. Since true Bayesian algorithms are too
computationally expensive, current programs implement the Metropolis-coupled Markov

Chain Monte Carlo (MC)? approximation method to efficiently search tree space
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(Huelsenbeck & Ronquist 2001). This method involves simultaneous, independent
Bayesian searches (chains) that exchange information at specified intervals, preventing
independent chains from becoming trapped on suboptimal hills; chains are thus able to
jump valleys and reach increasingly higher hills. The (MC)? approximation method uses
several ‘heated’ chains and one ‘cold’ chain to further improve tree searches. Heated
chains are more effective at climbing hills and crossing valleys to find optimal tree
topologies, but trees are only empirically sampled from cold chains. During (MC)® analysis,
heated and cold chains will change states, helping the cold chain to reach higher hilltops—
the final tree outputs represent the highest hill (and ideally the global optimum) found
during the analysis. Bayesian methods are said to have found the highest possible hill
when the differences amongst a given set of trees is no longer statistically significant;
choosing the ‘best tree’ from within a set essentially becomes a random choice, and the
algorithm is said to have reached convergence. In practise, itis usually acceptable to say
convergence has occurred when the average standard deviation of split frequencies falls
below 0.05 (although much more confidence is placed in values <0.01) (Hall 2008). The
average standard deviation measures the similarity of tree samples between independent

Bayesian runs, and lower values correlate to more stable tree topologies.

1.6.4 Models for estimating molecular evolution

Criterion-based methods of phylogeny reconstruction rely on models of nucleotide
substitution to estimate actual evolutionary distances. Models are implemented as
distance correction measures, in order to account for the potential of multiple
substitutions occurring at homologous sites in sequence data. Otherwise, methods that
strictly measure observed base differences at homologous sites are likely to underestimate
the actual amount of historical change. The six most common models are known as Jukes-
Cantor (JC), Kimura 2 parameter (K2P), Felsenstein (F81), Hasegawa, Kishino and Yano
1985 (HKY85), and the General Time Reversible (GTR or REV) (Page & Holmes 1998). The
GTR model (Rodriguez et al. 1990; Yang et al. 1994) is considered the most complex and is
also the most widely used in current phylogenetics investigations; all other models
represent more simple incarnations of GTR. The ‘time reversible’ nature of this model
refers to nucleotide substitutions—there is no favoured directionality of mutational
change over time, and all substitutions are fully reversible (and thus, equally likely). The

main differences amongst these models relates to the anticipated base frequencies and
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substitution patterns likely to be observed in real datasets. The JC and K2P models are the
only ones to assume that equal base frequencies are likely across datasets; all other
models assume that base frequencies are likely to vary. With regard to substitution rates,
JC and F81 models assume that all types of substitutions are equally likely. The K2P and
HKY85 models expect more variance in substitution patterns, and both specify different
rates for transitions and transversions. The GTR model uses a much more complicated
probability matrix, assuming that there are six different classes of substitutions, all with
different rates. Although the ultimate goal of choosing a model is to incorporate biological
factors which affect the evolution of gene sequences, the addition of more parameters
increases the chance of sampling error—each parameter must be estimated from the
dataset itself (Page & Holmes 1998). However, simpler models may inaccurately estimate
biological processes, and opting for fewer parameters may not be the best solution. There
has been much discussion and debate about model choice in phylogenetic methods (Yang
et al. 1994; Lio & Goldman 1998; Ripplinger & Sullivan 2008). The MODELTEST program
(Posada & Crandall 1998) is often used to determine the best fitting model for a particular
dataset; this software uses the Akaike information criterion and likelihood ratio tests to
choose amongst substitution models. In practise, many single and multi gene phylogenies
use the GTR model in combination with other parameters (e.g. for invariant sites or rate
variation) (e.g. Holterman et al. 2006; Meldal et al. 2007; Hunt & Vogler 2008), although
newer models (e.g. CAT) are being specifically utilised in phylogenomic analyses (Philippe
et al. 2009). The GTR++I model is especially well suited for large-scale phylogenies, where
the inclusion of many taxa permits precise estimation of model parameters (Hunt & Vogler
2008).

All models used to estimate molecular evolution in phylogenetic analyses make
implicit assumptions about the processes that effect sequence data. They assume that: all
nucleotides within a sequence change independently of each other, substitution rates do
not vary through time or between taxa, all base compositions are at equilibrium, and
substitution probabilities are equal at all sites and do not vary through time (Page &
Holmes 1998). From a biological point of view, it is probable that any given dataset is likely
to violate at least one of these assumptions. In ribosomal genes, compensatory changes in
stem regions ultimately mean that changes at one nucleotide position directly influence
subsequent changes at another site. However, this compensatory process may not be
overly rapid; ribosomal stem regions can maintain mismatches for millions of years (Page

& Holmes 1998). If a subset of sequences exhibits base compositions that deviate from the
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expected equilibrium (e.g. a high G + C content), model assumptions may cause such
sequences to cluster together instead of grouping each sequence with its closest relative in
the tree. In this case, alternate models such as the LogDet transformation can be used to
correct for potential biases in base composition (Lockhard et al. 1994; Steel et al. 1994);
this method recovers the additive distances of sequences, which can be effectively utilised
even when base compositions vary.

Substitution probabilities are most certainly not equal at all sites within a
nucleotide sequence. For both non-coding and protein coding genes, functional and
structural requirements effectively restrict mutation at certain nucleotide positions, while
other sites are less constrained. For third codon positions of protein-coding genes,
fourfold degenerate sites evolve twice as rapidly as twofold degenerate sites, and nearly
four times more quickly than non-degenerate sites (Graur & Li 1991). Thus, synonymous
mutational changes are the most frequently observed, as they have the least functional
impact. Over time, rapidly evolving genes actually show less divergence than those that
evolve more slowly, due to the effects of site saturation in the rapidly evolving gene
(Palumbi 1989; Janecek et al. 1996).

To account for among-site rate variation (ASRV), phylogenetic studies commonly
utilise estimation of invariant sites and/or a gamma distribution. Invariant-site models
assume that a proportion of nucleotide sites do not vary at all, or undergo a constant rate
of substitution (Hasegawa et al. 1985; Churchill et al. 1992; Reeves 1992; Sidow et al.
1992). The gamma distribution (represented by ') models rate variation across nucleotide
sites as a continuous distribution (Steel et al. 1993; Yang 1993); this model is comprised of
a shape parameter (a) and a scale parameter (B). Implementation of the full gamma
distribution is very computationally expensive—a more feasible option is the discrete
gamma model (Yang 1994), an approximation which separates the continuous distribution
into several rate categories. Data from nuclear and mitochondrial genes suggests that rate
variation under the discrete gamma model (estimated according to the gamma shape
parameter a) usually falls between 0.16 and 1.37, meaning that rate variation in most
datasets is most often represented by an ‘L-shape’ gamma distribution (Yang 1996). At
such levels, most sites within a sequence will show no variation in substitution rates (e.g.
they are practically invariable), while a few sites display very high rate variation. Some
authors have recommended using the discrete gamma model in combination with
estimation of invariant sites (Gu et al. 1995). This common implementation identifies

invariant sites, and estimates rate variation for the remaining alignment positions. For
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large-scale phylogenies, even the discrete gamma parameter approximation becomes
computationally expensive; thus, some phylogenetic software programs use the CAT
approximation as a replacement model (Stamatakis 2006). The CAT model uses a set
number of rate categories to estimate individual per-site evolutionary rates; in the
maximum likelihood program RAXML, rate categories are optimised by maximizing
individual per-site likelihood values. The use of GTR+CAT model implemented in RAXML
results in likelihood values that are comparable to GTR+ I' (Stamatakis 2006), and this
model choice is currently one of the most robust methods for computing large-scale

phylogenies.

1.6.5 Gauging support for tree topologies

The accuracy of phylogenies can be assessed according to overall tree topologies,
as well as confidence values for internal nodes. A robust tree topology is one that is
consistently supported using different phylogenetic methods, model choices, and
parameter values. If a given topology is observed to stay intact despite such rigorous
assessment, it is likely that this tree represents the true evolutionary history of the
dataset—e.g. it contains an unambiguous phylogenetic signal. For molecular phylogenies,
careful consideration must be given to the choice of genetic loci, in order to ensure that
the gene tree (represented by the phylogenetic topology) is close to the actual species tree
(See Section 1.5). Additionally, the use of different character sets (e.g. different genetic
loci) can provide independent support for the hypothesized evolutionary history of a given
set of taxa (Page & Holmes 1998).

Bootstrapping represents a method for assessing confidence values of nodes within
a given tree topology; use of the non-parametric bootstrap in phylogenetics was first
proposed by Felsenstein (1985). Bootstrapping essentially estimates parameter values by
producing a set of pseudoreplicates from a given dataset (Page & Holmes 1998). As a
result of subsampling the datapoints with replacement, the pseudoreplicates represent
slightly modified datasets with different frequencies amongst alignment sites (referred to
as ‘sampling with replacement’). These pseudoreplicates are then used to construct tree
topologies, and the congruence between topologies is assessed across all pseudoreplicates
sampled (typically 100 to 1000 replicates). Parametric bootstrapping represents a
modified method that also models the evolution of a given dataset during phylogenetic

analysis; certain parameters are estimated from the dataset itself, including the resulting
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tree (Page & Holmes 1998). However, most bootstrapping methods in current
phylogenetic algorithms generally utilise non-parametric methods. The bootstrap value
assigned to a given node represents the recovery rate of that node across all
pseudoreplicates sampled, expressed as a percentage of total topologies. Bootstrap values
above 85% generally indicate strongly supported clades, while values between 65-85%
only suggest moderate support (Hillis & Bull 1993). Many authors have debated the true
meaning of bootstrap values. Some suggest that support values indicate repeatability
(Felsenstein 1985; Sanderson 1989)—the consistent recovery of a group from independent
samples. Other authors maintain that bootstraps represent accuracy (Felsenstein &
Kishino 1993)—the likelihood that a given clade exists in the true evolutionary phylogeny.
Alternatively, Hillis & Bull (1993) argue that bootstrap values only support the recovery of
a given clade using a specific phylogenetic method. Regardless of this debate, bootstrap
values provide useful information when used in conjunction with other topological tests
(outgroup comparison, use of multiple phylogenetic methods, etc.). Low bootstrap values
can result from low taxon sampling within a given clade, the presence of unstable ‘rogue’
taxa, or ‘fast’ bootstrapping algorithms (Sanderson & Shaffer 2002). Bootstrapping
hundreds of taxa can be extremely time consuming, and many programs such as RAXML
have incorporated rapid bootstrap heuristics (Stamatakis et al. 2008) to accommodate
large-scale phylogenies. Such ‘fast’ algorithms can result in much lower support values
(Debry & Olmstead 2000; Mort et al. 2000), although bootstraps for strong clade groupings
(e.g. >80-90% support) do not seem to be affected by heuristic search strategies.
Insufficient taxon sampling can often result in low support values or incorrect tree
topologies (e.g. the ‘Felsentein Zone’). Graybeal (1998) recommends the addition of more
taxa over the addition of more characters, noting that a large, well-sampled dataset can
effectively break up any potential long branch artefacts. Thorough taxon sampling has
been repeatedly cited as the most important factor for constructing accurate phylogenies
(Omland et al. 1999; Brinkmann & Philippe 2008; Heath et al. 2008). Heath et al. (2008)
note that a small dataset with large number of characters can introduce systematic bias—
this scenario can produce highly supported and repeatable (but inaccurate) phylogenies.
The inclusion of few taxa can mean that phylogenetic algorithms do not have enough
information to accurately estimate the parameters of evolutionary models; phylogenetic
relationships may thus reflect homoplasies rather than true evolutionary relationships.
There is some disagreement regarding the effect of taxon sampling on bootstrap values;

some studies report decreasing support values with an increasing number of taxa (Bremer
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et al. 1999; Sanderson et al. 2000), while Omland (1999) reported higher bootstraps with
increased taxon sampling at the species level. Increased taxon sampling can also greatly
reduce the computing time for large phylogenies (Soltis et al. 1998; Savolainen et al. 2000),
returning a better tree topology in a shorter amount of time. There do not appear to be
any strong arguments against dense taxon sampling, except the computational power
needed to build large trees. Given the recent advances in computing power and
phylogenetic algorithms, even this argument is no longer valid—the RAXML program has
been used to build maximum likelihood trees containing upwards of 50,000 taxa
(Stamatakis 2006).

Molecular phylogenies are rooted according to outgroup taxa—closely related
sequences that represent species outside the primary group of interest. The choice of
outgroup taxa can significantly impact the overall tree topologies (Smith 1994). By default,
outgroups allow inference of ancestral character states as well as shared, derived
characters for the entire ingroup—thus, the choice of outgroup taxa will significantly
impact the interpretation of how such character states evolved (Nixon & Carpenter 1994).
Ingroup topology can be affected by outgroup choice, even impacting nodes that are far
from the inferred root (Milinkovitch & Lyons-Weiler 1998; Tarrio et al. 2000). Outgroups
whose sequences are very divergent or exhibit widespread site saturation can introduce
long-branch attraction artefacts (Wheeler 1990; Maddison et al. 1992; Johnson 2001); in
these cases, the root placement is likely to be incorrect. To ensure accurate rooting, many
authors advocate using the closest related sister taxon as an outgroup (Mayden & Wiley
1992; Smith 1994; Sanderson & Shaffer 2002). Alternatively, including a mixture of close
relatives and more distantly related species (Maddison et al. 1984; Sanderson & Shaffer
2002) can allow for accurate phylogenetic inference. A combination of outgroup taxa may
be necessary if the closest sister taxon has undergone a severe rate speedup (Lyons-Weiler
et al. 1998); other taxa may be more distantly related but less divergent with respect to
the ingroup. There are clearly many different recommendations for rooting trees, but
most authors agree that outgroup choice should be empirically tested and rigorously
evaluated. Outgroup taxa can be rotated, to determine whether root placement changes
using different, divergent taxa (Hutcheon et al. 1998; Tarrio et al. 2000; Dalevi et al. 2001).
Variable alignment sites or rogue taxa can also be removed in order to reduce the
possibility of long-branch attraction between the outgroup and ingroup (Hendy & Penny
1989; Smith 1994). Any observed changes in rooting or ingroup topology can elucidate

uncertain relationships within the phylogeny.
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The Gblocks program (Castresana 2000) is one method that is often used to remove
variable positions that may be subject to site saturation or exhibit dubious homology.
Trimming alignment sites is generally useful for multi-gene phylogenies or phylogenomic
methods that include rapidly evolving genes (Rodriguez-Ezpeleta et al. 2007; Brinkmann &
Philippe 2008); SSU alignments contain mostly conserved or constant sites, and few (if any)
hypervariable positions. The full gene sequence of 18S rRNA is only ~1600 base pairs, and
trimming alignment positions of comparatively short gene sequence (versus multi-gene or
phylogenomic alignments) may result in a loss of information. Fewer alignment sites have
been linked to phylogenetic error and decreased resolution (Lecointre et al. 1993; Hillis et
al. 1994; Hillis et al. 2003), so trimming of sites should only be undertaken if absolutely
necessary.

Visual inspection can often determine inaccuracies in tree topologies, especially in
regards to long-branch taxa. Other, more subtle inaccuracies can only be revealed by
assessing phylogenies in regards to the above-outlined criteria. Data from large-scale
phylogenomic methods indicates that accurate trees are obtained by using: 1) dense taxon
sampling, 2) complex evolutionary models that mirror biological reality, and 3) removing
data (species and alignment sites) that exhibit accelerated evolutionary rates (Brinkmann
& Philippe 2008). Thus, solid sampling methodology and rigorous phylogenetic tests are

the best guarantee for accurate tree topologies.

1.6.6 Choosing a phylogenetic method

With so many different phylogenetic methods available, it can be difficult to decide
which one is likely to recover the most accurate tree topology for any given dataset. Early
attempts to validate phylogenetic methods utilised data from real evolutionary trees to
evaluate reconstructions. UPGMA, Neighbour-joining, and Parsimony methods were able
to successfully reconstruct the real evolutionary history of T7 bacteriophage cultures (Hillis
et al. 1992). However, in this case the real evolutionary tree was relatively easy to infer
because of the balanced tree topology and the abundance of informative character
changes (Page & Holmes 1998). More stringent trials have utilised artificial phylogenies to
test the accuracy of different methods in reconstructing datasets with deviant tree
topologies and abnormal nucleotide substitution parameters. Such studies have revealed
the inaccuracies of UPGMA and Parsimony under certain conditions. For datasets with

small numbers of taxa, the effect of long-branch attraction can potentially lead to
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inaccurate tree topologies using Parsimony. Although UPGMA can accurately infer tree
topologies when evolutionary rates are constant, its accuracy is significantly reduced as
rate variation (and thus branch length) differs amongst taxa; Parsimony methods offer
greater capability to cope with rate variation, but only to a certain point. The effect of
different branch lengths is especially significant in the ‘Felsenstein zone’ where the
presence of a short internal edge and two long terminal edges misleads the parsimony
algorithm into inferring the wrong tree topology (Huelsenbeck & Hillis 1993).  For small
datasets, the effects of long-branch attraction for Parsimony reconstruction cannot be
overcome simply by adding more alignment sites per taxon (Huelsenbeck et al. 1996). The
effect of long-branch attraction becomes much less of a problem with increased taxon
sampling, as a large dataset reduces the chance of covarying homoplasies which can result
in incorrect tree inferences with a small set of taxa (Hillis 1996). As molecular research
moves toward muti-gene phylogenies (sometimes encompassing hundreds of loci) and
phylogenomic methods, the need for rigorous empirical tests becomes even clearer.
Phylogenetic studies currently utilise several methods (typically maximum likelihood and
Bayesian inference), combined with rigorous topological tests to validate evolutionary

inferences.

1.7 Recent molecular phylogenies of the Phylum Nematoda

The first molecular phylogeny was produced by Blaxter et al. (1998) and proposed
three fundamental clades for the Phylum Nematoda: the Dorylaimia, Enoplia, and
Chromadoria. De Ley and Blaxter (2002) suggested a new classification scheme for the
Nematoda based on this original molecular phylogeny. Phylogenies by Aleshin et al.
(1998), Holterman et al. (2006), Meldal et al. (2007), and Van Megen et al. (2009) have
continued to expand this framework with additional molecular data. The most recent
phylogeny by Van Megen et al. (2009) represented the first large-scale nematode tree,
incorporating 1215 taxa and subdividing nematodes into 12 major clades. Further details

of these various phylogenies are discussed in Section 1.8.
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1.8 Unresolved questions in nematode phylogenetics

Our understanding of evolution within the Phylum Nematoda has improved
drastically since the first molecular phylogeny by Blaxter et al. (1998), but many
relationships remain unresolved. A number of longstanding questions have yet to be
answered: 1) Which nematode taxa split first from all other groups? (and, consequently,
how does this information contribute to our knowledge regarding the habitat of the
ancestral nematode)? 2) What are the internal relationships within the basal clade

Enoplia? 3) What evolutionary patterns can be observed for deep-sea nematodes?

1.8.1 Resolving early splits amongst nematodes

Our understanding of evolution within the Phylum Nematoda has improved
drastically since the first molecular phylogeny by Blaxter et al. (1998), but many questions
remain. Phylogenetic analyses have so far failed to answer the longstanding question
surrounding the ancestral nematode—was the first nematode a marine or terrestrial
species? The marine ancestry of nematodes was first proposed by Filipjev (1929; 1934),
and the idea has garnered widespread support and acceptance amongst the scientific
community (Lambshead & Schalk 2001). A marine ancestry for nematodes would be
plausible, based on the supposed evolution of metazoan life during the Precambrian and
molecular clock rates that place nematodes diverging from the Metazoa circa 1000 Mya—
pre-dating any known life on land (Meldal et al. 2007). However, divergence times based
on molecular clock estimates are not entirely reliable, and the lack of a nematode fossil
record further complicates attempts to characterise the lifestyle of the ancestral
nematode. Marine ancestry has at least been proposed for some nematode groups, such
as the Chromadorea and Rhabditida (Meldal et al. 2007). The mainly terrestrial Rhabditid
clade is shown to be derived from the Monhysterida or Araeolaimida—clades that both
contain predominantly marine species.

An alternate view suggests that nematodes could have first arisen and diversified in
terrestrial habitats. De Ley and Blaxter (2004) argue that our knowledge of the early earth
is not sufficient to presume a marine ancestry for nematodes, and it is plausible that the
Cambrian explosion may simply reflect a mass migration from land to sea. There is some
evidence to support the existence of productive terrestrial habitats during the
Precambrian period when the Nematoda first appeared (Kenny & Knauth 2001), as well as
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other hypotheses which envision the early ocean as harsh and inhospitable. One theory
proposes that the marine environment was characterised by especially high salinity and
low oxygen levels, and metazoan life was only able to invade the oceans once conditions
had become more amenable (Knauth 1998). The widely publicized ‘snowball earth’ theory
suggests several potential scenarios leading up to the Cambrian (Runnegar 2000). In the
first, persistent oceanic glaciations and anoxic marine conditions resulted in an
evolutionary bottleneck: only a few eukaryotic lineages were able to persist in isolated
terrestrial refugia. Even if the early ocean was chemically suitable for life, metazoans may
have first evolved in continental oases during such periods of global glaciation. However,
other snowball earth scenarios propose that animal taxa could have instead survived in
marine refugia—thus, this theory does not necessarily exclude a marine origin for
nematodes.

Analysis of the Chromadorea reveals that transitions between terrestrial and
marine habitats are surprisingly common amongst nematodes (Holterman et al. 2008).
Marine sediments represent physically and chemically disparate environments—switches
between terrestrial and marine environments are much more physiologically demanding,
compared to switches between terrestrial and freshwater habitats. Freshwater
nematodes can essentially be considered terrestrial species; the microenvironments of wet
soil and freshwater sediments are nearly identical, and many terrestrial species can also be
found in aquatic habitats (Abebe et al. 2006). Despite these physical differences between
marine and terrestrial environments, habitat transitions have occurred at least 16 times
within the Chromadorea (Holterman et al. 2008). It appears that nematodes are able to
adjust to new habitats with relatively simple adaptations, potentially controlling
osmoregulation through glycerol synthesis and breakdown (Lamitina et al. 2004; Huang et
al. 2007). Itis plausible that this ecological flexibility helped nematodes expand into
diverse habitats early in their evolutionary history. However, the direction of this
expansion—whether the first nematodes migrated from marine to terrestrial
environments or vice versa—remains a mystery.

Recent phylogenies have utilised gene sequences from the small ribosomal subunit
(SSU or 18S) to reconstruct ancient splits amongst nematode lineages. Early molecular
frameworks did not offer any insight regarding the earliest branching taxa, but were able
to separate nematodes into three main clades: the Enoplia, Dorylaimia and Chromadorea
(Blaxter et al. 1998; De Ley & Blaxter 2002). This division roughly agreed with past
morphological classifications set forth by Pearse (1942) and Inglis (1983) which also
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proposed three main lineages (Abebe et al. 2006). The most recent phylogenies have
found little support for De Ley and Blaxter’s suggestion of a Chromadorid clade, but the
Dorylaimia and Enoplia are consistently well-supported (Holterman et al. 2006; Meldal et
al.2007). These molecular frameworks have routinely placed both the terrestrial
Dorylaimid clade and the primarily marine Enoplid clade towards the base of the
nematode tree. Meldal et al. (2007) expanded the nematode tree to include
representative marine taxa, but were unable to confirm the earliest branching lineage; the
authors suggested that the SSU gene potentially lacked sufficient phylogenetic signal to
pinpoint the ancestral nematode group. Using secondary structure information from SSU
genes, Holterman et al. (2006) further divided the nematode tree into 12 clades,
recovering the Enoplida as the earliest branching clade. However, this study reported low
support values for this position of the Enoplia (posterior probabilities of 0.81 from
Bayesian analyses). The authors noted that taxa in clades 9-12 appear to have increased
rate of sequence evolution for the SSU gene. Differential rates of evolution may explain
the difficulties in resolving deep relationships at the base of the nematode tree, as gene
sequences from older lineages seem to possess less phylogenetic signal compared to more
recently derived clades. Despite the suggestion of the Enoplida as the earliest branching
nematode clade, all molecular phylogenies published to date have so far failed to
unequivocally resolve the most ancestral group within the phylum.

Morphological and developmental data may support the early split of the Enoplida
from all other nematodes. Members of the Enoplid clade seem to be unique amongst
nematodes; developmental pathways in Enoplid species deviate substantially from the
‘standard’ development patterns observed in most other nematodes groups (Holterman et
al. 2006). Embryo development in Enoplids shows no bilateral symmetry during early
embryogenesis, lacks an asymmetrically dividing germ line, and exhibits only a weakly
centralized nervous system (Malakhov 1994; Voronov et al. 1998; Schierenberg 2005).
Blastomeres from the Enoplid nematodes Enoplus brevis and Pontonema vulgare exhibit a
distinct lack of organisation in cell-lineage pattern, compared to nematodes in other clades
where blastomeres can be distinguished even after the first division (Voronov et al. 1998).
From these data it appears that Enoplid embryos retain a greater flexibility regarding
which cells can contribute to particular body structures, compared to development in C.
elegans where cell fate appears pre-programmed and much more deterministic.
Developmental studies of Tobrilus diversipapillatus show a similar lack of distinct cell

lineages, no asymmetric cleavages in early embryogenesis, and the formation of a
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prominent coeloblastula which resembles ‘classical’ gastrulation seen in myriad animal
taxa but not generally observed in nematodes (Schierenberg 2005). Morphological
evidence suggests that Enoplids retain the ancestral trait of a nuclear envelope present in
mature spermatozoa, compared to all other nematode groups which lack this anatomical
feature (Baccetti et al. 1983; Justine 2002; Yushin 2003).

Previous phylogenies utilised small sequence datasets to represent the huge
diversity of nematode taxa; the first molecular phylogeny utilised 53 gene sequences
(Blaxter et al. 1998), while more recent phylogenies have included up to 350 nematode
taxa (Holterman et al. 2006; Meldal et al. 2007). Increased taxon sampling has been
shown to greatly improve phylogenetic resolution and aid recovery of accurate tree
topologies (Lecointre et al. 1993; Zwickl & Hillis 2002; Philippe & Telford 2006), but
computational limitations have previously hindered the analysis of larger datasets. Recent
advances in computing power and phylogenetic algorithms have facilitated a move
towards large-scale phylogenies (e.g. Robertson et al. 2005; Stamatakis 2006; Stamatakis
et al. 2008); however, exhaustive analyses of nematodes have been hindered by the scarce
availability of gene sequences for many taxonomic groups. Published nematode
phylogenies have included only a few representatives from some highly diverse and
ubiquitous marine taxa, such as the Enoplida and Microlaimoidea. Previously sparse
representation within the Enoplida may have contributed to the uncertain placement of
this clade—to date, ribosomal phylogenies have so far failed to unequivocally resolve the

base of the nematode tree.

1.8.2 Internal relationships within the order Enoplida

The order Enoplida is an early splitting group of nematodes comprising many
marine representatives. This taxon is thought to represent a state closest to the ancestral
nematode, with all other nematode groups exhibiting derived and complexified forms. The
phylogenetic topology of the Enoplida is not well resolved, and previous molecular
frameworks have failed to firmly elucidate internal relationships amongst taxa (De Ley &
Blaxter 2002; Holterman et al. 2006; Meldal et al. 2007). The Enoplids represent the
largest marine nematodes in terms of physical size, and can reach up to several millimetres
in length. Members of the Leptosomatidae represent the largest species (growing up to
30-50mm in length), while species from the Anticomidae are among the smallest observed

Enoplids (measuring only 7-8mm in length) (Platonova & Gal'tsova 1985). Many groups
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are thought to be active predators due to the complex array of teeth and mandibular
structures exhibited in several families. Little is known about the biology or reproduction
of most Enoplids, although species have been reported to exhibit both short and long
generation times (Platt & Warwick 1983).

The most recent molecular frameworks currently classify the order Enoplida within
the subclass Enoplia (class Enoplea) (De Ley & Blaxter 2002; De Ley & Blaxter 2004). De
Ley and Blaxter’s class Enoplea also encompasses terrestrial Dorylaimid nematodes within
the subclass Dorylaimia. Morphological classifications had previously grouped the
terrestrial order Triplonchida within the Dorylaimia, but these molecular frameworks have
now placed this taxon within the subclass Enoplia. Despite molecular advances, Lorenzen’s
(1981) framework remains the currently accepted classification system for marine
nematodes within the order Enoplida (Table 1.1), and has been used as the basis for Platt
& Warwick’s (1983) ubiquitous illustrated keys for identifying genera. Abebe et al. (2006)
provide the most recent classification and key to the Dorylaimia, which has been
completely updated to reflect inference from molecular data. Historical classification
schemes of the Enoplia and Dorylaimia were based solely on morphology and often
disagreed on the organisation and placement of taxa within this group. A number of
taxonomic frameworks have attempted to classify the huge morphological diversity found
within these groups, with previous systems primarily differing in their placement of the
Tripyloididae, Alaimidae, Ironidae (all currently grouped in the Enoplia), and the
Mononchoidea (now grouped under the Dorylaimia).

Filipjev (1934) was the first author to produce a comprehensive morphological
classification of free-living nematodes. Species within the current Enoplia and Dorylaimia
were all grouped within the order Enoplata, with this taxon containing four families: the
Enoplidae, Trilobidae, Dorylaimidae, and Mermitidae. The Enoplidae contained nine
subfamilies, the Leptosomatinae, Enoplinae, Oxystominae, Phanodermatinae,
Thoracostomopsinae, Oncholaiminae, Rhabdodemaniinae, Eurystominae, and
Enchelidiinae. The Leptosomatinae was a combination of Lorenzen’s (1981) Anticomidae
and Leptosomatidae, while Lorenzen’s Enchelidiidae was split between Filipjev’s
Eurystominae and Enchelidiinae. Filipjev’s Enoplinae also contained several genera (e.g.
Enoplolaimus, Enoploides) which Lorenzen grouped within his Thoracostomopsidae.
Filipjev’s Trilobidae contained the subfamilies Trilobinae (containing the modern Tripylidae
and Prismatolaimidae), Mononchinae, and Tripyloidinae (containing the modern

Tripyloididae and Trefusiidae). The Alaiminae and Ironinae were grouped as separate
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subfamilies within Filipjev’s Dorylaimidae; members of the modern Diphtherophoridae and
Trichodoridae were also contained in this family, classed under the Tylencholaiminae and
Dorylaiminae, respectively.

Chitwood and Chitwood (1950) defined the order Enoplia within the class
Aphasmidia, with this group containing the suborders Enoplina and Dorylaimina. The
Enoplina consisted of the superfamilies Enoploidea (divided into the families Enoplidae and
the Oncholaimidae) and Tripyloidea (containing the Tripylidae, Alaimidae, and Ironidae).
The family Enoplidae contained the subfamilies Enoplinae, Leptosomatinae,
Phanodermatinae, and Oxystomininae, while the Oncholaimidae contained the subfamilies
Oncholaiminae, Eurystomininae, and Enchelidiinae. The suborder Dorylaimina contained
the superfamilies Dorylaimoidea (containing the families Dorylaimidae, Leptonchidae,
Diphtherophoridae and Belondiridae), Mermithoidea (containing the families Mermithidae
and Tetradonematidae), and Trichuroidea (containing the families Trichuridae,
Trichinellidae, and Cystoopsidae).

Clark (1961) heavily revised previous classification schemes, using the position of
the oesophageal glands and ducts as a basis for his new arrangement of taxa. Clark’s
system outlined five suborders: the Enoplina, Alaimina, Dorylaimia, Trichosyringina, and
Dioctophymatina. The Enoplina contained the superfamilies Enoploidea (including families
Enoplidae, Lauratonematidae, and Oncholaimidae) and Tripyloidea (including families
Tripylidae and Ironidae). The family Enoplidae contained the equivalent of modern-day
superfamily Enoploidea (Lorenzen 1981) plus the Oxystominidae. Clark was the first to
classify the superfamily ‘Diphtherophoroidea’ as comprising the Diphtherophoridae and
Trichodoridae; he placed this group within the Dorylaimina along with the Campydoridae.
However, Clark later moved the Diphtherophoroidea into the suborder Alaimina (Clark
1962). Clark’s classification followed on from Chitwood (1937) and Filipjev (1934), whose
classifications were primarily based on parasitic and terrestrial species. Alternative
classification of marine nematode species regarded all subfamilies within Clark’s Enoplidae
as families (e.g. Wieser 1953); this marine nomenclature later gained wide acceptance and
is reflected in the most recent taxonomic revisions (Lorenzen 1981).

De Coninck (1965) proposed a similar classification to Clark. He defined the
Subclass Enoplia containing two orders: the Enoplida (containing suborders Enoplina and
Oncholaimina) and Dorylaimida (containing suborders Dorylaimina and Alaimina). The
suborder Enoplina was further divided into the superfamilies Tripyloidea and Enoploidea;

the Oncholaimina was split into the families Oncholaimidae and Eurystominidae. De
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Coninck’s Tripyloidea contained the Tripylidae (including the modern Tobrilidae) and the
Ironidae. The Enoploidea was split into the families Leptosomatidae (containing the
modern Anticomidae), Oxystominidae (containing the modern Trefusiidae),
Lauratonematidae, Phanodermatidae, Thoracostomopsidae, and Enoplidae (containing
genera such as Mesacanthion and Enoploides). The suborder Dorylaimina contained the
superfamilies Mononchoidea (containing families Mononchidae and Bathyodontidae),
Nygolaimoidea (containing families Nygolaimidae and Campydoridae), Dorylaimoidea
(containing families Dorylaimidae, Actinolaimidae, Longidoridae, Belondiridae,
Leptonchidae and Opailaimidae) and Diphtherophoroidea (containing only the family
Diphterophoridae).

Andrassy (1976) defined the Enoplida and Dorylaimida as two separate orders
within the class Penetrantia. The Enoplida contained the suborders Enoplina,
Oncholaimina and Tripylina, while the Dorylaimida contained the suborders Mononchina,
Dorylaimina, Diphtherophorina, and Mermithina. The Enoplina contained superfamilies
Leptosomatoidea (containing families Leptosomatidae and Thoracostomatidae) and
Enoploidea (containinf families Phanodermatidae, Enoplidae, and Thoracostomopsidae).
The suborder Oncholaimina consisted of the Pelagonematoidea (containing only the family
Pelagonematidae), Enchelidioidea (containing the families Eurystominidae, Enchelidiiae,
and Belbollidae), and Oncholaimoidea (containing the families Mononcholaimidae and
Oncholaimidae). Finally, the Tripylina contained the Oxystominoidea (containing the
families Paroxystominidae, Oxystominidae and Alaimidae), Tripyloidea (containing the
families Lauratonematidae, Tripylidae, and Prismatolaimidae) and Ironoidea (containing
the families Cryptonchidae and Ironidae). The Tripylidae also contained the subfamily
Tobrilinae, containing genera from the modern Tobrilidae. Andrassy followed on from
previous classifications, and continued to lump several of Lorenzen’s (1981) families within
other groups; the Anticominae was considered a subfamily within the Leptosomatidae, and
the Trefusiidae and the Bastianiidae were both grouped within the Oxystominidae.
Andrassy raised both the Enoplinae and Thoracostomopsinae (Filipjev 1934) to the rank of
family, but did not reorganise the member taxa. Most of the genera classed within
Lorenzen’s Thoracostomopsidae were retained alongside Enoplus in the Enoplidae—
Andrassy designated the Thoracostomopsidae as having only two member genera,
Euthoracostomopsis and Thoracostomopsis.

In contrast to other authors, Maggenti (1982) defined the subclass Enoplia within

the class Adenophorea. Maggenti raised the rank of several taxa, and denoted the Enoplia
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as containing seven orders: the Enoplida, Isolaimida, Mononchida, Dorylaimida,
Trichocephalida, Mermithida and Muspiceida. The Enoplida was divided into three
suborders: the Enoplina, Oncholaimina, and Tripylina. The Enoplina contained two
superfamilies, the Enoploidea (containing the families Enoplidae, Lauratonematidae,
Leptosomatidae, Phanodermatidae, and Thoracostomopsidae) and the Oxystominoidea
(containing the families Paroxystominidae and Oxystominidae). The Oncholaimina
contained only the superfamily Oncholaimoidea, which was divided into the families
Oncholaimidae, Eurystominidae, and Symplocostomatidae. The suborder Tripylina
included the superfamilies Tripyloidea (containing the Tripylidae and Prismatolaimidae)
and the Ironoidea (Ironidae only). Under Maggenti’s classification scheme, the
Diphtherophorina and Alaimina were included as suborders within the Dorylaimida.
Lorenzen (1981) considerably rearranged the classifications of nematodes—within
the class Adenophorea he defined the subclass Enoplia. He divided the Enoplia into three
orders: the Enoplida (containing the suborders Enoplina and Tripyloidina), the Trefusiida,
and Dorylaimida (containing the suborders Dorylaimina, Mononchina, and Bathyodontina).
The Enoplina was further divided into the Enoplacea and the Oncholaimacea, and the
classification of taxa within the Enoplina was mostly consistent with that of Filipjev (1934)
and Chitwood & Chitwood (1950). The Enoplacea contained the superfamilies Enoploidea
(including families Enoplidae, Thoracostompsidae, Anoplostomatidae, Phanodermatidae,
and Anticomidae), and Ironoidea (containing families Ironidae, Leptosomatidae, and
Oxystominidae). The Oncholaimacea contained only the superfamily Oncholaimoidea
(including families Oncholaimidae and Enchelidiidae). The suborder Tripyloidina consisted
of the families Tripyloididae, Tobrilidae, Tripylidae, Triodontolaimidae, Rhabdodemaniidae,
and Pandolaimidae. Lorenzen’s classification made some notable alterations. The
Anticomidae were separated from the Leptosomatidae and elevated to the rank of family,
in contrast to previous classifications where the ‘Anticominae’ had been considered a
subfamily within the Leptosomatidae (e.g. De Coninck 1965). Lorenzen rearranged the
membership of the Enoplidae and the Thoracostomopsidae; Enoplus was retained as the
only genus within the Enoplidae, while all other species were divided amongst three
subfamilies in the Thoracostomopsidae (the Thoracostomopsinae, Trileptiinae, and
Enoplolaiminae). The genera Anoplostoma and Chaetonema were placed into their own
family, the Anoplostomatidae, based on buccal cavity morphology and the consistent
arrangement of gonads to the left of the intestine within these taxa. Previously,

Chaetonema had been grouped within the Enoplidae and Anoplostoma was associated
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with the Oncholaimids (Andréassy 1976). In addition, the formerly separate family
Eurystominidae was reduced to a subfamily within the Enchelidiidae. Within the
Tripyloidina, the Tobrilidae and the Tripylidae were placed into separate families for the
first time. Furthermore, Lorenzen drastically changed the placement of Bastianiidae and
Prismatolaimidae—he moved them out of the Enoplida completely and placed within the
Leptolaimina (Chromadorida) based on amphid shape.

Lorenzen designated the order Trefusiida as containing the families
Simpliconematidae, Trefusiidae, Onchulidae, Laurathonematidae, and Xenellidae. The
Trefusiidae and Lauratonematidae were separated from their former place within the
Enoplida and placed into their own order, the Trefusiida. Lorenzen viewed the presence of
metanemes within the Enoplia as a synapomorphy for this group; all taxa which did not
exhibit this morphological feature were placed within other groups. The Trefusiida was
created as a paraphyletic grouping to hold the outliers from the Enoplia that did not easily
fit into other groups, and he argued that its creation was necessary to ensure the
monophyly (‘holophyly’) of the Enoplia. Molecular frameworks now firmly place the
Triplonchida and Trefusiidae, two groups which lack metanemes, within the Enoplia (De
Ley & Blaxter 2002; Holterman et al. 2006; Meldal et al. 2007). Although this placement
appears contrary to Lorenzen’s criteria for classification, De Ley and Blaxter (2002) uphold
metanemes as a synapomorphy for Enoplids, proposing that this feature was secondarily
lost in some groups.

Lorenzen established the monophyly of the Dorylaimia based on the posterior
opening of the pharyngeal glands in comparison to the nerve ring. Taxa which did not fit
this criterion were placed into the Bathyodontina, another non-monophyletic suborder
created to hold outlier groups. This Bathyodontina contained seven families: the
Bathyodontidae, Cryptonchidae, Mononchulidae, Diphtherophoridae, Trichodoridae,
Isolaimiidae, and Alaimidae. The rank of the Alaimidae was substantially reduced
compared to previous classifications that placed this group within its own suborder (Clark
1961). Lorenzen also did not agree with the superfamily Diphtherophoroidea, and
separated the member taxa back into separate families within the Bathyodontina
(Diphtherophoidae and Trichodoridae).

Malakhov (1994) recently argued that the true classification of the subclass Enoplia
most likely agrees with that outlined by Pearse (1942). Under this system, the Enoplia
contained seven orders: Enoplida, Marimermithida, Mononchida, Dorylaimida,

Mermithida, Trichocephalida, and Dioctophymida. The Enoplida contained the suborders
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Enoplina, Oncholaimina and Tripyloidina. Futhermore, the Diphtherophorina was
recognized as a valid taxon and grouped within the Dorylaimida.

De Ley and Blaxter (2002) proposed the first comprehensive classification of the
phylum Nematoda based on SSU sequence data, following on from the first
groundbreaking molecular phylogeny by Blaxter et al. (1998). De Ley and Blaxter
designated the higher taxon names according to Inglis (1983) and Pearse (1942), denoting
the class Enoplea as containing the subclasses Enoplia and Dorylaimia. De Ley and Blaxter
outlined three orders within the Enoplia (the Enoplida, Triplonchida and Trefusiida) and
eight orders within the Dorylaimia (the Dorylaimida, Mononchida, Isolaimida,
Dioctophymatida, Muspiceida, Marimermithida, Mermithida, and Trichinellida). The order
Enoplida comprises the suborders Enoplina, Oncholaimina, Ironina, Tripyloidina, and
Alaimina. De Ley and Blaxter’s classification of the suborder sEnoplina (containing only
the superfamily Enoploidea), Ironina (containing only the superfamily Ironoidea), and
Oncholaimina (containing only the superfamily Oncholaimoidea) is consistent with
morphological groupings according to Lorenzen (1981). Sequence data indicated that the
Alaimidae belonged in its own suborder within the Enoplida, contrary to many
morphological classifications. De Ley and Blaxter’s Triplonchida consisted of the suborders
Diphtherophorina, Tobrilina, and Tripylina. Molecular data indicated that Lorenzen’s
Tripyloidina was actually a paraphyletic grouping; phylogenetic relationships indicated that
the Tripyloididae belonged within the Enoplida (suborder Tripyloidina), while other
families showed a closer association with the Triplonchida. The Tobrilidae,
Triodontolaimidae, Rhabdodemaniidae, and Pandolaimidae were classed together under
the suborder Tobrilinia (forming the superfamily Tobriloidea) within the Triplonchida,
while the Tripylidae was separately placed within the suborder Tripylina. Membership
within the Trefusiida was consistent with Lorenzen’s classification, with the exception of
the Onchulidae which De Ley and Blaxter moved into the Tripylina. Phylogenetic
relationships did not support Lorenzen’s classification of the Prismatolaimidae within the
Chromadorida. Molecular evidence supported earlier morphological classifications which
placed this group within subclass Enoplia; De Ley and Blaxter grouped the
Prismatolaimidae within the order Triplonchida (suborder Tobrilina) based on SSU data.

Despite this comprehensive molecular framework proposed by De Ley and Blaxter,
molecular phylogenies have so far been unable to resolve internal relationships within the
order Enoplida—this is primarily because few SSU gene sequences were available for

inclusion in past phylogenetic analyses. In an updated version of their classification
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scheme (De Ley & Blaxter 2004), De Ley and Blaxter revised the internal structure of the
Enoplida. The Trefusiida was moved into the Enoplia and lowered to the rank of suborder
and the suborder Campydorina was moved from the Dorylaima into the Enoplida. Ina
more recent phylogeny, Meldal et al. (2007) noted that the monophyly of some Enoplid
families was highly supported (e.g. the Oncholaimoidea and Tripyloididae), whilst other
families were suspected to be paraphyletic (e.g. the Ironidae). Holterman et al. (2006) and
Van Megen et al. (2009) also recovered the Bastianiidae and the Rhabdolaimidae within
the Enoplida, despite De Ley and Blaxter’s suggestion that they belonged in the order
Plectida (subclass Chromadoria). Van Megen et al. (2009) utilised more Enoplid sequences
compared to any other investigation (including 39 taxa in their analysis), but the placement
of many major clades was still not well resolved. Many more gene sequences from
Enoplid specimens will be required to clarify evolutionary relationships at lower taxonomic

levels within the Enoplida
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Table 1.1: Taxonomy of free-living marine nematodes within the Subclass Enoplia (after Platt and Warwick, 1983)

Order

Suborder

Superfamily

Family

Genus

Enoplida

Enoplina

Enoploidea

Enoplidae

Enoplus Dujardin, 1845

Enoplida

Enoplina

Enoploidea

Thoracostomopsidae

Enoploides Ssaweljev, 1912
Enoplolaimus De Man, 1893
Epacanthion Wieser, 1953
Mesacanthion Filipjev, 1927
Mesacanthoides Wieser, 1953
Oxyonchus Filipjev, 1927
Paramesacanthion Wieser, 1953
Thoracostomopsis Ditlevsen, 1918
Trileptium Cobb, 1933

Enoplida

Enoplina

Enoploidea

Anoplostomatidae

Anoplostoma Butschli, 1874
Chaetonema Filipjev, 1927

Enoplida

Enoplina

Enoploidea

Phanodermatidae

Crenopharynx Filipjev, 1934
Micoletzkyia Ditlevsen, 1926
Phanoderma Bastian, 1865
Phanodermella Kreis, 1928
Phanodermopsis Ditlevsen, 1926

Enoplida

Enoplina

Enoploidea

Anticomidae

Anticoma Bastian, 1865
Anticomopsis Micoletzky, 1930
Cephalanticoma Platonova, 1976
Odontanticoma Platonova, 1976
Paranticoma Micoletzky, 1930
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Order

Suborder

Superfamily

Family

Genus

Enoplida

Oncholaimina

Oncholaimoidea

Oncholaimoidea

Adoncholaimus Filipjev, 1918
Filoncholaimus Filipjev, 1927
Metaparoncholaimus Filipjev, 1918
Metoncholaimus Filipjev, 1918
Meyersia Hopper, 1967
Oncholaimellus De Man, 1890
Oncholaimus Dujarkin, 1845
Pontonema Leidy, 1855
Prooncholaimus Micoletzky, 1924
Viscosia De Man, 1890

Enoplida

Oncholaimina

Oncholaimoidea

Enchelidiidae

Bathyeurystomina Lambshead and Platt, 1979
Belbolla Andrassy, 1973

Calyptronema Marion, 1870

Ditlevsenella Filipjev, 1927

Eurystomina Filipjev, 1921

Pareurystomina Micoletzky, 1930
Polygastrophora De Man, 1922
Symplocostoma Bastian, 1865

Enoplida

[ronina

I[ronoidea

[ronidae

Dolicholaimus De Man, 1888
Parironus Micoletzky, 1930
Pheronus Inglis, 1966
Syringolaimus De Man, 1888
Thalassironus De Man, 1889
Trissonchulus Cobb, 1920
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Order

Suborder

Superfamily

Family

Genus

Enoplida

[ronina

I[ronoidea

Leptosomatidae

Cylicolaimus De Man, 1889
Deontosoma Filipjev, 1916
Leptosomatides Filipjev, 1918
Leptosomatum Bastian, 1865
Metacylicolaimus Stekhoven, 1946
Platycoma Cobb, 1894
Platycomopsis Ditlevsen, 1926
Pseudocella Filipjev, 1927
Synonchus Cobb, 1894
Thoracostoma Marion, 1870

Enoplida

[ronina

I[ronoidea

Oxystominidae

Halalaimus De Man, 1888
Litinium Cobb, 1920
Nemanema Cobb, 1920
Oxystomina Filipjev, 1921
Paroxystomina Micoletzky, 1924
Thalassolaimus De Man, 1893
Wieseria Gerlach, 1956

Enoplida

Tripyloidina

Tripyloidoidea

Tripyloididae

Bathylaimus Cobb, 1894
Gairleanema Warwick and Platt, 1973
Tripyloides De Man, 1886

Trefusiida

Trefusiidae

Cytolaimium Cobb, 1920
Halanonchus Cobb, 1920
Rhabdocoma Cobb, 1920
Trefusia De Man, 1893
Trefusialaimus Riemann, 1974

Trefusiida

Lauratonematidae

Lauratonema Gerlach, 1953

Trefusiida

Xenellidae

Xenella Cobb, 1920
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1.8.3 The origin of deep-sea fauna

Another longstanding question concerns the evolution of deep-sea nematode
fauna. There is some evidence to suggest the existence of novel deep-sea nematode taxa
(J. Lambshead, unpublished data); such novel taxa may be a product of the deep-sea’s
unigue evolutionary trajectory and the influence of historic fluctuations in oxygen
availability. Expansion and contraction of anoxic zones in the deep-sea would have likely
resulted in waves of extinction and radiation, respectively, for deep-sea fauna (Rogers
2000). Asadominant abyssal group with limited dispersal capabilities, past nematode
faunas would theoretically be at the mercy of climatic events and fluctuations in physical
conditions. Fossil evidence (Jablonski & Bottjer 1988; Sepkoski 1991) and biogeographic
data (Rex et al. 2005) from other taxa suggest that deep-sea species represent radiations
from shallow-water taxa. It is unknown whether the current deep-sea nematode fauna
represent relatively recent radiations or much older lineages; different depths (e.g. abyssal
versus bathyal) may have acted variably as source or sink habitats following historical
fluctuations in anoxic zones (Rogers 2000). Many deep-sea genera are cosmopolitan in
their occurrence, but it is not known if nematode species exhibit similar widespread
distribution. Data from shallow water species indicates that the same species can span
vast geographical distances (Bhadury et al. 2008; Derycke et al. 2008), raising questions
about the long-distance dispersal capabilities of nematode taxa. Only a limited amount of
molecular data has previously been obtained for deep-sea taxa, and these nematode
specimens have not been subject to phylogenetic analysis. Future investigations will need

to incorporate the deep-sea nematode fauna into existing molecular frameworks.

64



1.9 Conclusions

The increasing sophistication of molecular analyses has dramatically improved our
understanding of evolutionary relationships within the Phylum Nematoda. Nematode
investigations have addressed questions ranging from populations genetics to deep
phylogeny, using a wide breath of genetic loci, molecular techniques, and analysis
methods. Past molecular frameworks were able to define phylogenetic relationships and
provide new insight on the evolution of morphological characters, despite the
comparatively limited computational power available for these studies. Recently,
increases in computing power and the development of efficient phylogenetic algorithms
have helped to usher in a new era of large-scale phylogenetics.

This chapter has reviewed the scope of molecular investigations in nematodes,
providing insight on future prospects and unanswered questions. Nematode studies need
to address several important questions, particularly in regard to the evolutionary origin of
nematodes and radiation of deep-sea fauna. Taxon sampling is one of the most important
considerations in phylogenetic studies. Future investigations will need to incorporate
dense sampling methodology, in combination with multiple genetic loci and rigorous
empirical test—such comprehensive studies will be necessary to address longstanding

evolutionary questions.
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1.10 Aims and Objectives

This thesis aims to resolve the phylogenetic status of the Order Enoplida using
sequence data from multiple genes, as well as elucidate relationships between shallow-
water and deep-sea nematodes. Prior to this investigation, few publically available full-
length SSU sequences were available for Enoplid nematodes; no deep-sea nematode
sequences had yet been published. Morphological data and at least two gene sequences
were each collected from over 200 Enoplid nematodes (representing approximately 30
genera), with specimens obtained from a variety of deep-sea and intertidal marine
habitats. This study aimed to obtain a wide taxonomic breadth within the Enoplida, but
this goal was sometimes hindered by the availability of specimens from sediment cores.
Some families were well represented (e.g. the Oncholaimidae, Oxystominidae), while other
families were represented by only one or two specimens (e.g. the Leptosomatidae).

Structural alignments were utilised to reconstruct phylogenies from the 18S and
28S ribosomal rRNA genes, and a range of phylogenetic methods and parameters were
used to test hypotheses of tree topology. Previous phylogenies of the Phylum Nematoda
had utilised only a small subset of taxa for analyses. This investigation has taken
advantage of recent advances in computing power and phylogenetic algorithms, aiming to
build a large-scale, comprehensive phylogeny of the Phylum Nematoda, with drastically
increased taxon-sampling within the largely understudied Enoplid group.

Molecular data from multiple genes were analysed in order to resolve the phylogenetic
placement of higher clades within the Enoplida, and also to investigate lower taxonomic
relationships between approximately 30 Enoplid genera. Additionally, sequence data from
different geographic locations were compared in order to shed light on evolutionary
relationships between shallow water and deep-sea nematode fauna, as well as assess

genetic divergence for shallow-water genera found in disparate locales.
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2. Materials and Methods

2.1 Sampling Regime

Samples for this investigation were collected from a variety of shallow-water and deep-
sea locations (refer to Table 2.1 for detailed geographic information). Shallow-water
sample sites were specifically chosen to represent locations on the Eastern and Western
shores of the Atlantic, with additional samples collected from a volcanic island (Azores)
and along the coast of South Africa. East/West Atlantic samples were used to compare
species in similar habitats that were separated by large geographic distances; other
shallow water samples (Azores and South Africa) were included in this study because of
their availability, and not for testing any particular geographic hypothesis. Deep-sea
sample sites were not chosen based on any geographic pattern; samples were analysed
based on the availability of material. Deep-sea cores were obtained from molecular
samples currently available in museum collections (NHM), and additional arrangements

were made to collect fresh material from several research cruises.

2.1.2 Collection of shallow water samples

Fresh estuarine sediment was collected from all sites delineated as ‘intertidal’ in
Table 2.1; sediment types ranged from coarse sand to fine mud, depending on sampling
site. Non-quantitative samples were collected from most intertidal sites, with the
exception of the two sites in South Africa, where samples represented quantitative cores.
For non-quantitative samples, sediment was collected at the low water mark using a spade
(utilising a sampling depth of approximately 5cm) and material was and immediately fixed
in DESS preservative. DESS preservative is a dimethyl sulphoxide (DMSO)/EDTA solution
saturated with sodium chloride, and is the currently recommended solution for preserving
both morphology and DNA in nematode specimens (Yoder et al. 2006); the full recipe for
DESS preservative used in this study is outlined in Appendix IV. An equal ratio of
preservative to sediment was used for each sample, and all samples were thoroughly
shaken after collection to distribute the preservative. Quantitative samples were collected
using a Perspex hand corer pushed into the sediment; the top 5cm of sediment was sliced
off and immediately preserved in DESS, using the same procedure as non-quantitative
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samples. Allintertidal samples were kept at room temperature whilst being transported to
the Natural History Museum. Upon arrival at the NHM, preserved samples were placed

into cold storage at 4°C.

2.1.3 Collection of deep-sea samples

Deep-sea samples were collected from the seabed using a Megacorer, consisting of
a large metal frame equipped with a ring of Perspex tubes (each 10cm in diameter).
Sediment from the top 1-3 centimetres of deep-sea cores (representing either a full core
tube or a subsample within a core) was sliced off and immediately preserved in DESS. With
the exception of the CROZET samples, deep-sea cores collected during this study are not
quantitative. Equal ratios of sediment to preservative were used for all samples, and each
sample was shaken thoroughly after collection in order to distribute the DESS preservative.
For the quantitative CROZET samples, the top centimetre of each core was removed and
washed with filtered seawater on a 45um sieve to remove as much sediment as possible.
All material retained on the sieve was then transferred to DESS preservative. All deep-sea
samples were kept at room temperature whilst being transported to the Natural History
Museum. Upon arrival at the NHM, preserved samples were placed into cold storage at

4°C.

2.1.4 Sample processing

The meiofauna fraction of all samples was extracted via decantation and floatation
in Ludox® colloidal silica (W.R. Grace & Co.-Conn.) using a 45um sieve according to the
methods of Somerfield et al. (2005). For decantation, sediment samples were transferred
to a 2 liter graduated cylinder, and filtered tap water was added until a final volume of 2
liters was reached. This mixture was inverted 10 times and then set down and allowed to
settle for 30 seconds; after this time, the supernatant was poured over a 45um sieve. This
process was repeated 10 times in order to fully separate the meiofauna fraction from
sediment particles. For samples containing muddy or clay sediments, the entire sediment
sample was pre-washed on 45um sieve before decantation (using filtered tap water), in
order to remove as much fine sediment as possible. All meiofauna fractions and sediment

residues were returned to DESS preservative solution following extraction.
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The meiofauna fraction of certain samples retained a high proportion of sediments
after decantation. These particular samples were subsequently processed using flotation
in Ludox, in order to further separate meiofauna from sediment particles. Ludox (a
mixture of colloidal silica and water, prepared at a specific gravity of 1.16) was used to
wash meiofauna fractions into 100ml plastic centrifuge tubes, and tubes were filled until
each was approximately three-quarters full. Tubes were thoroughly shaken and then
centrifuged at 4000 RPM for five minutes, using a Hermle Z323 centrifuge (Hermle
Labortechnik, Wehingen, Germany). During centrifugation, heavy sediment particles settle
out of the Ludox mixture, but the meiofauna fraction remains in suspension. The resulting
supernatant was then poured over a 45um sieve and washed with filtered tap water to
remove any remaining Ludox; this centrifugation process was carried out ten times per
sample. At the end of the flotation process, all extracted meiofauna fractions were
returned to DESS solution, with sediment residues archived separately in DESS. All
extracted meiofauna fractions were placed into storage at 4°C; sediment residues from

decantation and flotation in Ludox were archived at room temperature.
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Table 2.1: Geographic data and collection depth of all sample sites used in this study. Short location codes were used to identify nematodes from different
geographic locations after individual worms were digested for molecular work

Location Coded As Latitude Longitude Depth Collected
Appledore, Torridge Estuary, UK AUK/BAUK | 51°1'54” N 4°12'12" W Intertidal 19-Feb-08
Llansteffan, Towy Estuary, UK LUK 51°47'18" N 4°22' 15" W Intertidal 20-Feb-08
All Hallows, Thames Estuary, UK HUK 51° 28’ 52.56"N 0°38'47.58"E Intertidal 21-Jun-08
Shoebury Ness, Thames Estuary, UK SBN 51°31'40.32"N | 0°48'43.44"E Intertidal 18-Jun-08
Helensburgh, Clyde Estuary, UK HCL 56°0"10.97" N 4°44'12.87" W Intertidal 30-Aug-08
Lunderston, Clyde Estuary, UK LCL 55°55'15.27"N | 4°52"' 38.51"W Intertidal 30-Aug-08
Barnstaple, Massachusetts, USA BUS 41°50'35.48"N | 69°57'4.62" W Intertidal 28-Mar-08
Nauset, Massachusetts, USA NUS 41°42'19.70"N | 70°18'5.87" W Intertidal 28-Mar-08
Narragansett, Rhode Island, USA NAR 41°26'5.96" N 71°27'19.43" W Intertidal 27-Jun-08
Scarborough, Rhode Island, USA SUS 41°23'26.35"N | 71°28'16.52" W Intertidal 27-Jun-08
Odiorne Point, New Hampshire, USA Ous 43° 2' 54.62" N 70°43' 47.0" W Intertidal 19-Jun-08
Wallis Sands State Beach, New Hampshire, USA WUS 43°1'37.44" N 70°43'41.82" W Intertidal 19-Jun-08
Porto Pim, Faial island, Azores PPA 38°31'25" N 28°37' 32" W Intertidal 13-Sep-08
Dolphin Beach, Cape Agulhus, South Africa DBA 33°48'44.02"S | 18°28'10.73"E Intertidal 26-Jan-07
Struis Bay, South Africa SBA 34° 47" 24.82" S 20°2'51.29"E Intertidal 23-Jan-07
Erosional Fairway, Seine Abyssal Plain, Atlantic Ocean, JC27-22#1 JCC 35°33'16.8"N 9°41'55.2" W 4321 m 15-Aug-08
Inside Scour, Seine Abyssal Plain, Atlantic Ocean JC27-25#2 JCC 35°44' 45" N 9°59'16.2" W 4630 m 16-Aug-08
Sao Vicente Canyon Mouth, Atlantic Ocean, JC27-29 JCC 36°13'3.6" N 10°1'49.2" W 4878 m 17-Aug-08
Cascais canyon mouth, Atlantic Ocean, JC27-43 JCC 38°21'39.6" N 9°59'4.8" W 4572 m 22-Aug-08
Cascais canyon, Atlantic Ocean, JC27-45 JCC 38°23"18" N 10°24' 7.8" W 4835 m 23-Aug-08
Off coast California, Thistle Cruise, 112 Nem TCR 43°59'49.98"N | 130° 23'36" W 3260 m 16-Sep-08
Off coast California, Thistle Cruise, 221 Nem TCR 42°33'28.32"N | 132°0'40.2" W 3605 m 18-Sep-08
Off coast California, Thistle Cruise, 312 Nem TCR 39°59'58.2" N 125° 52' 27.24" W 3673 m 20-Sep-08
Off coast California, Thistle Cruise, 418 Nem TCR 39°59'52.86" N | 125° 26' 36.06" W 2730 m 21-Sep-08
Off coast California, Thistle Cruise, 518 Nem TCR 36°47'17.28" N | 123° 41' 28.86" W 3673 m 23-Sep-08
Off coast California, Thistle Cruise, 617 Nem TCR 36° 40 '52.2" N 122° 49" 36.6" W 2692 m 24-Sep-08
Off coast California, Thistle Cruise, 712 Nem TCR 32°52'39.42" N | 120° 36' 30.84" W 3855 m 27-Sep-08
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(Continued)

Location Coded As Latitude Longitude Depth Collected
Off coast California, Thistle Cruise, 817 Nem TCR 32°47'49.14" N | 120° 22' 16.02" W 2720 m 28-Sep-08
Off coast California, Thistle Cruise, 856 Nem TCR 32°47'54.24" N | 120° 22" 20.7" W 2694 m 30-Sep-08
Off coast California, Thistle Cruise, 861 Nem TCR 32°47'52.32" N | 120° 22' 18.36" W 2695 m 1-Oct-08
Bellinghausen Sea, Shelf N' Alexander Island, off Antarctica, BCA
Biopearl 11 BC 470 69° 05' 18" S 76°23' 21" W 670 m 29-Feb-08
Pine Island Bay, inner shelf basin, off Antarctica, Biopearl |1 BC 476 BCA 74° 29'00" S 104° 25' 00" W 1120 m 6-Mar-08
Pine Island Bay, inner shelf basin, off Antarctica, Biopearl 11 BC 477 BCA 74° 21' 47" S 104° 40" 19" W 1406 m 6-Mar-08
Southern Indian Ocean, off Crozet islands, CROZET core 15772#2 Cr 44° 29' 40" S 50°0'54"E 2908 m 8-Dec-05
Southern Indian Ocean, off Crozet islands, CROZET core 15773#18 Cr 45°52'57" S 56° 23' 46" E 4186 m 15-Dec-05
Southern Indian Ocean, off Crozet islands, CROZET core 15773#21 Cr 45°53'40" S 56°24' 23" E 4193 m 15-Dec-05
Southern Indian Ocean, off Crozet islands, CROZET core 15773#27 Cr 45°53'33"S 56°25'1"E 4210 m 18-Dec-05
Southern Indian Ocean, off Crozet islands, CROZET core 15773#31 Cr 45°53'48" S 56° 25' 46" E 4200 m 20-Dec-05
Southern Indian Ocean, off Crozet islands, CROZET core 15775#3 Cr 49° 3'38" S 51°14'12"E 4202 m 27-Dec-05
Southern Indian Ocean, off Crozet islands, CROZET core 15775#25 Cr 49° 4' 31" S 51°13'7"E 4202 m 3-Jan-06
Southern Indian Ocean, off Crozet islands, CROZET core 15775#32 Cr 49° 2' 30" S 51°12' 50" E 4197 m 4-Jan-06
Southern Indian Ocean, off Crozet islands, CROZET core 15775#33 Cr 49°1'58" S 51°13'58"E 4192 m 4-Jan-06
Southern Indian Ocean, off Crozet islands, CROZET core 15775#37 Cr 49°1'52" S 51°14'5"E 4192 m 5-Jan-06
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2.2 Time Series experiments

The original aim of this PhD project was to construct the first molecular phylogeny
of deep-sea nematodes, utilising abyssal plain samples (4000m depth) collected during the
Benthic CROZET project. Lengthy attempts were made to isolate nematode DNA and
obtain reliable sequence data from this material, but continued problems resulted in a
decision to abandon work on the CROZET samples. Persistent contamination was an
ongoing issue that often prohibited any PCR amplification whatsoever; in cases where PCR
products were obtained, sequence results were mostly bad quality or matched to fungal
sequences after BLAST searches.

Previous work suggested that the traditional preparation of nematodes for
taxonomic identifications could be adversely affecting DNA preservation (Meldal 2004),
and further enquiry revealed that other labs were experiencing similar problems (Simon
Creer, personal communication). Taxonomic methodology dictates nematodes must be
picked out of preservative solution and desiccated overnight in dehydrating solution
(water, alcohol, and glycerol) in order to harden anatomical structures and ease
visualisation under the light microscope. Desiccated nematodes are then transferred to a
drop of 100% glycerol within a wax ring on a glass slide and heated to melt the wax, thus
securing the coverslip. Meldal (2004) noted that this methodology of mounting
nematodes in glycerol seemed to affect subsequent success of PCR amplification
depending on the length of time specimens were stored in slide mounts before being
removed for DNA extraction. Although Meldal’s results were not conclusive, it was
decided that DNA degradation could be an important factor in the original failure of the
CROZET specimens; nematodes were often left mounted for months at a time before the
slides were broken open and DNA extracted. Additionally, the amplification failure of the
CROZET samples may have been related to the method of preservation. The standard
DESS protocol calls for a final 20% DMSO content, but it was discovered that the DESS
preserving the CROZET samples had been incorrectly prepared with a final DMSO content
of only 5%.

To determine the true cause of the recurrent molecular problems in the CROZET
samples, two time series experiments were designed: one to test the effect of the slide

mounting process, and another to assess the effect of preservative strength.
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2.3 Taxonomic identification and video capture of Enoplid specimens

For each sample site, nematodes were removed from preserved meiofauna
fractions and picked into dehydrating solution (water, glycerol, and molecular grade
ethanol) using a fine wire instrument. Specimens were desiccated at room temperature
for a maximum of 24 hours before being mounted on slides. After desiccation, nematodes
were mounted in a drop of anhydrous glycerol on glass slides (up to 3 specimens per slide)
and sealed with a wax ring. Due to the apparent degradation of DNA over time for slide
mounted nematodes, specimens intended for DNA sequencing were stored for no longer
than 3 days in slide mounts before being removed for molecular analyses. Generally, it
was possible to process one sample per day, and most nematodes sequenced in this study
were kept in slide mounts for less than 24 hours.

Slide mounted nematodes were examined under a light microscope (Olympus BH-
2) using differential interference contrast; all Enoplid nematodes encountered were
identified down to genus level. High-definition video capture images were recorded as a
morphological voucher for all Enoplid specimens, using a Canon HG10 HD camcorder
(Canon Inc., Tokyo, Japan). For each nematode, separate video files were recorded to
detail the head/buccal cavity features, tail shape, overall body shape, and male
reproductive structures (if present). Additional features were recorded for specific genera,
for example, the presence of oesophageal bulbs in Syringolaimus specimens.

After identification, Enoplids were removed from slide mounts, washed in distilled
water, and transferred to a 1.5ml microcentrifuge tube containing molecular-grade
distilled water. At this stage, samples were typically frozen overnight at -20°C. The
number of Enoplid nematodes per sediment sample could vary widely, and time
constraints meant it was easier to extract DNA in batches after a few samples had been
processed. This temporary freezing was also used to physically disrupt the tough

nematode cuticle and ease extraction of genomic DNA.

2.4 Final protocol for DNA extraction, PCR, and sequencing

Frozen microcentrifuge tubes containing individual Enoplids in 25pl sterile water
were thawed in preparation for molecular work. Genomic DNA of all nematodes was
extracted via proteinase K digestion following the methodology of Holterman et al. (2006).

An equivalent volume (25ul) of lysis buffer (containing 0.2 M NaCl, 0.2 M Tris-HCI (pH 8.0),
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1% B-mercaptoethanol and 800 pg/ml proteinase K) was added to microcentrifuge tubes
containing individual nematodes. The final reaction volume was incubated for 2 h at 65°C
and 750 rpm in an Eppendorf Thermomixer (Eppendorf, Hamburg, Germany), followed by
a final 5 min at 100°C and 750 rpm to inactivate the proteinase K enzyme. Final lysates
were stored at -20°C.

All PCR reactions were conducted using a DyNAzyme EXT PCR kit (New England
Biolabs, Ipswich, MA, USA), with a final reaction volume of 25.75pl. Each reaction
contained 2pl of nematode genomic DNA, 18.25pl sterile water, 0.4uM of each primer
(Integrated DNA technologies, Coralville, IA, USA) 2.5ul 10X DyNAzyme EXT Buffer
containing MgCl; (final reaction concentration 1.5mM MgCly), 0.5ul dNTP mix containing
10uM of each nucleotide, and 0.5yl DyNAzyme EXT DNA polymerase (0.5 enzyme units in
final reaction volume). The DyNAzyme polymerase was chosen based on its ability to
proofread DNA during PCR; such proofreading enzymes reduce the risk of incorrect bases
being incorporated during gene amplification, resulting in high fidelity sequences. This
study attempted to amplify three genes from each Enoplid nematode, encompassing two
nuclear genes and one mitochondrial locus: the entire 18S rRNA gene (~1650bps), the
D2/D3 expansion segment of the 28S rRNA gene (~650bps) and a segment of the
mitochondrial Cox1 gene (~400bps). Both 18S and 28S genes were successfully amplified
from a total of 256 Enoplid nematode specimens; Cox1 was additionally amplified from a
subset of these nematodes (85 specimens in total).

The following PCR profile was used to amplify all primer sets for all three genes:
94°C for 5 min followed by 35 cycles of denaturation at 94°C for 30 seconds, annealing at
54°C for 45 seconds, and extension at 72°C for 2 minutes, with a final extension of 72°C for
10 min. Table 2.2 lists all primers used in this study. The 18S rRNA gene was amplified in
three fragments using primer sets G18S4 and 26R, 22F and 13R, and 24F1 and 18P. The
D2/D3 expansion segment could be fully amplified in one reaction, using primers D2A and
D3B. Cox1 was also amplified as a single fragment using primers JB3 and JB5. Positive and
negative controls were used for all reactions to confirm successful PCR, and all reactions
were stored at 4°C once completed. All PCR products were visualized by running 4pl of
completed reactions on a 1.5% agarose gel containing ethidium bromide (final
concentration 0.5 pg/ml).

Successful PCR reactions were purified using a QIAquick PCR purification kit
(QIAGEN, Valencia, CA, USA), using the manufacturer’s protocol for purification using a

microcentrifuge. Steps were carried out according to the manufacturer’s instructions,
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apart from final elution of DNA which was completed using 30ul molecular-grade distilled

water. The manufacturer recommends eluting DNA in 50ul of its own Buffer EB, but

personal experiences suggested that this buffer can potentially interfere with downstream

sequencing reactions. Thus, during this study it was more reliable to store purified PCR

products in water alone. Furthermore, single-nematode PCR reactions generally do not

produce overwhelming amounts of amplified DNA; eluting in a smaller volume of water

further concentrated the PCR amplicons and improved the quality of sequencing reactions.

Sequencing reactions were carried out using a BigDye Terminator v3.1 cycle

sequencing kit (Applied Biosystems, Foster City, CA, USA), with individual sequencing

reactions having a final volume of 10pl. Each reaction contained 3pul 5X ABI sequencing

buffer, 2ul of 2uM forward or reverse primer, 1 pl BigDye Terminator v1.1, and either 2pl

or 4pl of purified PCR product. The amount of PCR product to use in sequencing reactions

was based visual inspections of gel photographs; 2l of purified PCR product was used for

reactions displaying strong, bright bands, while a larger volume of purified DNA (4pl) was

used for fainter bands. For sequencing reactions containing only 2ul of purified PCR

product, an additional 2pl of molecular grade water was added in order to reach the final

reaction volume. The same primers were used for both PCR and sequencing reactions, and

all PCR products were sequenced in both forward and reverse directions. Sequencing

reactions were carried out using the following thermal profile: 96°C for 1 minute followed

by 25 cycles of 96°C for 10 seconds, 50°C for 5 seconds, and 60°C for 4 minutes.

Completed reactions were wrapped in aluminium foil (to prevent light-induced

degradation of cycle-sequencing product), and stored at 4°C.

Table 2.2: Nematode primers used in final PCR and sequencing protocols.

Primer Gene Primer Sequence (5’ > 3) Reference
Name | Amplified

G18S4 | 18SrRNA | GCT TGT CTC AAA GAT TAAGCC (Blaxter et al. 1998)
26R 18SrRNA | CAT TCT TGG CAA ATG CTT TCG (Blaxter et al. 1998)
22F 18SrRNA | TCC AAG GAA GGC AGC AGG C (Blaxter et al. 1998)
13R 18S rRNA | GGG CAT CAC AGACCT GTT A (Blaxter et al. 1998)
24F1 | 18SrRNA | AGA GGT GAA ATT CTT GGATC (Meldal et al. 2007)
18P 18SrRNA | TGA TCC WKC YGC AGG TTC AC (Blaxter et al. 1998)
D2Ab | 28SrRNA | ACA AGT ACC GTG AGG GAA AGT TG (De Ley et al. 1999)
D3B 28STRNA | TCG GAA GGA ACCAGCTACTA (De Ley et al. 1999)
JB3 COX1 TTTTTT GGG CAT CCT GAG GTT TAT (Derycke et al. 2005)
JB5 COX1 AGC ACC TAA ACT TAA AAC ATA ATG AAA ATG (Derycke et al. 2005)
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Prior to sequencing, all products from dye-terminator sequencing reactions were
purified via ethanol precipitation. Reaction products were initially centrifuged at 100 g for
60 seconds, followed by an addition of 5yl 125mM EDTA and 60pl 100% ethanol to each
reaction. Reaction plates were sealed and inverted four times before being incubated at
room temperature for 15 minutes. Plates were then centrifuged at 3000 g for 30 minutes
at a temperature of 4°C, causing the cycle-sequencing products to form a pellet at the base
of each reaction tube. Immediately following centrifugation, plates were immediately
inverted onto tissue paper and centrifuged at 100 g for 60 seconds to remove ethanol
from the pelleted reaction product. Pellets were cleaned by adding 60l 70% ethanol to
each reaction, followed by centrifugation at 1650 g for 15 minutes at a temperature of 4°C.
Plates were again inverted on tissue paper and centrifuged at 100 g for 60 seconds, and
then subjected to a final incubation at 55°C for 2 minutes in order to remove all excess
ethanol. Purified PCR pellets were stored at -20°C, and were resuspended in 10pl
formamide immediately before being loaded for automated capillary sequencing. All DNA
sequencing during this study was carried out at the Hubbard Centre for Genome Studies
(University of New Hampshire, USA) using an ABI 3130 genetic analyzer. Before alignment,
the identity of all gene sequences were compared against online sequence databases using
BLAST. Any suspected contaminant or non-nematode sequences (e.g. fungi) were

discarded from subsequent analyses.

2.5 Attempts to amplify other informative loci

2.5.1 Orthologous nuclear genes

At the start of this investigation, several attempts were made to identify and
amplify additional genes that could be informative for phylogenetic analysis in nematodes.

The Nemalogs database (http://nematol.unh.edu/ortholog/index.php) on the University of

New Hampshire’s NemaTol website was used to identify potentially orthologous genes in
Enoplid nematodes. This database uses reciprocal best BLAST (RBB) (following the
methods of Blair et al. 2005) and non-reciprocal best BLAST (non-RBB) (following the
methods of Lerat et al. 2003) bioinformatics methods to mine complete nematode
genome sequences for conserved putative protein sequences. Such predicted proteins are

likely to function in integral cellular processes, exhibiting conserved structural regions that
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would be ideally suited for primer design. The genomes of two Dorylaimid nematodes,

Trichinella spiralis and Xiphinema index (the only genomes currenly published from this

nemadode group; no Enoplid genomes are currently available) were searched for putative

protein sequences using both RBB and non-RBB methods with maximally stringent

parameters. Several sets of orthologs from both analyses were chosen for further

investigation and primer design. Protein sequences were downloaded from the Nemalog

database, sets of orthologs from the two nematode species were aligned in MEGA version

4.0 (Tamura et al. 2007), and primers were designed according to conserved alignment

regions containing amino acids encoded by only one or two codons. All primers were

designed to have melting temperatures as close as possible to 65°C; a high T, is required

for long-distance PCR, and a matching Tr between primer pairs was used to increase the

likelihood of successful amplification. All primers designed in this study are listed in Table

2.3.

Table 2.3: Primers designed from protein alignments of putative orthologous genes.
Ortholog names prefaced with ‘TS’ represent genes from the Trichinella spiralis genome,
while names prefaced with ‘XI" represent genes identified from the Xiphinema index
genome. Ortholog gene names reflect the putative protein names assigned in the
Nemalog database; Nemalog mines published nematode genome sequences, and thus
listed protein names reflect arbitrarily assigned codes. Forward and reverse primers are
denoted as F and R, respectively.

Primer position

Ortholog set in protein Primer Primer Sequence (5" > 37)
alignment Name

TS00978 / X100621 8-15 TS978 3F CCN CAY YTN CAY AAY GGN TGG CA
TS00978 / X100621 78-85 TS978 78F | TAY GAY CCN TGY ACN ACN ATG TT
TS00978 / X100621 126-133 TS978 133R | DAT NAC NAR NCC NCK NCC YTT
TS00978 / X100621 74-81 TS978 80R | RCA NGG RTC RTA NAR YTC RTA CAT
TS00806 / X100904 10-19 TS806 1F ATG GCN GAY CAR YTN ACN GAR GAR CA
TS00806 / X100904 129-136 TS806 130R | DAT CAT YTC RTC NAC YTC YTCRTC
TS00806 / X100904 135-142 TS806 135R | RTC DAT RTC NGC YTC NCK DAT CAT
TS01137 / X101062 4-12 TS137 1F ATG GCN YTN AAR MGN ATH CAR AAR GA
TS01137 / X101062 31-37 TS137 30F | GAY GAY YTN TTY CAY TGG CA
TS01137 / X101062 35-42 TS137 35F | CAY TGG CAR GCN CAN ATH ATG GG
TS01137 / X101062 144-150 TS137 140R | CAT NGC RTA YTT YTG NGT CCA
TS00838 / X100569 1-7 TS838 1F ATG GGN AAR CCN AAR GGN AT
TS00838 / X100569 31-37 TS838 35F | CAY YTN GGN CAN MGN TGG AA
TS00838 / X100569 132-139 TS838 130R | YTT YTT NCC YTT RTA NAR NGC CCA

Attempts were made to amplify the chosen orthologous genes from control

nematode DNA (C. elegans N2 genomic extracts), as well as from genomic extracts of
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freshly collected estuarine nematodes. All possible combinations of primer sets were
tested for each of the four target orthologous genes, with no successful PCR amplification
observed. Methodological variations of PCR protocols were tested for all primer
combinations, such as gradient PCRs to observe the effect of different annealing
temperatures, and the use of PCR additives such as DMSO to increase the potential for
primer binding. Despite repeated efforts, PCR amplification consistently failed. Lack of
success was most likely related to the failure of primers to bind correctly to the target
gene. Designing primers from protein alignments is notoriously difficult, given that each
amino acid is normally encoded by multiple codons; it was unlikely that the degenerate
primers designed in this study reflected the true nucleotide sequences encoding the target

genes.

2.5.2 Long-distance PCR to amplify partial mitochondrial genomes

It was noted that primers JB3 and JB5 were not able to universally amplify Cox1
from all Enoplids; furthermore, the resulting amplicon represented only a short gene
fragment (~400bps). Initial attempts to amplify larger fragments of Cox1 with other primer
pairs were unsuccessful, and most other ‘universal’ or nematode-specific primers for other
mitochondrial genes also failed to amplify the target loci. Table 2.4 lists all mitochondrial
primers sets initially tested on Enoplid nematodes. Four cytochrome b primers were
designed during this study. Primers prefaced with ‘Thor’ were Enoplid-specific primers
designed using aligned nematode sequence data from Thoracostoma sp. (Kelley Thomas,
unpublished data), while primers prefaced with ‘Invit’ were designed using cytochrome b
sequences mined from published nematode mitochondrial genomes.

Most primer sets were unsuccessful in amplifying the target loci from Enoplid
nematodes. Along with primers JB3 and JB5, the only other successful mitochondrial
primer set was the universal primer set of CytbF and CytbR that amplified (~400bps) of
cytochrome b oxidase (CytB). However, successful amplification of cytochrome b was only
obtained from a limited number of Enoplids (approximately 30 specimens), and not
enough sequences were acquired for use in phylogenetic analyses. These data were used
to design an investigation using long-distance PCR methods, with the aim of amplifying
partial mitochondrial genomes from certain Enoplid genera found in specific intertidal

samples. If partial mitochondrial genomes could be obtained from multiple Enoplid
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genera, the resulting gene sequences could be aligned and used to design taxon-specific
mitochondrial primers.

Long-distance PCR efforts were focused on three genera where Cox1 and CytB were
easily amplified: Anoplostoma (specimens collected from sample site OUS), Enoplolaimus
(specimens collected from sample site SUS), and Oncholaimus (specimens collected from
sample site BUS). Gene sequences from both loci were aligned separately for each genus;
conserved regions within each gene alignment were used to design specific primers for
long-distance PCR (Table 2.5). One forward and one reverse primer were designed for
each gene alignment, and primer pairs consisted of one directional primer from the Cox1
gene and the reverse directional primer from the CytB gene. The aim of long-distance PCR
was to amplify part of the mitochondrial genome (aiming for fragments ~4kb in length)
that lay between these two genes. If amplification was successful, DNA sequencing would

be completed by primer walking, following the methodology of Hu et al. (2007).

Table 2.4: Nematode mitochondrial primers tested during this study.

Primer Name Loci Primer Sequence (5" > 3’) Reference
JB3 COX1 | TTTTTT GGG CAT CCT GAG GTT TAT (Derycke et al.
2005)
JBS COX1 | AGC ACC TAA ACT TAA AAC ATA ATG AAA ATG (Derycke et al.
2005)
CytbF CytB | GGW TAY GTW YTW CCW TGR GGW CAR AT (Boore & Brown
2000)
CytbR CytB | GCR TAW GCR AAW ARR AAR TAY CAY TCW GG | (Boore & Brown
2000)
Thor CytB_137F | CytB | CAT GAT CAA ACA GGG CAT TA Present Study
Thor_CytB 565R | CytB | ACC TCA AGT ACG TAG TCG GC Present Study
Invit_CytB_65F CytB | AGAAGA TGG ACG GGATCCTT Present Study
Invit_CytB_511R | CytB | TTT TGG CCT TGA AGG ATG AC Present Study
16SarL 16S | CGCCTG TTT AAC AAA AAC AT (Palumbi et al.
1991)
16SbrH 16S | CCG GTC TGA ACT CAGATCACG T (Palumbi et al.
1991)
Meld_16S F1 16S | AAW RGC ASY YTT AGC GTG AK (Meldal 2004)
Meld_16S_R1 16S | AAT TTC YRA AGA CTT WTC TTW G (Meldal 2004)
Meld_16S_F2 165 | ACW AAG AWA AGT CTT YRG (Meldal 2004)
Meld_16S_R2 165 | GAAYTA AAC TAA TWT CAM G (Meldal 2004)
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Table 2.5: Primers designed for amplifying partial mitochondrial genomes via long-distance
PCR.

Primer Name Primer Sequence (5’ > 3’)
Anoplostoma_cox1_F GGG GGA GTY ACT GGKATTRTT TTATC
Anoplostoma_cox1 R TAA ACC CYATAC ACCACCTTATTG
Anoplostoma_cytb F GCA GTT TTR CAC TTT TAY GGR AGA TCC
Anoplostoma_cytb R ATW AGT ATY TCC CCY ACC CC
Enoplolaimus_cox1_F TTY ACM GTT GGG ATA GAC ATT GA
Enoplolaimus_cox1_R GCT CGR GTR TCA ATG TCT ATC CCA AC
Enoplolaimus_cytb_F CGATTT TTC WTC YTC YCC YGC
Enoplolaimus_cytb R CAA AAA ART GAA TMG CWA AYA ART GG
Oncholaimus_cox1 F GGATGT TGATAC TCG GGC TTATTT TAC
Oncholaimus_cox1 R CAG TAA AAT AAG CCC GAG TAT CAACATC
Oncholaimus_cytb_F GTT TGA AGAAGATTTAGAGTT GGG G
Oncholaimus_cytb R CCCCAACTCTAAATCTTCTTC AAACTC

Genomic DNA of all nematodes was extracted via proteinase K digestion following
the methodology of Holterman et al. (2006). For nematodes used in long-distance PCR,
genomic extracts were purified using a DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA,
USA). The kit protocol was modified to exclude initial steps for proteinase K digestion (as
this had already been carried out), but all remaining steps were completed according to
manufacturer’s instructions; final extracts of nematode DNA were eluted in 50ul water. A
test PCR was run to confirm successful elution of nematode DNA, using primers G1854 and
22F (refer to Section 2.4 for PCR reaction conditions). Long-distance PCR was conducted
using an Expand 20kb™" PCR System (Roche Applied Science, Mannheim, Germany), with
a final reaction volume of 50pl. Each reaction contained 18ul genomic DNA, 500puM PCR
Grade Nucleotide Mix (Roche Applied Science), 0.4 uM of both Forward and Reverse
primers (Sigma-Aldrich Ltd, Dorset, UK), 1X Expand 20kb™"* reaction buffer (including a
final concentration of 2.75 mM MgCl,), and 1 ul Expand 20kb™"® enzyme mix (5 enzyme
units in final reaction volume). Positive and negative controls were amplified alongside
nematode samples; control reactions were conducted using human B-globin control
primers and human genomic DNA included with the kit. Two primer set combinations
were tested for nematode extracts from each genus, using a forward primer designed from
either Cox1 or CytB and a reverse primer from the remaining gene; the aim was to amplify
a part of the circular mitochondrial genome which lay between the two genes. The
following PCR profile was used to amplify all fragments: 94°C for 2 minutes followed by 35

cycles of denaturation at 94°C for 20 seconds, annealing at 62°C for 30 seconds, extension
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at 68°C for 11 minutes, with a final extension of 68°C for 7 minutes. All PCR products were

subsequently visualized on a 1% agarose gel containing Ethidium Bromide (Figure 2.1).
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Figure 2.1: Visualisation of PCR products from long distance PCR. Lane numbers 1 and 2
represent Oncholaimus spp., numbers 3 and 4 represent Enoplolaimus spp., and number 5
represents Anoplostoma sp.

Long distance PCR was unable to amplify any large mitochondrial fragments,
despite the use of several different primer combinations from multiple genera. Itis
unlikely that amplification failure was related to ineffective thermal cycling conditions,
given that the positive control confirmed the success of the PCR reaction. The problems
were most likely a result of sub-optimal primer design or mitochondrial genome
organization which hindered PCR amplification from nematode templates. Long-distance
PCR is especially sensitive to inequalities in melting temperatures of primer pairs; although
primers sets were designed to match as closely as possible, small differences in melting
temperatures could have played a role. Sub-optimally designed primers may have also
failed to bind to template DNA during PCR. Furthermore, long distance PCR tends to be
more successful for shorter genome fragments. The Cox1 and CytB genes could be
situated on opposite sides of the circular mitochondrial genome for the chosen nematode
genera; this situation would reduce the likelihood that the intermediate genome sequence
would be successfully amplified, compared to a scenario where these genes were only

located a few kilobases apart.
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2.6 Analysis

2.6.1 Sequence alignment

Ribosomal gene alignments (18S and 28S) were constructed using template
alignments obtained from the SILVA rRNA database (Pruesse et al. 2007). This online
resource provides curated structural alignments for both the 18S and 28S rRNA genes in
Eukaryotes, Bacteria, and Archaea. Releases of the SILVA database are synched with
release numbers for the EMBL database; new rRNA sequence submissions in each EMBL
release are detected and incorporated into the SILVA database. Alignments for this project
were constructed using nematode and outgroup sequences contained in SILVA release 98
(March 2009). All SILVA sequences obtained from EMBL are first subjected to quality
checks before being incorporated into the database; sequences will only be accepted if
they are above 300bps in length, are comprised of less than 2% ambiguous bases, are not
comprised of more than 2% homopolymer stretches, and have less than 5% identity to
common vector sequences. Accepted sequences (‘seeds’) are then aligned to secondary
structure motifs in a manually curated set of reference sequences, using a dynamic
incremental profile sequence aligner (SINA). The SINA aligner continually ‘jumps’ between
structural motifs in different reference sequences, resulting in optimal alignments over the
whole length of a seed sequence. The graphical layout of the SILVA website allows for
users to browse available taxa and download customized structural alignments based on
their chosen groups. All downloaded sequences retain their taxonomic information
(where available) and EMBL accession numbers, for reference. Table 2.6 outlines the

number of sequences downloaded from SILVA for this investigation.

Table 2.6: Aligned rRNA sequences available for each taxonomic group in SILVA release 98.
All available sequences were downloaded for each phylum, but not all were used in
phylogenetic analyses.

Taxa SSU Sequences LSU Sequences
Nematoda 5265 1544
Nematomorpha 19 6
Kinorhyncha 10 4
Priapulida 23 4
Tardigrada 723 48
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Alignments downloaded from SILVA were then imported into the ARB software
suite (Ludwig et al. 2004). This program functions as a complementary tool to SILVA, it
allows users to import downloaded secondary structure alignments, which can then be
used as references for aligning user-generated sequences. Enoplid sequences generated
during this investigation were incorporated into nematode secondary structure alignments
using the Positional Tree (PT) Server function. The PT server is a fast method for aligning
imported sequences to their nearest relatives in the alignment database. Of course,
neither the SILVA databases nor the PT server function result in perfect alignments for all
sequences; manual editing of both the 18S and 28S alignments were necessary to ensure
that all secondary structure motifs were properly aligned.

The quality of manual alignment edits was assessed by building Neighbour-Joining
trees in the ARB program. Although Neighbour-Joining is not a robust method for
constructing final phylogenies, it is a useful tool for identifying misaligned taxa during
alignment manipulation. Oftentimes, taxa with incorrect alignments would be placed into
the wrong taxonomic group (for sequences whose identity could be trusted), or potentially
problematic sequences could be singled out by their long branches in the Neighbour-
Joining tree. When the EMBL information was checked for such long branch taxa, it was
often found that they were of dubious quality (e.g. sequences resulting from whole-
genome shotgun studies where sequences may contain many errors or gene assignment
may be incorrect). Long branch problems were also encountered with very short
sequences (<500bps), and a decision was made to remove these sequences from the

alignment.

2.6.2 Phylogenetic Analysis

Previous phylogenetic analyses had noted that parsimony methods are not useful
for building trees based on SSU data, nor do they produce robust large-scale phylogenies
(Meldal et al. 2007). Thus, a decision was made to restrict phylogenetic reconstruction
methods in this study to more informative methods, such as Maximum Likelihood (ML) and
Bayesian Inference (Bl). ML and Bl are currently the two most widely utilised and accepted
methods for building accurate phylogenies; published ribosomal phylogenies typically use
both analyses as independent methods to assess evolutionary relationships (e.g. Cannon
et al. 2009; Tsagkogeorga et al. 2009). Both methods are also ideal for constructing large-

scale phylogenies, due to recent algorithm improvements.
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Large-scale ML trees (containing upwards of 1000 taxa) were constructed using
Randomized Axelerated Maximum Likelihood (RAXML) version 7.04 (Stamatakis 2006;
Stamatakis et al. 2008). This program implements a rapid bootstrapping algorithm using
the original alignment file, and, in addition to standard ML tree searches, allows users to
conduct full maximum likelihood analyses within a single program run (as opposed to other
programs which require that bootstrapping is completed separately). All sequence data
was submitted to RAXML using either of two web servers: the RAXML Blackbox hosted at

the Vital-IT unit of the Swiss Institute of Bioinformatics (http://phylobench.vital-

it.ch/raxml-bb), or the CIPRES project cluster hosted at the University of California, San
Diego (http://8ball.sdsc.edu:8889/cipres-web/Bootstrap.do). RAXML uses the General

Time Reversible model in conjunction with a CAT approximation that estimates rate
variation (GTR+CAT) to implement Maximum Likelihood searches, allowing for faster
searches of large datasets (in contrast to the slower GTR+[ algorithm). The author of
RAXML only offers ML analyses under the GTR model of nucleotide substitution, citing that
it is the most widely used and biologically relevant model for reconstructing molecular
evolution (Stamatakis 2008). Most alternative models only represent special cases of
GTR—based on experience, the author of RAXML notes that the GTR model returns a
slightly better likelihood compared to other simpler models. Furthermore, the rapid
search mechanisms implemented in RAXML reflect the author’s belief that thoroughly
searching of tree space is much more important for building robust trees than minute
details of nucleotide substitution models. Thus, RAXML offers an efficient and highly
optimised platform for building large maximum likelihood trees.

The discrepancies between SSU and LSU datasets made it impossible to include
both genes in a single phylogenetic run. For nematodes, there were far fewer LSU
sequences available in SILVA, compared to the relatively large SSU database. Both gene
alignments contained a different assemblage of taxa, and only a limited number of species
were represented by both gene sequences. Furthermore, linking LSU and SSU sequences
for database species would introduce empirical discrepancies—sequences would have
derived from different individual nematodes, and this may adversely impact phylogenetic
inference. Although SSU and LSU sequences were both collected from individual
nematodes in this study, it would not have been informative to construct a combined gene
analysis in the absence of other taxa. Furthermore, some authors have actually argued

against combined gene alignments, noting that corroboration between independent gene
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analyses provides more definitive evidence of evolutionary relationships (Miyamoto &
Fitch 1995).

Separate alignment files representing SSU and LSU nematode datasets were
exported from ARB in PHYLIP file format and submitted to RAXML via online web servers.
The best scoring ML tree with bootstrap values was analysed from each run. Problematic
taxa were identified in the tree topology and alignments for these taxa were re-evaluated
and edited in ARB databases; many topological anomalies were simply related to
misaligned sequences. Repeated analyses of SSU trees found that short sequences (<1000
bps) were consistently destabilising tree topologies, with correctly identified taxa being
placed in the wrong clades or continually changing position within the tree. It was decided
to remove all sequences less than 1000 bps in length, as alternative full-length SSU
sequences representing most of the same genera were present within the ARB database.

Bayesisan phylogenies were constructed on Portal version 2.0 of the CIPRES web
server (http://www.phylo.org/sub_sections/portal/) hosted at the University of California,
San Diego. Like RAXML, the CIPRES project focuses on the inference of large phylogenetic
trees. The Portal v2.0 provides users with an online workbench, comprising a data storage
area access to a suite of phylogenetic analysis tools. Ribosomal alignments were exported
from ARB databases in NEXUS format and run on MrBayes version 3.2 using the GTR+I+G
model of nucleotide substitution. Jobs were run for up to 4 million generations, using 2
independent Bayesian runs (4 chains per run), and chain heating temperatures of 0.06 -
0.2; all other parameters were set as default values. Due to time constraints (maximum
job run times were imposed by the CIPRES administrators) and problems with tree
convergence (particularly in larger phylogenies), Bayesian analysis was only carried out for
SSU alignments representing the full nematode phylogeny (>1000 taxa) and a smaller
Enoplid/Dorylaimid phylogeny (563 taxa). Because of these restrictions, it was also
unfeasible to carry out any rigorous empirical tests using Bayesian methods. Bayesian
trees were used to assess the robustness of clade placement and relationships between

taxa that were recovered in maximum likelihood topologies.
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3. Slide Mounting and Preservation Time Series Experiments

(This chapter was published in modified form in Nematology; Appendix Il contains the
published manuscript)

3.1 Introduction

The use of molecular data in nematode studies is now ubiquitous, yet it is still routine
for researchers to corroborate DNA sequences with morphology in order to assess the
biological relevance of molecular patterns (Griffiths et al. 2006; Stock & Nadler 2006). DNA
barcoding studies promote visual identification of specimens as well as the retention of
‘morphological voucher images’ to record taxonomic features before nematodes are
destroyed for DNA extraction (De Ley et al. 2005). These barcoding studies have also
provided empirical evidence concerning the resolution of different genetic loci used in
species identification, with the nuclear 18S ribosomal subunit gene currently
recommended as the ideal barcoding locus for nematodes (Bhadury et al. 2006).

Despite the frequent integration of morphological and molecular protocols in
nematode studies, there is little published information to suggest how these two disparate
approaches might best be optimised to obtain the most robust data. Taxonomic protocols
are designed to maximise the clarity of specimens viewed under a microscope—
preservatives and mounting methods are determined based on the resulting physical
effects, ideally *hardening’ nematode anatomy and not introducing any preservation
artefacts. In contrast, the success of molecular techniques hinges on the chemistry of
reactions; PCR reactions are only successful if the concentrations of different ingredients
are balanced at specific ratios. For reagents that are added to enhance reactions (such as
formamide or MgCly), there is usually only a narrow concentration range within which any
given substance can aid DNA amplification, with excess amounts of such substances
becoming inhibitory (Saunders & Parkes 1999). Taxonomic protocols are quite ‘dirty’ in
comparison to most molecular protocols, which aim for purity and strict control of all
reaction components. The ideal taxonomic protocol will provide unambiguous
presentation of morphology and will cater for long-term storage of nematode specimens,
regardless of the molecular impacts effected during this process.

For nematode studies, the currently favoured preservative is DESS, a dimethyl

sulphoxide (DMSO)/EDTA solution saturated with sodium chloride. DESS offers the
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advantage of preserving both morphology and DNA with one solution, as opposed to
previous sampling methodology which required collection of separate subsamples in
ethanol and formalin for integrative studies (Yoder et al. 2006). The latter situation could
lead to potential discrepancies if species assemblages in subsamples differed, as well as
preventing analysis of both morphology and DNA sequences from single nematodes.
Although several studies have successfully amplified DNA from formalin-fixed samples
(Thomas et al. 1997; Rubtsova et al. 2005), formalin is neither recommended nor widely
used as a preservative when fresh material is being collected for molecular work. This
study was aimed at optimising protocols for DESS-preserved material, and does not
encompass the separate problems encountered with amplifying DNA from formalin-fixed
samples—other published works have already approached this topic (Bhadury et al. 2007).

The adoption of DESS preservative facilitates and encourages the collection of
morphological and molecular data from individual nematodes. However, this approach
may be problematic; the most sensitive molecular procedures are situated furthest
downstream in the overall process. Nematodes are exposed to many compounds during
extraction and slide mounting, including colloidal silica (Ludox), ethanol, paraffin, glycerol
and filtered tap water (non-distilled). Any of these compounds may subtly interact with
nematode tissue and affect the chemistry of subsequent molecular reactions.

Previous work suggested that standard taxonomic slide preparations of nematodes
mounted in glycerol could be adversely affecting DNA integrity, thus reducing subsequent
PCR success (Meldal 2004; Cook et al. 2005). We have also encountered frequent
problems in obtaining reliable and consistent PCR results from DESS-preserved specimens
stored in slide mounts and determined that a formal study was needed to assess the
impact of standard methodology. To determine the true cause of the recurrent molecular
problems, a time series experiment was designed to test the effect of the slide mounting

process and account for any preservative effects.
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3.2 Materials and methods

Fresh estuarine sediments were collected in February 2008, at the mouth of the
River Torridge in Devon, southwest England (51°1'54”N, 4°12°12”W) and immediately
fixed in DESS preservative. All samples were collected using an equal ratio of preservative
to sediment. Each sample was thoroughly shaken after collection to distribute the
preservative. The meiofauna fraction was extracted via decantation and floatation in Ludox
using a 45 um sieve according to the methods of Somerfield et al. (2005). All collected
sediments and extracts were stored at 4°C when not needed.

Freshly collected material was used to conduct two separate time series
experiments: one to test the effect of the slide mounting process, and another to assess
the effect of preservative strength. In order to test whether weak strength DESS had
degraded the nematode DNA in the CROZET samples, fresh material was collected and
preserved in DESS with both 5% and 20% DMSO content. The aim of this experiment was
to compare the preservation quality of nematode DNA in weak versus full-strength DMSO
concentrations. DMSO acts in the DESS preservative to increase tissue porosity and allow
diffusion of EDTA and NacCl into cells; the high cellular concentration of EDTA and NaCl
inactivates nucleases that would otherwise shear DNA (Yoder et al. 2006); a decreased
concentration of DMSO may thus decrease the efficiency of this process.

For the slide mounting time series, nematodes were individually picked out of the
extracted meiofauna fraction (preserved in full strength, 20% DMSO DESS) under a
dissecting microscope and transferred to a watch glass containing dehydrating solution
(90% distilled water, 5% molecular grade glycerol and 5% molecular grade ethanol) before
being placed into a desiccator for 48 h. Specimens were subsequently mounted on glass
slides in anhydrous glycerol and sealed with a wax ring. Two test groups were set up to
examine whether the storage temperature of slide-mounted specimens would impact PCR
success. Longevity of molecular samples is known to be affected by temperature (e.g. PCR
products can be stored for a short time at 4°C, or for longer periods at -20°C), and the 4°C
treatment was designed to test whether the integrity of nematode DNA could be
maintained for longer simply by using a lower storage temperature. Desiccation and slide
storage were both carried out at 4°C for one set of nematodes and these processes were
conducted at room temperature for a second set of nematodes. Picking and slide mounting
of all specimens took place at room temperature as these procedures could be completed

relatively quickly.
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At each predetermined interval in the time series (Table 3.1), ten slide-mounted
nematodes from each temperature treatment were removed from slides and transferred
into 1.5 ml microcentrifuge tubes containing 25pl sterile water. To test preservative
strength at each time interval (Table 3.1) ten nematodes were picked straight out of 5%
and 20% DMSO content DESS, and directly transferred to 1.5 ml microcentrifuge tubes
containing 25pl sterile water. At each time point, genomic DNA was extracted from
individual nematodes and PCR was conducted. Genomic DNA of all nematodes was
extracted via proteinase K digestion following the methodology of Holterman et al. (2006).
An equivalent volume (25ul) of lysis buffer (containing 0.2 M NaCl, 0.2 M Tris-HCI (pH 8.0),
1% B-mercaptoethanol and 800 pg/ml proteinase K) was added to microcentrifuge tubes
containing individual nematodes. The final reaction volume was incubated for 2 h at 65°C
and 750 rpm in an Eppendorf Thermomixer (Eppendorf, Hamburg, Germany), followed by
a final 5 min at 100°C and 750 rpm to inactivate the proteinase K enzyme. Final lysates

were stored at -20°C.

Table 3.1: Sampling intervals for slide mounting experiment. All slides prepared together
at the start of the experiment, and a subset of nematodes was picked out at intervals as
time progressed. Specimens picked from DESS were picked from the sample extracted on
the dates indicated, and genomic DNA was immediately extracted.

Sampling time series

1 3 1 2 1 2 3 6 1 1.5
day | days | week | weeks | month | months | months | months | Year | Years

Room v v | Vv v v v v v X X
Temperature

Cold v v | Vv v v v v v X X
Treatment

Pickedfrom | X | X v X v X v v v | v
DESS

To test preservation of DNA, the metazoan specific primers G1854 (5'-
GCTTGTCTCAAAGATTAAGCC-3") and 22R (5’-GCCTGCTGCCTTCCTTGGA-3’) (Blaxter et al.
1998) were used to amplify a ca 400 bp product of the nuclear 18S rRNA gene under the
following profile: 94°C for 5 minutes followed by 35 cycles of denaturation at 94°C for 30
seconds, annealing at 54°C for 45 seconds, extension at 72°C for 2 minutes, with a final
extension of 72°C for 10 minutes. The PCR reaction was conducted using a DyNAzyme EXT

PCR kit (New England Biolabs, Ipswich, MA, USA), with a final reaction volume of 25.75pl.
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Each reaction contained 2ul of genomic DNA, 18.25pl sterile water, 0.4uM of each primer
(Integrated DNA technologies, Coralville, IA, USA) 2.5ul 10X DyNAzyme EXT Buffer
containing MgCl (final reaction concentration 1.5mM MgCly), 0.5ul dNTP mix containing
10pM of each nucleotide, and 0.5pl Dynazyme EXT DNA polymerase (0.5 enzyme units in
final reaction volume). The varying sizes of individual nematodes presumably resulted in
different amounts of starting template in individual PCR reactions. In order to save costs
and emulate standard protocols, no attempt was made to measure the DNA content of
nematode genomic templates. Positive and negative controls were amplified alongside all
reactions containing experimental samples. Samples were subsequently visualised by
running 5pl PCR product on a 1.5% agarose gel containing ethidium bromide. The same
volume of a quantitative ladder, Hyperladder V (Bioline Ltd., London, UK), was run
alongside all samples in order to estimate the amount of amplified DNA based on the
resulting gel photographs. To compare gel band intensity, PCR products from nematodes
picked straight from DESS preservative were occasionally run on gels alongside PCR

products from slide mounted nematodes (indicated by the code ‘PS’ on gel photos).

3.3 Results

Results clearly demonstrate reduced PCR success over time for preserved
nematodes mounted in glycerol, with eventual failure of PCR amplification. Figures 3.1 to
3.3 display results obtained from unmounted nematodes amplified directly from DESS
preservative. Successful amplification can be observed at all time points with no obvious
decrease in band intensity, and no large discrepancy between nematodes preserved in
DESS containing 5% versus 20% DMSO content. An overview of PCR amplification success
is illustrated in Figure 3.14; even weak-strength DESS appears to maintain DNA
preservation 1.5 years after collection

For slide mounted nematodes, gel band intensity is noticeably weaker for
nematodes amplified after 1 day in slides (Figure 3.4), compared to PCR products from
individuals picked straight out of DESS. Similar band intensities are seen for PCR products
of specimens mounted for 3 days (Figure 3.4), 1 week and 2 weeks (Figure 3.5). After 1
month and 2 months in slide mounts, PCR amplification of 18S almost fails completely,
apart from a few weak bands still visible on the gel photograph (Figures 3.6 and 3.7). A
sudden, universal, low-level amplification is seen in all slide-mounted specimens extracted

at a time point of 3 months (Figure 3.8). This anomalous result was initially suspected to be
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laboratory contamination, yet the negative control shows no sign of any contaminant and
the positive control confirms success of the PCR reaction. At 6 months (Figure 3.9), only

one very faint band is visible amongst 20 specimens amplified.

5% DMSO

1 week 1 month

~ —
L&} _J -

20% DMSO :
1 month
v g R T
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Figure 3.1: PCR amplification for unmounted nematodes preserved in 5% DMSO and 20%
DMSO DESS preservative (1 week and 1 month time points). All nematodes were picked
out from preserved samples and directly digested for molecular work. Plus and minus
signs represent positive and negative PCR controls, respectively.

3 months
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A

5% DMSO

6 months

5% DMSO 20% DMSO

Figure 3.2: PCR amplification for unmounted nematodes preserved in 5% DMSO and 20%
DMSO DESS preservative (3 month and 6 month time points). All nematodes were picked
out from preserved samples and directly digested for molecular work. Plus and minus
signs represent positive and negative PCR controls, respectively.
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5% DMSO 20% DMSO
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Figure 3.3: PCR amplification for unmounted nematodes preserved in 5% DMSO and 20%
DMSO DESS preservative (1 year and 1.5 year time points). All nematodes were picked out
from preserved samples and directly digested for molecular work. Plus and minus signs
represent positive and negative PCR controls, respectively.
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Figure 3.4: PCR amplification of slide mounted specimens at 1 day and 3 days time points.
Plus and minus signs represent positive and negative PCR controls, respectively.

92



Storage at room temperature

2 weeks

m

Storage at 4°C
1 week 2 WaAeeks

L= ]

Figure 3.5: PCR amplification of slide mounted specimens at 1 week and 2 week time
points. Plus and minus signs represent positive and negative PCR controls, respectively. PS
= PCR products for unmounted nematodes amplified directly from DESS preservative, used
as a comparison to mounted nematodes; failure of one ‘PS’ reaction was likely due to
repeated freezing/thawing of genomic DNA.

Storage at room temperature
1 month

Storage at 4°C
1 month

Figure 3.6: PCR amplification of slide mounted specimens at the 1 month time point. Plus
and minus signs represent positive and negative PCR controls, respectively. PS = PCR
products for unmounted nematodes amplified directly from DESS preservative, used as a
comparison to mounted nematodes.
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Figure 3.7: PCR amplification of slide mounted specimens at the 2 month time point
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Storage at room temperature

3 months

Storage at 4°C

Figure 3.8: PCR amplification of slide mounted specimens at the 3 month time point. Plus
and minus signs represent positive and negative PCR controls, respectively.
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Room temperature Storage at 4°C
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Figure 3.9: PCR amplification of slide mounted specimens at the 6 month time point

The overall success of PCR reactions is summarized in Figure 3.10. The amount of
DNA in successful PCR reactions was subsequently quantified by comparing band
intensities of nematode samples with the appropriately sized band of the quantitative
ladder. The 400 bp band of Hyperladder V (representing 60 ng of DNA) was used as a
marker for evaluating the strength of the nematode PCR products on all gels run. Gel
bands that were equally intense or brighter than the ladder band were classed as
containing equal or greater amounts of DNA (260 ng), whilst weaker bands were classed as
containing less DNA (<60 ng) than the ladder. All category assignments were completed by
eye after visual inspection of each gel photo.

For slide-mounted specimens, both temperature treatments show similar success
of overall PCR amplification for each time point (Figure 3.10). However, quantification of
these PCR products reveals that the storage of slide mounted nematodes at 4°C resulted in
more robust PCR amplifications. Room temperature specimens often contained a

substantial proportion of weak bands (<60 ng) with these low intensity bands becoming
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the dominant category at later time points (Figure 3.11). The cold treatment group
exhibited a greater proportion of strong band intensities (=60 ng) at each time point
(Figure 3.12) compared with specimens kept at room temperature. Furthermore,
amplification of unmounted nematodes remains strong at time points where the PCR
success of slide-mounted specimens is reduced or has virtually failed (Figure 3.10).

For unmounted nematodes that were amplified straight from DESS preservative,
PCR amplification success is similar between weak and full-strength solutions (Figure 3.13).
Quantification of PCR products reveals that strong bands (=60 ng) dominate at most time
points for both 5% and 20% DMSO concentrations. Preservation in 5% DMSO DESS does
seem to result in a greater proportion of weak bands per time point (Figure 3.14), although
overall PCR amplification is equal or greater to 20% DMSO DESS. Full-strength DESS shows
overwhelmingly strong gel bands (=60 ng) at all time points with very few weak bands (<60

ng) amongst all PCR products obtained (Figure 3.14).

PCR Amplification Success

O Room Temperature
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Figure 3.10: PCR Amplification success over time for slide mounted and unmounted
nematodes. Bars represent the number of nematodes from which the 18S gene was
successfully amplified; PCR was conducted on 10 specimens at each time point and
treatment group. Bars for unmounted worms represent nematodes amplified directly
from full strength DESS preservative (20% DMSO content). Note that unmounted worms
were not amplified at the 1 day, 3 day, 2 week, or 2 month time points.
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Figure 3.11: Quantification of DNA content in bands appearing on gel photographs for slide

mounted worms stored at room temperature; PCR was conducted on 10 specimens at
each time point. DNA content estimated per 5ul PCR product.
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Figure 3.12: Quantification of DNA content in bands appearing on gel photographs for slide

mounted worms stored at 4°C; PCR was conducted on 10 specimens at each time point.

DNA content estimated per 5ul PCR product.
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Figure 3.13: PCR Amplification success over time for unmounted nematodes amplified

directly from DESS preservative; PCR was conducted on 10 specimens at each time point.

Bars represent the number of nematodes from which the 18S gene was successfully

amplified.
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Figure 3.14: Quantification of DNA content in bands appearing on gel photographs for
unmounted nematodes amplified directly from DESS preservative; PCR was conducted on
10 specimens at each time point and treatment group. DNA content estimated per 5l

PCR product.
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3.4 Discussion

Slide mounting is likely to remain an important step for integrative studies,
although the exact methodology currently varies amongst researchers. Techniques
currently used include temporary mounts of live nematodes (De Ley et al. 2005), semi-
permanent (Bhadury et al. 2006; Bhadury et al. 2008), or permanent (Eyualem & Blaxter
2003) mounts of specimens in glycerol. Although the nematodes picked straight out of
DESS display high success rates of PCR at all time points, the morphology of these non-
desiccated, preserved nematodes is less than ideal for identification and video capture.
However, the clarity of morphology in DESS-preserved specimens can equal or exceed that
of formalin-fixed specimens if nematodes are subject to desiccation and subsequently
mounted in glycerol (Yoder et al. 2006).

Results from the DESS preservation time series seem to indicate that both weak
and full-strength DESS (5% and 20%, respectively) are capable of long-term preservation of
nematode DNA. Results from statistical tests did not indicate any significant correlations
between preservative strength and PCR success. Despite the higher proportion of weak
PCR products (<60 ng) observed for nematodes preserved in 5% DMSO DESS, there is no
significant difference in overall amplification success between different DESS
concentrations. Weak bands may simply represent smaller nematodes, where there may
be less starting genomic template available for PCR reactions (resulting in comparatively
weaker bands). Weak bands can be easily sequenced with simple changes to PCR
protocols (such as increasing the number of cycles to obtain stronger bands), or
amplification of genomic template before PCR. Thus, weak bands seen in 5% DMSO DESS
do not necessarily offer any insight on the ability of weak DESS to preserve DNA. Yoder et
al. (2006) have suggested that the integrity of DNA is maintained for at least 2 years after
preservation in full-strength DESS (20% DMSO content). Furthermore, good-quality PCR
products were obtained from Enoplid nematodes extracted from CROZET samples; this
material has been preserved in 5% DMSO DESS since 2005, indicating that even weak-
strength DESS can suitably preserve DNA for at least four years after collection. It appears
the previous difficulties in amplifying CROZET material stemmed instead from slide
mounting methodology.

Statistical tests were applied to data from the slide mounting time series, but no
significant correlations were found; however, visual inspection of gel photos suggests a

definite trend. In the slide mounting time series, the success rate of PCR amplification of
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nematode DNA falls sharply after 2 weeks of storage in slide mounts, with eventual failure
of PCR amplification. The low level amplification seen at the 3-month interval is unlikely to
represent nematode DNA, given the reduced PCR success for most slide-mounted
nematodes at 1 month and overall failure of amplification at 2 and 6 months. Considering
that the negative control is blank, any contaminant would need to be present in the
nematode genomic template and not present in the master mix of PCR reagents. While it
cannot be determined for certain what these bands represent, environmental fungal
contamination is suspected. The bands obtained from experimental samples at the 3-
month time point are slightly larger in size than expected (compared to the nematode
positive control); at previous time intervals for slide-mounted and unmounted samples,
the positive control is equivalent in size to the experimental bands. Similar weak banding
patterns have been seen during this study, typically for nematodes removed from slide
mounts after long periods of storage. Further attempts at sequencing such bands usually
resulted in failed sequencing reactions or intermittent short sequence reads. Sequence
similarity searches on GenBank indicated that the resulting contaminant sequences
matched (similarity often >90%) to marine fungi (Bhadury et al. In preparation). Certain
regions of the 18S rRNA gene are highly conserved across eukaryotes and even nematode-
specific primers have been known to co-amplify fungal 18S genes from environmental
samples (Bhadury et al. 2006). Fungi are a well known source of food for terrestrial
nematodes (Munn & Munn 2002) and the ubiquity of fungi in marine and estuarine
ecosystems (Hyde et al. 1998) makes them a likely source of food for nematodes in those
environments as well. Thus, genomic extraction protocols which involve the digestion of
whole specimens may also inadvertently extract the DNA of any fungi that may be present
within the digestive tract.

There is a clear need for specific taxonomic protocols that will facilitate the success
of molecular work on mounted specimens, especially considering the continued
expansion of molecular work on free-living nematodes. Previous studies have indicated
that nematode degradation in glycerol is unpredictable and DNA can be affected
at times ranging from days to months (Cook et al. 2005). This study has also found similar
variation in success: DNA has degraded after only a few weeks on slides for some
specimens, whilst for other nematodes PCR amplifications and sequencing have been
successful even though specimens were kept stored in slide mounts for several months.

Meldal (2004) kept specimens mounted in glycerol for a maximum of 2 weeks before
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removing them for molecular work. Results from the present study further support this
timeframe as an acceptable window for storing nematodes in slide mounts.

The desiccation and slide mounting process appears to reduce overall band
intensity immediately: after only 1 day in slide mounts there were fewer strong bands (>60
ng) in both temperature treatments compared to the first time point of the unmounted
treatment. Specimens amplified directly from full-strength DESS consistently exhibit high
success rates of PCR and a high overall DNA content per band at all time points (Figure
3.14), whereas slide-mounted nematodes show a decrease in the number of successful
PCRs and weakening band intensity as time progresses (Figures 3.10 to 3.12). Storing slide
mounts at 4°C seems to increase the strength of PCR amplifications in the short term. The
cold treated slides showed a higher proportion of strong bands (=60 ng) at each time point
compared to the room temperature treatment, even though the total number of bands
present per time point was almost always higher for the room temperature treatment.
Strong bands are preferred if the PCR product is to be purified and sequenced; higher DNA
content increases the chance of successfully sequencing the amplified gene region,
although it is not uncommon for weaker bands to return good quality sequences. The
likelihood of a failed sequencing reaction increases as the quantity of DNA within a PCR
reaction (and thus band intensity) decreases.

We have not found a suitable explanation that conclusively accounts for DNA
degradation in slide-mounted nematodes. Glycerol and DMSO (a component of DESS
preservative) can be used as additives to aid PCR success, but neither substances have
been shown to inhibit reactions at high concentrations (Bickley & Hopkins 1999). Sodium
chloride, another component of DESS preservative, is known to inhibit PCR reactions at
concentrations >25 mM (Bickley & Hopkins 1999), but if this compound was solely
responsible we would expect failure of all PCR reactions from preserved nematodes. One
plausible explanation relates to the decreased thermal stability of DNA in the presence of
glycerol and sodium ions (Sorokin et al. 1997). Individual DNA strands are quite stable at
high temperatures and it is standard procedure to keep DNA at 95°C for several minutes in
PCR reactions. At this temperature, hydrogen bonds between complementary DNA
strands are broken and double stranded DNA separates into single strands although the
integrity of individual strands is not diminished (Turner et al. 2000). Sorokin et al. (1997)
note that glycerol normally enhances the thermal stability of DNA molecules, but when
glycerol and sodium ions are present concurrently this stabilising effect is greatly reduced.

Reduced thermal stability could increase the likelihood of individual DNA strands to
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denature when heated,; this could prevent PCR amplification if the template DNA is
structurally damaged. In DESS preservative, DMSO increases the porosity of cell
membranes and allows NaCl to physically enter cells and inactivate nuclease enzymes
(Yoder et al. 2006). This preserves DNA integrity by preventing shearing, but also results in
high cellular concentrations of sodium chloride. After desiccation has been carried out,
glycerol has also been introduced to nematode tissues. Slide mounting protocols require
slides to be briefly placed on a hotplate at 65°C in order to melt the wax ring and secure
the cover slip. This seemingly benign step may, in fact, have significant implications for the
longevity of cellular DNA. The heating of desiccated specimens containing high cellular
concentrations of glycerol and Na* ions may lead to physical alterations of DNA structure
and/or chemical interactions resulting in decreasing integrity of DNA over time for
mounted nematodes. Future studies will need to investigate whether DNA storage can be
improved by avoiding heat during slide mounting.

The slide mounting process remains an undeniably essential component for
morphological identification of nematode specimens. This PhD investigation has utilised a
timeframe of 3 days maximum from initial desiccation of nematodes until extraction of
genomic DNA; hundreds of PCR amplicons and sequence fragments of the 18S rRNA gene
have been successfully obtained, with only occasional failures. After the extraction of
genomic DNA has been completed, samples can be safely stored at -20°C until required for
molecular work, with no further need for concern regarding the integrity of nematode
DNA.

For integrative studies, it is crucial to obtain correct taxonomic identifications and
capture a record of digital voucher images if the specimen is going to be destroyed for
molecular work. The desiccation and slide mounting process is especially necessary for
inexperienced taxonomists who may not be able to decipher morphological features from
specimens extracted straight out of preservative solution. Knowledge of nematode
diversity remains sparse and reliable identifications derived from DNA sequences are
unlikely to be accurate given the current depauperate state of nematode sequence
databases. Collection of morphological data will continue to be utilised in nematode

studies for years to come.
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4. Resolving phylogenetic relationships within the basal clade Enoplida

4.1 Analysis of SSU data

Higher clade relationships within the Enoplia were investigated using both large-
scale SSU phylogenies (including all nematode taxa plus metazoan outgroups), as well as
smaller datasets comprising only Enoplid and Dorylaimid taxa (utilising 563 SSU sequences,
including Chromadorid outgroup taxa). Exhaustive tests were carried out on both small
datasets (Table 4.1) and large-scale nematode phylogenies (Table 4.2) in order to evaluate
the robustness of tree topologies and test the effects of different phylogenetic
parameters. For the small dataset, both Maximum Likelihood (ML) (Figures 4.1 to 4.3) and
Bayesian phylogenies (Figure 4.4) were constructed utilising 18S gene sequences from a
total of 548 Enoplid and Dorylaimid nematodes; 15 Chromadorid nematode sequences
were utilised as outgroup taxa. Duplicate gene sequences were included in these trees in
order to graphically illustrate the phylogenetic placement of nematode specimens
obtained from different geographic locations. Large-scale Maximum Likelihood
phylogenies were constructed using 1336 nematode taxa and four closely related
metazoan phyla as outgroup taxa (Nematomorpha, Priapulida, Kinorhyncha, and
Tardigrada). The internal phylogenetic structure of the Enoplid and Dorylaimid clades was
identical in both large and small trees—as a result, the figures and discussion outlined in
this chapter will focus primarily on the results from the small datasets. A full discussion of
the large-scale phylogenies is detailed in Chapter 5.

The small nematode dataset was analysed under various phylogenetic parameters
and conditions. The internal structure of most Enoplid clades was consistent across all
analyses (Tables 4.1 and 4.2); the exception was the Oxystominidae/Oncholaimidae clade
where sub-clades relationships were observed to vary. Some higher clade relationships
were also unstable; the Ironidae and Alaimina generally appeared as sister taxa, but
occasionally this relationship was not recovered. Finally, the sister taxon to the clade
containing the Tripyloididae/Trefusiidae remains unresolved; this sister group consistently
alternated between the Syringolaimus/Campydora clade and the Ironidae/Alaimia clade.
Within the large-scale phylogenies (Table 4.2), the Dorylaimia and Enoplia were observed
to alternate as the earliest splitting nematode lineage; however, these higher clade
placements did not affect the internal structure of either group. To evaluate tree

topologies, SSU alignments were first run under ‘standard conditions’ (Figure 4.1), using
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estimation of invariable sites (P-invar parameter) and no structural alignment partitions.
Phylogenies were constructed both with and without the P-invar parameter that estimates
the proportion of invariable sites, to test whether this additional parameter interfered with
phylogenetic inference (Stamatakis 2008). Some authors (including the authors of RAXML)
advise against simultaneously estimating P-Invar and gamma distributions (the latter being
automatically estimated by RAXML'’s algorithms), arguing that these two parameters
cannot be independently estimated from one dataset (Gu et al. 1995; Yang 2006;
Stamatakis 2008). Removal of the P-Invar parameter did not have any effect on tree
topologies. SSU alignments were also separated into Stem/Loop regions based on
secondary structure information and subjected to ML analysis using partitioned gene
alignments (Figure 4.2); topologies using secondary structure partitions were compared to
non-partitioned ML runs. The position of stems and loops in 18S sequences is included in
all alignments downloaded from the SILVA rRNA database; partitioned gene alignments
were constructed by separately exporting stem and loop alignment sites using the ARB
program, and manually combining the data into a single alignment. Finally, gene
alignments were analysed using the Gblocks program (Figure 4.3); this program trims
sequence alignments to represent only conserved blocks, eliminating poorly aligned sites
and potentially saturated or overly divergent regions (Castresana 2000). Gblocks analysis
resulted in some rearrangement of higher clade relationships, but relationships amongst
lower taxonomic levels were consistent with other analyses. Bayesian SSU phylogenies
(Figure 4.4) agreed with phylogenetic topologies obtained from ML analyses. Figures 4.5
(ML phylogeny from Figure 4.1) and 4.6 (Bayesian phylogeny from Figure 4.4) have both
been expanded and annotated to display lower taxonomic relationships recovered
amongst Enoplid genera.

The subsequent discussion of results from molecular phylogenies (Chapters 4-6)

will utilise higher taxon names outlined by De Ley and Blaxter (2002).
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Table 4.1: Overview of Enoplid clade topologies using different phylogenetic parameters for the small nematode dataset (Enoplia/Dorylaimia only, 563
taxa) Syringo = Syringolaimus, O = Oncholaimoidea, T = Thalassoalaimus/Litinium, Ox = Oxystomina H = Halalaimus, A = Anoplostoma, An = Anticomidae,
C = Chaetonema, L = Leptosomatidae, Th = Thoracostomopsidae, E= Enoplolaimus, Ph = Phanodermopsis. Hyphens represent hierarchal derivation of
clades, while slashes (e.g. A/B) denote clades appearing as sister taxa.
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Main topology using all Enoplid taxa
65991 | Chromadorida | Yes | -73636| Condensed | (None) |O-T-Ox/H |A-AncC/L |ThEPh |
Gblocks Analysis
| 887889 | Chromadorida | Yes | -37672| split | Syringo | T-0-0xH |A-An/CL [ThEPn |
Nucleotide model without estimation of P-Invar parameter
| 405816 | Chromadorida | No | -73750| Condensed | Syringp | O-T-Ox/H |C-AlL-An | ThEPh |
Gene partitions according to stem/loop secondary structure
| 66027 | Chromadorida | Yes | -72699| Condensed | Syringo | O-T-Ox/H |A-AnC/L | ThE/Ph |
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Table 4.2: Overview of Enoplid clade topologies using different phylogenetic parameters for the large nematode dataset (all nematodes, 1100-1400 taxa)

Syringo = Syringolaimus, Iron = Ironidae, Alaim = Alaimina, O = Oncholaimoidea, T = Thalassoalaimus/Litinium, Ox = Oxystomina H = Halalaimus, A =
Anoplostoma, An = Anticomidae, C = Chaetonema, L = Leptosomatidae, Th = Thoracostomopsidae, E= Enoplolaimus, Ph = Phanodermopsis. Hyphens
represent hierarchal derivation of clades, while slashes (e.g. A/B) denote clades appearing as sister taxa. All analyses using GTR+CAT+P-Invar unless

otherwise noted.
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Removal of long branch nematode taxa
830442 | All Outgroups Yes -217364 | Enoplia Condensed | Iron/Alaim | Ox-O-H/T | A-An-C/L | Th-E/Ph
830456 | Tardigrada Yes -208653 | Dorylaimia | Condensed Syringo A-An-C/L | Th-E/Ph
830461 | Priapulida Yes -197978 | Enoplia Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
830465 | Kinorhyncha Yes -199540 | Enoplia Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
830047 | Nematomorpha Yes -200810 | Dorylaimia | Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
Removal of both outlier and long branch nematode taxa
830104 | Nematomorpha Yes -196069 | Dorylaimia | Condensed | Iron/Alaim A-An-C/L | Th-E/Ph
830319 | Tardigrada Yes -203926 | Dorylaimia | Condensed Syringo A-An-C/L | Th-E/Ph
830320 | Priapulida Yes -193251 | Enoplia Condensed | Iron/Alaim | O-T-Ox/H | A-An-C/L | Th-E/Ph
830328 | Kinorhyncha Yes -194815 | Enoplia Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
830407 | All Outgroups Yes -212643 | Enoplia Condensed | Iron/Alaim A-An-C/L | Th-E/Ph
Removal of outlier nematode taxa
77787 | All Outgroups Yes -269230 | Enoplia Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
822337 | Nematomorpha Yes -252690 | Dorylaimia | Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
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GTR+CAT+P-Invar using all nematode taxa
830467 | Nematomorpha Yes -257448 | Dorylaimia | Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
830473 | Priapulida Yes -254626 | Enoplia Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
830485 | Tardigrada Yes -265252 | Dorylaimia | Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
830519 | Kinorhyncha Yes -256203 | Enoplia Condensed | Iron/Alaim | O-T-Ox/H | A-An-C/L | Th-E/Ph
830526 | All Outgroups Yes -273996 | Enoplia Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
GTR+CAT ( without estimation of P-Invar parameter) using all nematode taxa
995794 | All Outgroups No -274127 | Enoplia Condensed | Iron/Alaim | O-T-Ox/H | A-An-C/L | Th-E/Ph
995867 | Kinorhyncha No -256331 | Enoplia Condensed | Iron/Alaim | O-T-Ox/H | A-An-C/L | Th-E/Ph
995979 | Priapulida No -254753 | Enoplia Condensed | Iron/Alaim | O-T-Ox/H | A-An-C/L | Th-E/Ph
879770 | Nematomorpha No -257558 | Dorylaimia | Condensed | Iron/Alaim | O-T-Ox/H | A-An-C/L | Th-E/Ph
884354 | Tardigrada No -265380 | Doryla/Enop | Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
Gene partitions according to stem/loop secondary structure
992781 | All Outgroups Yes -271125 | Enoplia Condensed | Iron/Alaim | O/T-H/Ox | A-An-C/L | Th-E/Ph
992843 | All Outgroups No -271250 | Enoplia Condensed | Iron/Alaim | O/T-H/Ox | A-An-C/L | Th-E/Ph
993046 | Kinorhyncha Yes -253504 | Dorylaimia | Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th/E-Ph
993157 | Nematomorpha Yes -254713 | Dorylaimia | Condensed | Iron/Alaim | O/T-H/Ox | A-C-An/L | Th/E-Ph
993260 | Priapulida Yes -251913 | Dorylaimia | Condensed Syringo O/T-H/Ox | A-An-C/L | Th/E-Ph
993461 | Tardigrada Yes -262437 | Dorylaimia | Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
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Outgroup effects: topology tests using different combinations
898961 | Nematomorpha, Tardigrada Yes -269584 | Dorylaimia | Condensed | Iron/Alaim | O-T-Ox/H | A-An-C/L | Th-E/Ph
Nematomorpha,
901362 | Kinorhyncha Yes -260508 | Dorylaimia | Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
901536 | Nematomorpha, Priapulida Yes -258932 | Enoplia Condensed | Iron/Alaim | O-T-Ox/H | A-An-C/L | Th-E/Ph
901987 | Tardigrada, Kinorhyncha Yes -268328 | Dorylaimia | Condensed | Iron/Alaim A-An-C/L | Th-E/Ph
903685 | Tardigrada, Priapulida Yes -266747 | Enoplia Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
904672 | Kinorhyncha, Priapulida Yes -257601 | Enoplia Condensed | Iron/Alaim | O-T-Ox/H | A-An-C/L | Th-E/Ph
905042 | All minus Nematomorpha Yes -269695 | Enoplia Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
905265 | All minus Tardigrada Yes -261893 | Enoplia Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
906184 | All minus Kinorhyncha Yes -271043 | Doryla/Enop | Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
906503 | All minus Priapulida Yes -272620 | Dorylaimia | Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
Removal of the Trichinellida
77880 | All Outgroups Yes -270785 | Doryla/Enop | Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
77929 | Kinorhyncha Yes -252998 | Enoplia Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
77963 | Nematomorpha Yes -254241 | Dorylaimia | Condensed | Iron/Alaim | Ox-T-O/H | A-An-C/L | Th-E/Ph
78054 | Priapulida Yes -251451 | Enoplia Condensed Syringo O-T-Ox/H | A-An-C/L | Th-E/Ph
78067 | Tardigrada Yes -262062 | Doryla/Enop | Condensed Syringo Ox-T-O/H | A-An-C/L | Th-E/Ph
Gblocks Analysis
885458 | All Outgroups Yes -58345 | Dorylaimia Split ‘ (None) ‘ O-Ox-T/H | L-An/C E-Th/Ph
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Figure 4.1: Maximum Likelihood SSU phylogeny displaying the major clades within the
Enoplia. Tree built using 563 taxa with estimation of the P-Invar parameter, and no
secondary structure gene partitions. (RAXML Job #65991). Scale bar represents nucleotide
substitutions per site.
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Figure 4.2: Maximum Likelihood SSU phylogeny displaying the major clades within the
Enoplia. Tree built using 563 taxa with estimation of the P-Invar parameter, and using
gene partitions according to rRNA stem and loop structures. (RAXML Job #66027). Scale
bar represents nucleotide substitutions per site.
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Figure 4.3: Maximum Likelihood SSU phylogeny displaying the major clades within the
Enoplia. Variable alignment sites were trimmed using the Gblocks program prior to
phylogenetic analysis. Tree built using 563 taxa with estimation of the P-Invar parameter,
and no secondary structure gene partitions. (RAXML Job #547483). Scale bar represents
nucleotide substitutions per site.
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Figure 4.4: Bayesian SSU phylogeny displaying the major clades within the Enoplia. Tree
built using 563 taxa using the GTR+G+l model of nucleotide substitution and no secondary
structure gene partitions. Scale bar represents nucleotide substitutions per site.
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4.2 Consistency of SSU phylogenies with previous frameworks

SSU phylogenies have provided substantial insight on relationships within the
previously neglected Enoplid clade. This investigation has obtained the first gene
sequences from Enoplid genera (e.g. Chaetonema) and even families (Leptosomatidae)
that are notably absent from public sequence databases. This increased taxon sampling
(over 250 gene sequences) has allowed the first comprehensive assessment of lower
taxonomic relationships within the Enoplida. It appears that the inclusion of as many taxa
as possible is key to recovering highly-supported and accurate phylogenies. The recovery
of the Enoplida in this study exhibited similarity to another recent large-scale phylogeny by
Van Megen et al. (2009) that used less than 50 Enoplid sequences. However, there appear
to be some obvious innacuracies in this published tree, such as the splitting of the
Oxystominidae (always recovered in a monophyletic clade along with the Oncholaimoidea
in this study), a sister relationship between the Alaimina and Anoplostomatidae/Enoplidae
(never recovered in this study), and a sister relationship between the genus Oxystomina
and the Syringolaimus/Campydora clade (never recovered in this study). When tree
topologies were in accordance (such as the clade containing the Tripyloididae, Trefusiidae,
and Tripylidae), Van Megan et al.’s (2009) phylogeny reported much lower support values.

The Enoplia is divided into two orders, the Triplonchida and the Enoplida. This
separation is highly supported by all ML analyses (>88 support), and agrees with previous
molecular frameworks (De Ley & Blaxter 2002; Holterman et al. 2006; Van Megen et al.
2009). The Triplonchida was consistently recovered as monophyletic, in line with previous
phylogenies (De Ley & Blaxter 2002; Holterman et al. 2006; Meldal et al. 2007). De Ley and
Blaxter (2004) outlined three suborders within the Triplonchida, based on molecular data:
Diptherophorina, Tobrilina and Tripylina. This study further confirms the presence of three
major clades within this group, although the membership of some groups differs slightly
from De Ley and Blaxter’s classification. The topologies of all three Triplonchidid clades
were firmly supported, with each clade consistently demonstrating support values above
97. The suborder Diptherophorina was recovered in accordance with De Ley and Blaxter,
containing the Trichodoridae and Diphtherophoridae. Although Tylolaimophorus is
currently classified within the Diphtherophoridae (Abebe et al. 2006), this genus appears
quite divergent in ML tree topologies and should probably be placed within its own family.
Past morphological classification previously grouped the Trichodoridae and

Diphtherophoridae within the Dorylaimia (Filipjev 1934; Chitwood & Chitwood 1950; Clark
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1961; De Coninck 1965; Andréssy 1976; Lorenzen 1981). Siddiqi (1983) was the only
author to propose a close relationship with the Enoplida, placing these two families in their
own order (the Triplonchida); he argued that the buccal cavity morphology, amphid shape,
structure of excretory ducts, arrangement of reproductive organs, and spicular protractor
muscles in the Triplonchida were not typical of the morphology seen in most Dorylaimid
species.

The Tripylina is highly supported by both ML (>98) and Bayesian (100) analyses,
with the genera Tobrilus, Tripyla, Paratripyla and Tripylella consistently recovered within
this clade. This investigation did not recover a close relationship between the
Prismatolaimidae and the Tobrilidae, as suggested by De Ley and Blaxter (2002). It appears
that a close relationship between Tobrilius and the Prismatolaimidae is only reported when
few taxa are utilized in phylogenetic analyses; Meldal et al. (2007) also reported Tobrilus
and the Prismatolaimidae as sister taxa in one analysis, but this placement was not
consistent and only based on two gene sequences. The Tripylidae has typically been
classified within the Enoplida (e.g. Lorenzen 1981), and many authors put this group into a
separate suborder (Andréssy 1976) or superfamily (Chitwood & Chitwood 1950; Clark
1961; De Coninck 1965) along with the Ironidae. Tobrilus has previously been grouped
with the Tripylidae in morphological classifications (Clark 1961; De Coninck 1965; Andrassy
1976). Only De Coninck included the Prismatolaimidae within the same subfamily as
Tobrilus, whereas other authors separated these taxa into different families. The highly
supported placement of Tobrilus within the Tripylidae appears to confirm the historical
classification of this genus, and this placement is further corroborated by Van Megen et
al.’s (2009) recent large-scale phylogeny.

The vestiges of De Ley and Blaxter’s Tobrilina was recovered as the third clade
within the Triplonchida, containing the Prismatolaimidae in accordance with past
classifications (De Ley & Blaxter 2002; De Ley & Blaxter 2004), and additionally containing
species representing the Bastianiidae. This topology is supported by recent molecular
phylogenies; Holterman et al. (2006) recovered the Prismatolaimidae and Bastianiidae as
sister taxa, although the authors did not include the genus Tobrilus in their analysis. Van
Megen et al. (2009) recovered the Bastianiidae within the Prismatolaimidae but labelled
this family as incertae sedis. Previous authors have noted morphological congruence
between the Bastianiidae and the Prismatolaimidae (Lorenzen 1981; Coomans & Raski

1988); Lorenzen (1981) noted that these two groups both possess dorsally spiral amphids,
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exhibit a similar cuticle structure, and display similar positioning and structure in cephalic
setae and pre-anal papillae.

The Diphtherophorina and the Prismatolaimid/Bastianiid clade were always
recovered as sister taxa, with the Tripylina appearing as the earliest branching lineage
within the Triplonchida. Tree topologies indicate that the relationships between some
Triplonchid genera require further analysis. The genera Trichodorus, Paratrichodorus, and
Prismatolaimus appeared to be paraphyletic based on SSU data. However, this may be a
function of gene sequences being too conserved to clearly elucidate relationships at lower
taxonomic levels within these groups. LSU sequences were able to separate similar
‘paraphyletic’ genera within the Tripyloididae (refer to Section 4.4.1 for a full discussion).
Unfortunately, LSU sequences were not available for most representatives of the
Triplonchida, preventing a detailed analysis of relationships between genera.

ML and Bayesian analyses recovered five main clades within the order Enoplida
(Figures 4.5 and 4.6). Clade 1 contained the Alaimina and Ironidae (excluding
Syringolaimus) as sister taxa. Clade 2 contained another set of sister taxa, the
Tripyloididae and the Trefusiidae (including the genera Tripylina and Trischistoma). Clade
3 contained only the genus Syringolaimus and Campydora demonstrans as its sister taxon.
Clade 4 contained both the superfamily Oncholaimoidea and the Oxystominidae. Clade 5
formed a major grouping consisting of the superfamily Enoploidea sensu Lorenzen (1981)
but additionally including the Leptosomatidae. Increased taxon sampling has significantly
refined the proposed classification outlined by De Ley and Blaxter (2002). The previous
placement of the Leptosomatidae and Oxystominidae within the suborder Ironina is clearly
incorrect. The Leptosomatidae are well supported as members of the Enoploidea, while
the Oxystominidae should be incorporated into the suborder Oncholaimina. This study
suggests that the Ironidae and Alaimina should be grouped within a single suborder, and
that the Trefusiida should be integrated within the suborder Tripyloidina. Furthermore,
the clade containing Syringolaimus/Campydora should be designated as its own separate
suborder. In addition to deep phylogenetic splits within the Enoplida, SSU data was able to
elucidate many relationships at lower taxonomic levels.

The Oxystominidae and superfamily Oncholaimoidea were always recovered as a
monophyletic grouping, although relationships within internal clades are not fully resolved.
The Oncholaimoidea is always recovered as monophyletic; however, the placement of
genera within the Oxystominidae is not very stable, and this group is often recovered as

paraphyletic. The four clades containing the Oncholaimoidea,
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Thalassoalaimus/Cricohalalaimus/Litinium, Oxystomina, and Halalaimus are all noted to be
quite divergent from other Enoplid taxa and display very long branches on all tree
topologies. Thus, the occasional splitting of the Oxystominidae is probably related to long-
branch attraction. The Oncholaimoidea is firmly supported as monophyletic in all tree
topologies and includes both the Oncholaimidae and the Enchelidiidae, in line with
previous phylogenies (De Ley & Blaxter 2002; Meldal et al. 2007; Van Megen et al. 2009).
The Enchelidiidae appears to be a derived clade within the Oncholaimoidea; this family is
consistently recovered as monophyletic, although support values vary (55-75). Support
values for the Oncholaimoidea-Oxystominidae clade were not always high (ranging from
50-75), but this group was consistently recovered in all tree topologies. There are some
morphological similarities which support the close relationship between the
Oncholaimoidea and Oxystominidae. Lorenzen (1981) noted that all species examined
from both groups possess ‘orthometaneme’ type metanemes with associated caudal
filaments; most other Enoplid taxa that possess this specific type of metaneme do not have
associated caudal filaments, with the exception of a few isolated species.

This study recovered the superfamilies Tripyloidoidea and Trefusioidea within a
single, highly supported clade; this clade also contains two genera formerly grouped within
the Tripylidae, Tripylina and Trischistoma. Support values for this grouping were generally
>70 for Maximum Likelihood topologies, and over 99 in Bayesian phylogenies. Within this
clade, the Tripyloididae appeared as the most basal monophyletic taxon. Tripylina,
Trischistoma, and the Trefusiidae form a highly supported (usually >90) monophyletic
clade that appears as a sister group to the Tripyloididae. The Trefusiidae and the genus
Trischistoma appear as sister taxa, with Tripylina appearing to be the more basal taxon
within this group. This clade topology was also recovered by Van Megen et al. (2009),
although their study reported lower nodal support values.

The Trefusiidae was historically grouped within the Enoplida; the placement of
Trefusiid genera varied between systems, although later classifications placed Trefusia
within the Oxystominidae (Filipjev 1934; De Coninck 1965; Andrassy 1976). Lorenzen
(1981) placed the Trefusiidae within a completely separate suborder, arguing that the lack
of metanemes precluded inclusion of this group within the Enoplida. Molecular data
supported the association between the Trefusiida and Enoplia, and recent evidence
suggested that Trefusia zostericola should be placed within the Enoplida (Rusin et al.
2001). De Ley and Blaxter (2002) originally placed the Trefusiida as a third order within the

Enoplia, but later recommended that its rank be reduced to a suborder within the Enoplida
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(De Ley & Blaxter 2004). The position of the Tripyloididae has presented some confusion
for past taxonomists; some placed this group within the Enoplia because of similarities in
head shape (Filipjev 1918; Filipjev 1934), while others argued that the spiral shaped
amphids warranted classification within the Araeolaimida (Andréssy 1976) or
Chromadorida (Chitwood & Chitwood 1950; De Coninck 1965). Most recently, Lorenzen
(1981) grouped the Tripyloidea within the Enoplida based on the presence of metanemes.
Molecular data have firmly placed the Tripyloididae within the Enoplida, although early
frameworks never grouped the Tripyloididae and Trefusiida together (De Ley & Blaxter
2002; De Ley & Blaxter 2004). However, Siddiqi (1983) suggested a relationship between
the Tripylidae and the Tripyloididae, placing them together in the order Tripylida.

Trischistoma and Tripylina were historically placed within the Dorylaimia based on
morphology (Andrassy 1976; Lorenzen 1981) or within the Triplonchida according to
molecular evidence (De Ley & Blaxter 2002; De Ley & Blaxter 2004; Abebe et al. 2006).
Meldal (2004) confirmed that both these genera were excluded from the Triplonchida, but
was unable to resolve their exact placement. Placement of Trischistoma within the
Enoplida was also suggested by Meldal et al. (2007). Holterman et al. (2006) and Van
Megen et al. (2009) further recovered Trischistoma and The Trefusiid genus Trefusia as
sister taxa, supporting the relationships recovered in this study.

The proposed monophyly of the superfamily Enoploidea (De Ley & Blaxter 2002;
Meldal et al. 2007) was also supported under the current analysis, but this study
additionally recovered the Leptosomatidae within this grouping. This large clade is
comprised of the Enoplidae, Thoracostomopsidae, Anoplostomatidae, Phanodermatidae,
and Anticomidae, and Leptosomatidae. Within this clade, the Thoracostomopsidae,
Enoplidae, and Phanodermatidae are all recovered as monophyletic clades with high
support values. The Anoplostomatidae are recovered as paraphyletic; the genus
Anoplostoma appears to split off first from other taxa in the Enoploidea, while the genus
Chaetonema occupies a more derived position. The Leptosomatidae also appears to be
monophyletic, although this group was not extensively sampled—only two gene sequences
were obtained during this study. Nonetheless, the genera Leptosomatides and Synonchus
are always recovered within a single clade; this clade was often recovered as a sister taxon
to the genus Chaetonema under ML analyses. The Anticomidae was also recovered as
monophyletic, and was usually placed as the second most basal clade within Enoplidae
after Anoplostoma. The Thoracostomopsidae, Enoplidae and Phanodermatidae are

always recovered as a monophyletic clade (with support values of >97%) that appears to
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occupy the most derived position within the Enoploidea. The Phanodermatidae and
Enoplidae are usually recovered as sister taxa, although support values are low under ML
analysis (40-50%) and not especially high in Bayesian topologies (79%).

Lorenzen created the Anoplostomatidae as a new taxon to include Anoplostoma
and Chaetonema, placing these two groups together on the basis of buccal cavity and
cephalic capsule structure. Chaetonema was previously placed within the Enchelidiidae
(Filipjev 1934) or within the Enoploidea as a member of the Rhabdodemaniidae (De
Coninck 1965; Andréssy 1976). Anoplostoma was first placed within the Phanodermatidae
(Filipjev 1934), but later excluded completely from the Enoploidea and considered part of
the Oncholaimoidea (Filipjev 1934; Clark 1961; De Coninck 1965; Andréssy 1976). Most
morphological classifications did not support a close relationship between Chaetonema
and Anoplostoma, and phylogenetic analysis confirms that these two genera belong to
independent lineages.

The Leptosomatidae was traditionally classed within the superfamily Enoploidea
(Chitwood & Chitwood 1950; Clark 1961; De Coninck 1965; Maggenti 1982), although some
authors removed it from this grouping. Andrassy (1976) placed the Leptosomatidae within
the superfamily Leptosomatoidea, and Lorenzen (1981) grouped this family within the
Ironoidea along with the Ironidae and Oxystominidae. The Anticomidae was largely
considered a subfamily within the Leptsomatidae (Filipjev 1934; Clark 1961; De Coninck
1965; Andréassy 1976) and only a few authors separated this group and raised it to family
rank (Hope & Murphy 1972; Lorenzen 1981). Lorenzen’s (1981) separation of the
Anticomidae was based on the left-hand position of gonads and the existence of pre-anal
tubules in males of these species (the latter feature not being present in any members of
the Leptosomatidae). Tree topologies clearly place the Leptosomatidae within the
Enoploidea, supporting older morphological classifications that included this taxon as part
of the superfamily. Although the Leptosomatidae and Anticomidae are both placed within
the Enoploidea, these two groups are never recovered as a monophyletic clade, apparently
supporting Lorenzen’s separation of these two families.

The Thoracostomopsidae and Enoplidae have seen significant rearrangements.
Most genera were usually grouped into the Enoplidae along with Enoplus, while
Thoracostomopsis represented the sole genus within the Thoracostomopsidae (Filipjev
1934; Clark 1961; De Coninck 1965; Andrassy 1976; Maggenti 1982). Lorenzen instead
considered Enoplus as the only genus within the Enoplidae; all other genera previously

placed within this group were moved into the Thoracostomopsidae (comprising
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subfamilies Thoracostomopsinae, Trileptiinae, and Enoplolaiminae). This separation of
Enoplus was based on the differences in metaneme structure, gland arrangements, and the
absence of onchia. Lorenzen noted that the Thoracostomopsidae are morphologically very
similar to the Phanodermatidae with respect to these morphological features. Tree
topologies suggest a sister relationship between the Phanodermatidae and Enoplus (with
these taxa forming a larger monophyletic clade along with the Thoracostomopsidae),
suggesting that the morphological differences in Enoplus represent derived adaptations.
Membership of the Phanodermatidae has been largely consistent amongst classification
schemes, and this family was always placed within the Enoploidea (Clark 1961; De Coninck
1965; Andréassy 1976; Lorenzen 1981; Maggenti 1982). Molecular data confirms the
monophyly of the Phanodermatidae and also seems to support the Lorenzen’s
classification of the Enoplidae and Thoracostomopsidae. Enoplus is always recovered as
separate clade and never placed within the Thoracostomopsidae. However, this study only
included Thoracostomopsidae species within the subfamily Enoplolaiminae; further
analysis is needed to determine if other genera such as Thoracostomopsis and Trileptium
(subfamilies Thoracostomopsinae and Trileptiinae, respectively) also belong within the
Thoracostomopsidae sensu Lorenzen.

The genus Syringolaimus was always recovered as a sister taxa to Campydora
demonstrans (ML support values >90%, and 100% support in Bayesian topologies), and
these two genera were always recovered as a separate clade within the Enoplida. The
genus Campydora has typically been classified within the Dorylaimia based on morphology
(Thorne 1939; De Coninck 1965; Jairajpuri & Ahmad 1992). Only Siddiqi (1983) suggested a
relationship within the Enoplia based on structure of the pharynx and amphids, and this
proposed classification was later supported by molecular data (Mullin et al. 2003). Meldal
et al. (2007) later confirmed Campydora’s position within the Enoplida and further
elucidated a sister relationship with Syringolaimus. The placement of Syringolaimus clearly
denotes the paraphyly of the Ironidae. Morphological classifications either grouped
Syringolaimus within the Ironidae (Filipjev 1934; Clark 1961; De Coninck 1965), or within
the Rhabdolaimidae in the Araeolaimida (Gerlach & Riemann 1973; Andrassy 1976).
Lorenzen returned Syringolaimus to the Ironidae, and supported the monophyly of this
family based on buccal cavity morphology (Lorenzen 1981). Noting the consistent
separation of the Ironus and Syringolaimus, Meldal et al. suggested that the movable teeth
seen in all Ironidae species are in fact homoplasic, and that functional requirements have

resulted in convergent evolution within this group. Van Megen et al. (2009) recovered the
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Rhabdolaimidae as a highly supported (100%) sister taxon to the
Syringolaimus/Campydora clade, but labelled this family as a group of incertae sedis.
Unfortunately, this investigation did not include any gene sequences from the
Rhabdolaimidae, and thus the placement of this group remains uncertain.

Relationships amongst other Ironidae species remain unresolved, although it
appears that at least several genera form a monophyletic grouping. Dolicholaimus and
Ironus were consistently recovered as single clade with high support (100% under both ML
and Bayesian analyses). This analysis only utilised gene sequences from two Ironidae
genera; additional data will be required to resolve placement of other member taxa. The
Ironidae clade was further recovered as a sister group to the Alaimina. This topology was
not overwhelmingly supported in ML phylogenies; support values ranged from 25-60%,
and these taxa were observed to split under certain phylogenetic parameters (e.g. Gblocks
analysis). However, Bayesian analysis showed very high support (95%) for this proposed
sister taxa relationship, and the Alaimina/Ironidae relationship was largely consistent
across most ML topologies. Recent molecular frameworks have placed both the Alaimina
and Ironidae within the Enoplida but were unable to resolve the exact placement within
this clade; morphological classifications have also struggled to firmly place these two
groups.

The Ironidae has been placed in either the Dorylaimia (Filipjev 1934) or within the
Enoplida. Clark (1961) and De Coninck (1965) suggested a close relationship with the
Tripylidae, placing the Ironidae in the superfamily Tripyloidea. Chitwood and Chitwood
(1950) supported this grouping but additionally placed the Alaimina within the Tripyloidea.
Andrassy (1976) raised the Ironidae to the rank of superfamily and placed this group
alongside the Tripyloidea, Oxystominidae and Alaimidae in the suborder Tripylina. Siddiqi
(1983) designated the Ironidae as its own suborder. Lorenzen (1981) eventually grouped
the Ironidae within the Enoplida, alongside the Enoploidea. Despite previous
morphological and molecular evidence that proposed the Ironidae as a potentially basal
group within the Dorylaimia (Filipjev 1918; Maggenti 1963; Meldal 2004), this study placed
the Ironidae firmly within the Enoplida.

The placement of the Alaimina has oscillated between the Dorylaimia (Filipjev
1934; Thorne 1939; De Coninck 1965; Lorenzen 1981; Maggenti 1982) and the Enoplida
(Chitwood & Chitwood 1950; Andréssy 1976). Clark (1961) placed the Alaimina within
their own suborder, separate from either the Enoplina or Dorylaimina. Lorenzen (1981)

argued that the Alaimina belonged in the Dorylaimina because this taxon lacked
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metanemes and exhibits posterior-facing oesophageal gland outlets; however, Meldal et
al. (2007) has questioned the validity of using the direction of such gland outlets as a
phylogenetic character. Both Filipjev (1934) and Chitwood and Chitwood (1950) have
insinuated a close relationship between the Ironidae and Alaimina; Filipjev placed both as
subfamilies within the Dorylaimidae, while Chitwood and Chitwood included these groups
within the superfamily Tripyloidea in the Enoplida. There does not appear to be any
obvious morphological features which would immediately suggest a relationship between
the Ironidae and Alaimidae; Lorenzen’s metanemes are notably absent in the Alaimida,

although Ironidae species do exhibit this character.

4.3 Phylogenetic structuring in the Enoplia according to habitat

Internal relationships within the Enoplia demonstrate that nematode lineages are
primarily separated according to habitat (Figures 4.7 and 4.8). Both Bayesian and
Maximum Likelihood tree topologies resolved two primary Enoplid clades: one comprised
entirely of terrestrial/freshwater species (the Triplonchida), and a second clade containing
mostly marine taxa and a few freshwater species (the Enoploidea, Alaimina, Tripyloididae,
etc.). The vast majority of marine Enoplid species are grouped within the Enoplina (De Ley
& Blaxter 2002), a solely marine suborder containing the Enoploidea plus the
Leptosomatidae. Insight from the marine clade indicates that some marine taxa may have
evolved from terrestrial forms. The Family Trefusiidae appears as a sister taxon the
terrestrial/freshwater genus Trischistoma, and these two groups appear to be themselves
derived from the terrestrial genus Tripylina; this suggests that the Trefusiidae may
represent a reversal back to a marine lifestyle, or alternatively, that the terrestrial genera
Tripylina and Trischistoma arose from a marine ancestor. Clade topologies also suggest
that marine species of the Ironidae (e.g. Dolicholaimus sp.) may be descendents of
terrestrial ancestors. However, taxon sampling within the Ironidae was not extensive, and
further investigation may reveal a different pattern. Morphological classification did not
typically separate Enoplid genera according to habitat—Maggenti (1983) was the sole
taxonomist to propose that this order evolved along separate terrestrial and marine
lineages, and suggested separating the Enoplia into the superorders Marenoplica and
Terraenoplica. Other authors vociferously dismissed the possibility that Enoplids could

have developed this way (Siddigi 1983). The separation of marine and terrestrial lineages
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presents intriguing possibilities in the search for the ‘ancestral nematode’; refer to Section

5.5.2 for a detailed discussion of this topic.
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Figure 4.7: Maximum Likelihood SSU phylogeny displaying separation of marine (blue) and
terrestrial (brown) taxa within the Enoplida; gray and black clades represent Dorylaimid
and outgroup taxa, respectively. Tree Built using 563 taxa with estimation of the P-Invar
parameter, and no secondary structure gene partitions (RAXML Job #65991). Scale bar
represents nucleotide substitutions per site.
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4.4 Lower taxonomic relationships within the Enoplia

4.4.1 Inferences from LSU data

Out of the 256 Enoplid nematodes studied during this investigation, both SSU and
LSU gene sequences were obtained from each specimen, and Cox1 was further isolated
from a subset of individuals (85 specimens). LSU and Cox1 are too variable for inferring
deep phylogeny, but they are useful at elucidating lower taxonomic relationships. Despite
downloading pre-aligned LSU structural alignments from the SILVA database, the LSU
dataset was not very well aligned and it was difficult to infer homology amongst variable
regions. This investigation focused on the D2/D3 expansion segment of the LSU gene,
which contains three conserved regions in between variable segments. Because of the
higher variability seen in the 28S gene, the higher clade relationships observed in LSU tree
topologies did not correspond with the results from SSU data (Figures 4.9 and 4.10).
Maximum Likelihood trees were constructed using a large dataset (Figure 4.9) comprising
all available nematode taxa (1062 taxa), as well as a smaller dataset (Figure 4.10)
representing only Enoplid and Dorylaimid nematodes (433 taxa). Both datasets used the
Nematomorpha, Priapulida, Kinorhyncha, and Tardigrada as outgoups. An attempt was
made to construct a Bayesian phylogeny using LSU sequences, but the variability of the
gene sequences (and the large number of taxa included) did not result in convergence,
even after several million generations. This Bayesian topology was not coherent, and a
decision was made to abandon use of this method for LSU sequences. LSU gene sequences
are much less conserved than SSU sequences; it was difficult to produce accurate
alignments in variable LSU regions, especially in a dataset containing very distantly related
taxa. Thus, the gene alignment for the large Maximum Likelihood phylogeny was trimmed
to represent only the three conserved gene regions (corresponding to primer binding
regions) in the D2/D3 expansion segment. This was carried out in order to reduce site
saturation in variable regions and hopefully produce a more accurate tree topology. Full
gene alignments were used to construct the smaller Enoplid/Dorylaimid trees; although
alignments were probably not completely accurate in variable regions, it was much easier
to align sites between these two closely related groups.

Data from additional genetic loci (LSU and Cox1) were used to infer lower

taxonomic relationships between genera, as recommended by previous studies(De Ley et
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al. 2005). The results from this study support these recommendations; phylogenies based
on LSU and Cox1 data were not able accurately reconstruct deep phylogenetic
relationships, but Data from these genes provided useful insight on relationships between
genera. Furthermore, clade membership largely corresponded between LSU and SSU
phylogenies. A primary focus of this investigation was to collect multiple gene sequences
from individual Enoplid nematodes; this allowed for independent assessments of
phylogenetic placement and evolutionary relationships for single specimens.
Unfortunately, sequences collected as part of this investigation were only obtained from
marine taxa; online sequence databases did not contain many sequences representing
terrestrial Enoplid nematodes, so it was not feasible to fully clarify lower taxonomic
relationships within these groups. It is highly unlikely that public gene sequences (SSU and
LSU) representing the same genus would have been amplified from the same specimens,
S0 no attempt was made to compare public LSU and SSU sequences from terrestrial

genera.
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The full nematode tree (Figure 4.9) showed a vague resemblance to SSU tree
topologies; Enoplid and Dorylaimid nematodes appeared closer to the base of the tree,
compared to Rhabditid and Tylenchid nematodes which occupied more derived positions.
However the overall placement of clades was clearly incorrect. The Enoplia was not
recovered as a monophyletic group, although nematodes were accurately clustered
according to genus. A similar result was seen ML trees built using the smaller dataset.
Higher clade relationships could not be trusted, and LSU data was unable to correctly
group some nematode genera according to family. This effect seemed to be more
pronounced for families where genera were especially divergent (e.g. the Oxystominidae)
or families that represent a large number of lower taxa (e.g. the Enoploidea).

LSU was useful for elucidating relationships within some families with less
divergent taxa. SSU data does not fully resolve relationships within the Tripyloididae; the
genera Bathylaimus and Tripyloides do not form distinct, separate lineages (Figure 4.11).
However, LSU data was able to add further resolution regarding relationships within this
clade. Maximum Likelihood phylogenies built using LSU data (Figure 4.12) clearly
differentiate one genus from the other and denote a sister relationship for these two taxa.
Morphological evidence seems to support the observed separation between Bathylaimus
and Tripyloides; there are distinct anatomical differences between the two genera, relating
to buccal cavity morphology, amphid shape, shape and position of cervical setae, tail
shape, and spicule shape in male specimens. The extent of this morphological
differentiation seems to suggest an older split between the two genera (e.g. according to
LSU data) rather than a more recent divergence (e.g. according to SSU data). Cox1 data
seems to support the more recent, derived placement of Tripyloides (refer to Section
4.4.2); however, mitochondrial trees were built using a much smaller subset of taxa and
the increased taxon sampling may produce a tree topology similar to LSU phylogenies.
Additional sequence data will be required to clearly elucidate the evolutionary relationship

between Tripyloides and Bathylaimus.
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Figure 4.11: Maximum Likelihood phylogeny built using SSU sequences, showing the
separation of genera within the Tripyloididae. Tree Built using 563 taxa with estimation of
the P-Invar parameter, and no secondary structure gene partitions (RAXML Job #65991).
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Figure 4.12: Maximum Likelihood phylogeny built using LSU sequences, showing the
separation of genera within the Tripyloididae (RAXML Job #643538).

SSU data recovered several genera within the Diphtherophorina as paraphyletic.
Trichodorus and Paratrichodorus were both split into multiple lineages, although the
Trichodoridae was always recovered as monophyletic (see Figures 4.5 and 4.6). LSU data
was not able to fully resolve relationships within this clade (Figure 4.13), given that fewer
sequences were available in public databases and Trichodorid specimens were not
amplified as part of this study. There is some indication that Paratrichodorus may also be
recovered as paraphyletic in LSU phylogenies; Paratrichodorus renifer was placed outside

the main group of Paratrichodorus species, within an independent linage. Additional LSU
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sequences from a wide variety of Trichodorid species will be needed to determine the

placement of species within the Trichodoridae.
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Figure 4.13: Maximum Likelihood phylogeny built using LSU sequences, showing the
separation of genera within the Diphtherophorina (RAXML Job #643538).

The Oncholaimoidea was recovered as a highly supported monophyletic clade
(support values usually 100%) using both LSU (Figure 4.14) and SSU data (Figure 4.15).
Within the Oncholaimidae, specimens identified as belonging to the genera Oncholaimus
and Viscosia do not exhibit neat phylogenetic groupings; these nematodes appear to be
quite diverse at the molecular level, probably representing a taxonomic lumping of
divergent species complexes. These two taxa are quite morphologically similar. During
this study, it was often quite difficult to definitively identify a specimen as belonging to
either genus. The position of the largest subventral tooth was often the only character
that could be used to identify the genus of female specimens; this feature was often
obscured if the buccal cavity was filled with detritus, or if a specimen was damaged or
awkwardly mounted. Despite the difficult morphology in these two groups, a large
number of species have been described in both genera. According to molecular data, most
shallow water Oncholaimus specimens sequenced during this study were placed in a clade
next to Viscosia (as indicated in Figures 4.14 and 4.15); however, there appeared to be
another divergent group of Oncholaimus nematodes that included all the deep-sea
specimens (labelled TCR) as well as some shallow water taxa (labelled AUK). Publically
available sequences (taxa that lack alphanumeric codes in brackets in Figures 4.14 and
4.15) also failed to cluster with the majority of specimens sequenced during this study; two
Oncholaimus spp. and one Viscosia sp. that were isolated from shallow water habitats
appeared more closely related to the divergent Oncholaimus group containing deep-sea

specimens, and not to the main clades which contained most intertidal nematodes. These
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molecular data suggest that Oncholaimus and Viscosia represent artificial, paraphyletic
taxonomic groupings. Given the difficult morphology in these two genera, itis not

surprising that current classifications have lumped divergent species together.
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Figure 4.14: Maximum Likelihood phylogeny built using LSU sequences, showing the
separation of genera within the Oncholaimoidea (RAXML Job #643538).

e — RS e e

100 TCOYyyy2 (TCR 17) Oncholaimidae
TCOYyyyy (TCR 12) Oncholaimidae
WscSpec Viscosia sp.
OnhSpeci Oncholaimus sp.
o0 FAUNYyyyy (AUK 23) Oncholaimus
ALINYyyy2 (ALK 35) Oncholaimus
ALINYyyy3 (ALK 368) Oncholaimus
OnhSpec2 Oncholaimus sp.
OncSpec? Oncholaimidae sp.
OncSpeci Oncholaimidae sp.
¥14Vulga Pontonema vulgare
TCWYywywy (TCR 42) Oncholaimidae
TCOYyyy3 (TCR 69) Oncholaimidae

P CriYyyyy (Cr 24k) MetaparoncholaimusiMeyersia

Pareurystomina

Lj3Speci Symplocostoma sp.
Calyptronema

Bathyeurystomina

Adoncholaimus

QUOYyyyy (OUS 2) Oncholaimu .

0l i e Primary shallow
Viscosia water clades
WscSpeciViscosia s

SUOYyyyy (SUS 27) Oncholaimidae

Figure 4.15: Maximum Likelihood phylogeny built using SSU sequences, showing the
separation of genera within the Oncholaimoidea. Tree Built using 563 taxa with estimation
of the P-Invar parameter, and no secondary structure gene partitions (RAXML Job #65991).
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The phylogenetic placement of Bathyeurystomina and Pontonema differs between
LSU and SSU tree topologies. SSU phylogenies (Figure 4.15) support the placement of
Bathyeurystomina within the Enchelidiidae sensu Lorenzen (1981); previous authors
(Filipjev 1934; Andréssy 1976) had separated this group into at least two subfamilies, the
Eurystomininae and Enchelidiinae, but Lorenzen did not see a valid reason for separating
genera into two subfamilies. Although genera traditionally placed in the subfamily
Enchelidiinae form a monophyletic grouping in SSU trees (e.g. Calyptronema and
Symplocostoma), the two members of the Eurystomininae appear to be paraphyletic.
Bathyeurystomina represents a divergent lineage within the Enchelidiidae which splits
early from other taxa, while Pareurystomina occupies a more derived position amongst
other genera from the Enchelidiinae. Thus, SSU sequences also support Lorenzen’s (1981)
classification of genera within one large family. In LSU trees (Figure 4.14),
Bathyeurystomina occupies a position near Pontonema and appears as an early-splitting
lineage in the Oncholaimoid topologies.

Similarly, in SSU trees the only two specimens that exhibit equal-sized subventral
teeth (Pontonema and Meyersia/Metaparoncholaimus) appear to cluster together into a
single clade along with two other deep-sea Oncholaimids (Figure 4.15). Unfortunately, the
rotation and orientation of both deep-sea specimens did not allow for a clear view of
buccal cavity morphology, and visual inspection of video capture files was unable to
confirm whether the subventral teeth are equal in size. LSU data suggests that Pontonema
is actually a divergent lineage that split early from other Oncholaimid taxa. The positions
of Bathyeurystomina and Pontonema in the LSU tree may simply be a reflection of
divergent LSU sequences; conserved SSU sequences appear more likely to reveal true
evolutionary relationships of divergent genera, whereas LSU sequences seem to incorrectly
place such taxa (e.g. separation of the Oxystominidae in the LSU tree). However, the
placement of these two genera warrants further investigation.

The recovery of clades within the Thoracostomopsidae is mostly similar between
SSU (Figure 4.16) and LSU phylogenies (Figure 4.17). Enoploides was always recovered as
the earliest splitting clade within this family, and the two clades representing Enoplolaimus
and Mesacanthion/Paramesacanthion were observed as monophyletic in both analyses.
Identifying specimens within the Thoracostomopsidae was also challenging, although not
for lack of morphological features. The rotation of the specimen or the presence of food in
the mouth sometimes prevented accurate interpretation of the complex buccal cavity

morphology. Nematodes within the clade labelled ‘Mesacanthion/Paramesacanthion’
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were not accurately assigned to either genus; male spicule shape was needed to make an
accurate genus assignment, but all identified specimens within this group were female. In
addition, several specimens from relatively unstudied areas (e.g. deep sea sites and South
African beaches) did not appear to fit well into existing genera and were generally
identified as ‘Thoracostomopsidae’. More detailed analysis of morphological features is
needed to determine whether these nematodes represent new species in existing genera
or novel lineages. LSU phylogenies of the Thoracostomopsidae exhibited some notable
discrepancies in the placement of several sequences obtained from GenBank (Figure 4.17).
Two Enoploides spp. (EnopSpec7 and EnopSpec8) were not recovered within the main
Enoploides clade, although they were placed nearby in the tree topology; these may
represent divergent species within this genus, or alternatively misidentified nematodes.
Another Enoploides specimen (EnopSpec6) was placed as a sister taxa to the genus
Enoplolaimus. Closer inspection revealed that this sequence is quite short in length (only
~500bps) compared to other D2/D3 sequences in the tree (>800bps), and this incorrect
phylogenetic placement may have resulted from this length difference—similar incorrect
placements of short sequences in ML phylogenies were observed during SSU tree
construction. Finally, two sequences appear completely out of place and potentially
represent misidentified specimens. Oncholaimus sp. (OnhSpec4) and Viscosia sp.
(VisSpecb) (both sequences obtained from GenBank) were placed within the
Thoracostomopsidae in LSU tree topologies; inspection of gene alignments revealed that
these sequences did not appear closely related to Oncholaimidae specimens, and thus the

taxonomic assignments in GenBank may be incorrect.
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Figure 4.16: Maximum Likelihood phylogeny built using SSU sequences, showing the
separation of genera within the Phanodermatidae, Thoracostomopsidae, and Enoplidae.
Tree Built using 563 taxa with estimation of the P-Invar parameter, and no secondary
structure gene partitions (RAXML Job #65991).
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The Phanodermatidae is another example of a morphologically similar family that is
quite diverse at the molecular level. Most specimens identified within the
Phanodermatidae had few distinguishing morphological features; these nematodes
exhibited smooth cuticles, pocket-shaped amphids and no unique buccal cavity
morphology. Most specimens identified in this study were morphologically identified as
Phanodermopsis, although smaller or badly preserved specimens were more generally
grouped as ‘Phanodermatidae’. SSU (Figure 4.18) and LSU (Figure 4.19) phylogenies
confirm the monophyly of the Phanodermatidae, but tree topologies divide the family into
three main groups of taxa (labelled as Clades 1, 2 and 3 in Figures 4.18 and 4.19). Limited
data from Cox1 trees also supports this division into multiple clades (refer to Section
4.4.2). In LSU trees (Figure 4.19), the clade containing Phanoderma (represented by
publically available sequences) shows similar divergence compared to Clades 1, 2 and 3.
This observed phylogenetic divergence suggests that the three primary clades recovered

within the Phanodermatidae may represent several species or even several genera.
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Figure 4.18: Maximum Likelihood phylogeny built using SSU sequences, showing the
separation of genera within the Phanodermatidae. Tree Built using 563 taxa with
estimation of the P-Invar parameter, and no secondary structure gene partitions (RAXML
Job #65991).
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Figure 4.19: Maximum Likelihood phylogeny built using LSU sequences, showing the
separation of genera within the Phanodermatidae (RAXML Job #643538).
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4.4.2 Inferences from cytochrome c oxidase subnit 1

Cox1is not widely utilised in nematode studies, and thus it was only possible to
construct phylogenies using the sequences generated during this investigation. Cox1
sequences were only obtained from a small subset of nematode specimens (90 Enoplids),
and thus the resulting phylogenies were not ideal for elucidating lower taxonomic
relationships. However, mitochondrial data provided some useful insight regarding
geographic relationships (refer to Chapter 6 for full discussion). Cox1 gene alignments
contained 105 taxa and represented 396 nucleotide sites; Fifteen sequences from
Pellioditis marina (a Rhabditid nematode) were used for outgroup comparisons. Duplicate
Cox1 sequences from Enoplid nematodes were included in phylogenetic analyses in order
to visually illustrate relationships between speciemens collected at disparate geographic
locations. Cox1 sequences were aligned using translated protein sequences and
subsequently untranslated back to nucleotide sequences before phylogenetic analysis.
Bayesian (Figure 4.20) and Maximum Likelihood (Figure 4.21) trees were built using
partitioned gene alignments that accounted for three separate codon positions. Tree
topologies obtained from Cox1 were not coherent at higher taxonomic levels (similar to
LSU trees), and clade placements did not agree with frameworks based on SSU data.
However, both genes were useful for clarifying some lower taxonomic relationships (e.g.
within the Tripyloididae), as well as inferring species distributions amongst different
geographic locations (refer to Chapter 6 for a full discussion).

The sequence labelled ‘TCR 89 Litinium’ exhibited a very long branch length within
both ML and Bayesian topologies. Additional trees were constructed without this
particular sequence, but excluding this long-branch taxon did not have any impact on tree
topology. Cox1 sequences labelled ‘“TCR 189 Litinium’ and ‘TCR 190 Phanodermatidae’
were both placed within the Thoracostomopsidae, despite their apparent taxonomic
identities. Upon further investigation, it was discovered that these two gene sequences
were identical to nematodes labelled SBA 8, SBA 9 and SBA 13. Furthermore, both SSU and
LSU data confirms that TCR 190 belongs within the Phanodermatidae. These two
sequences most likely represent contamination or mislabelling of molecular reactions, and
thus the taxonomic labels are probably inaccurate—these two sequences should be
considered as Thoracostomopsidae.

Cox1 trees were generally able to recover families as monophyletic clades with high

support values. The Oxystominidae was not recovered as monophyletic within the Cox1
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tree topology; this is probably related to the high sequence divergence observed between
Oxystomina and Halalaimus. Within the Tripyloididae, there was no clear distinction
between genera, as seen in LSU data; Tripyloides specimens appeared nested among
Bathylaimus specimens, similar to the topology recovered in SSU trees. The
Phanodermatidae was recovered as two separate clades (support values of 20 and 99 in
Bayesian topologies) that correspond to the clustering of taxa observed in SSU and LSU
tree topologies (Figures 4.18 and 4.19). This further suggests an unexpected molecular
diversity within this group, despite apparent morphological similarities between
nematodes identified as Phanodermatidae specimens. Finally, mitochondrial data highly
supports the phylogenetic placement of the Enchelidiidae (sensu Lorenzen) within the

Oncholaimoidea.
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4.5 Conclusions

Increased taxon sampling within the Enoplid clade was able to clarify evolutionary
relationships amongst families and genera. Over 250 sequences were added to those
available from public databases, including many families and genera that previously lacked
gene sequences. The resulting molecular phylogenies exhibited clear differences between
past morphological classifications, and refined the molecular framework proposed by De
Ley and Blaxter (2002). The phylogenetic relationships between Enoplid specimens were
consistent and continually replicated using different analysis methods and genetic loci.
Higher clade relationships were not always in agreement between SSU and LSU tree
topologies, but this variation was due to the less conserved nature of the LSU gene; LSU
often separated divergent taxa even when relationships were highly supported in SSU
phylogenies. The results from this study support recommendations from previous authors
(De Ley et al. 2005), who discourage the use of LSU for higher clade relationships. Despite
the variability of LSU, gene sequences appear to be conserved enough to elucidate
relationships amongst closely related species within a genus (e.g. the Tripyloididae).
Ribosomal data suggests that some morphologically homogenous groups (e.g.
Oncholaimidae, Phanodermatidae) exhibit extensive molecular diversity. Additional gene
sequences representing the Oncholaimidae suggest that current taxonomic classifications
lump morphologically similar (but genetically divergent) species. Similarly, the
Phanodermatidae species analysed during this study appeared to be morphologically
homogenous, but trees suggested a complex phylogenetic structure within this group.
Relationships within such taxa warrant further investigation to elucidate potentially cryptic

species.
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5. Resolving the Basal Clade of the Phylum Nematoda

5.1 Increased taxon sampling and large-scale phylogenies

This investigation has greatly expanded the scale of past phylogenetic efforts,
constructing a large-scale phylogeny using 18S rRNA sequence data and using increased
taxon sampling within the Enoplid clade. A total of 256 SSU gene sequences were
collected from marine Enoplid species, and these were analysed in addition to published
sequences obtained from online databases. The final dataset contained a total of 1335
nematode sequences, including 548 sequences from the Enoplid clade—significantly
improving representation of this basal group compared to past phylogenies. Enoplid
specimens sequenced during this investigation represented several families and genera
which previously had not been subjected to molecular analysis; the addition of more
sequences within previously analysed groups (e.g. the Oncholaimidae) allowed for fine-
scale resolution of evolutionary relationships within some nematode groups. Out of the
Enoplid sequences obtained during this investigation, duplicate identical sequences were
eliminated from this large-scale dataset. Multiple sequence alignments were used to
construct phylogenies using both Maximum Likelihood (ML) and Bayesian Inference
methods. Four closely related metazoan phyla were chosen as outgroups
(Nematomorpha, Priapulida, Kinorhyncha, and Tardigrada), representing the closest
relatives of nematodes according to Dunn et al. (2008).

A wide variety of parameters were used to evaluate the robustness of tree
topologies using ML analysis. Long-branch clades and taxa of incertae sedis were removed
and included in analyses to test whether either group was potentially destabilising the
tree. All possible outgroup combinations were tested in order to evaluate how outgroup
choice affected major topological changes in the placement of nematode clades. SSU
alignments were separated into Stem/Loop regions based on secondary structure
information and subjected to ML analysis using partitioned gene alignments; topologies
using secondary structure partitions were compared to non-partitioned ML runs. The
position of stems and loops in 18S sequences is included in all alignments downloaded
from the SILVA rRNA database; partitioned gene alignments were constructed by
separately exporting stem and loop alignment sites using the ARB program, and manually

combining the data into a single alignment. Furthermore, trees were constructed both
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with and without the P-invar parameter that estimates the proportion of invariable sites,
simultaneously estimating rate variation and invariant sites may detrimentally affect

phylogenetic inference (Stamatakis 2008).

5.2 Consistency of ML topologies with previous classifications

Maximum Likelihood topologies were largely consistent with the most recent
nematode frameworks (Holterman et al. 2006; Meldal et al. 2007; Van Megen et al. 2009),
recovering all major clades and providing increased resolution at certain nodes (Figures 5.1
to 5.4; a list of all taxa recovered in all major nematode clades is included in appendix
Table A2.2) The inclusion of over 1300 nematode taxa was effective at resolving the
placement of certain problematic taxa. For example, the genus Choanolaimus was
consistently placed with Chromadorida, a taxon noted as having an unsure clade
placement when only a small dataset was analysed (Holterman et al. 2008). The following
discussion will outline the results of this study in relation to the most recently published
molecular frameworks (Holterman et al. 2006; Meldal et al. 2007; Holterman et al. 2008;
Van Megen et al. 2009); discussion of relationships within the Enoplida can be found in
Chapter 4.

The Dorylaimia was recovered in accordance with previous topologies, consisting of
three major clades: the Dorylaimida, Mononchida (including the Mermithida), and
Trichinellida (in certain topologies). The Microlaimoidea, Chromadorida, and Desmodorida
were all recovered as monophyletic, with the three clades splitting consecutively in that
order. Molecular analysis suggests that the Desmoscolecidae (represented by
Desmoscolex sp.) belongs in its own order above the Monhysterida. The Monhysterida
was confirmed as paraphyletic and split into two clades, as first suggested by Meldal et al.
(2007). The primary Monhysterid clade contained the majority of families, including the
Aegialoalaimidae, Xyalidae, Monhysteridae, Diplopeltidae, Linhomoeidae (Tershellingia
spp. only), Sphaerolaimidae and Comesomatidae (formerly placed within the
Araeolaimida). The second, smaller Monhysterid clade contained the Siphonolaimidae and
other members of the Linhomoeidae (Desmolaimus spp.). The Linhomoeidae is clearly
paraphyletic, but only two genera were included in this study; further analysis will be

needed to determine the placement of remaining genera within this family.
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The Araeolaimida was also recovered as paraphyletic, and nematodes within this
group were split into three separate clades. The first clade contained the Axonolaimidae
and Cylindrolaimidae, and was usually recovered as a sister taxon to the Monhysterid clade
containing the Linhomoeidae/Siphonolaimidae. Two other Araeolaimida clades were
placed within a larger grouping that also contained the Plectidae and Teterocephaloidea.
The Leptolaimidae appeared to be paraphyletic; the most basal Araeolaimida clade
contained the genera Aphanonchus, Leptolaimus and Paraplectonema, while the more
derived clade contained the genera Camacolaimus, Onchium, and Procamacolaimus. This
derived clade also contained several other Araeolaimid families, namely the
Chronogasteridae, Ohridiidae, and Halaphanolaimidae. The arrangement of the
Araeolaimida, Plectidae and Teratocephaloidea clades equates to ‘Clade 6’ of Holterman et
al.’s tree topology; the inclusion of more sequences representing species within this group
has further elucidated four robust sub-clades within this clade. The arrangement of these
four clades was consistently supported by topological tests, despite low support values for
several internal nodes. The topology of this clade also agrees with Van Megen et al.’s
(2009) large-scale phylogeny, who used a similar set of taxa for this group.

Recovery of the most derived nematode clades was largely in accordance with
the topology of clades 9-12 recovered by Holterman et al. (2006) and Van Megen et al.
(2009); the authors indicated that these crown clades exhibit accelerated substitution
rates compared to other nematode groups. This faster evolution most likely allowed for
highly accurate topologies in previous, smaller phylogenies. The placement of Brevibucca
was not consistent in past phylogenies, and increased taxon sampling appears to have
further elucidated its correct placement within the nematode tree. Brevibucca and
Cuticularia were most often grouped with Steinernema spp. (Figure 5.5), but occasionally
split from this clade and instead clustered with Myolaimus sp. and Odontopharynx
longicaudata (Figure 5.6). The scenario may reflect an erroneous placement resulting from
specific phylogenetic parameters (refer to Section 5.4 for further discussion). Van Megen
et al. (2009) recovered the Brevibuccidae as a family of incertae sedis, although this group
was associated with Myolaimus sp. and Odontopharynx longicaudata in their large-scale
phylogeny.

The placement of Isolaimum sp. agreed with Meldal et al.’s (2007) results; this
genus was always recovered alongside Aulolaimus sp., with these two species forming a
separate clade splitting off before the Araeolaimida/Plectidae/Teterocephaloidea. In

contrast, Van Megen et al. (2009) reported this clade splitting after the Monhysterida. It
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appears these two species represent a divergent lineage, but the clade’s uncertain
placement is probably related to low taxon sampling within this group. Myolaimus sp. and
Odontopharynx longicaudata were recovered as taxa of incertae sedis, although both
species were always placed together and were never included in any major clade grouping.
The placement of these two taxa varied frequently; sometimes they were placed near the
Spirurina, as recovered by Meldal et al. (2007), but other times they were recovered within
the Rhabditida, as indicated by Holterman et al. (2006) and Van Megan et al. (2009).

5.3 Unresolved Bayesian topologies

Because of computational limitations, Bayesian trees were only constructed using
the full 18S dataset (including all four outgroup phyla). The Bayesian topology was able to
recover the same clade groupings as ML analysis (Figure 5.4), and confirm the position of
Dorylaimia and the Enoplia at the base of the nematode tree. However, the final topology
did not elucidate which clade split first from all other nematodes, the Trichinellida and
Dorylaima were not recovered as monophyletic. Bayesian analysis also failed to resolve
the hierarchy of more derived nematode clades, although the splitting order of the
Microlaimoidea, Chromadorida, and Desmodorida was identical for both ML and Bayesian
topologies. Large-scale Bayesian analyses consistently failed to reach convergence in this
analysis, resulting in the low resolution seen in full nematode frameworks. Bayesian
Inference requires computationally expensive algorithms—all analyses required nearly a
week to complete 2,000,000 generations, despite being run on large supercomputer
clusters (the CIPRES project, hosted at the University of California, San Diego). There is a
strict 7-day limit for all jobs run on CIPRES, and thus it was not possible to extend the
analysis of full-nematode frameworks with additional generations. All jobs were run using
MrBayes3.2; this newest version was recommended by CIPRES administrators for resulting
in faster convergence. Several Bayesian runs were also completed with consecutively
lower chain heating temperatures (ranging from 0.1 to 0.06), as this is another useful
method for increasing the likelihood of convergence without adding additional generations
(Hall 2008). Despite many runs and parameter variations, the best Bayesian topology
(Figure 5.4) had only obtained an average standard deviation of 0.074387—clearly
indicating a lack of convergence. Generally convergence has only occurred when the

average standard deviation becomes significant (<0.05, but ideally <0.01) (Hall 2008).
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Figure 5.1: An example of a Maximum Likelihood topology which recovered the Enoplia as
the earliest splitting lineage (RAXML Job #830526). Tree built using 1336 nematode taxa,

all four outgroup phyla, estimation of the P-Invar parameter, and no secondary structure
gene partitions
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Figure 5.2: An example of a Maximum Likelihood topology which recovered the Dorylaimia
as the earliest splitting lineage (RAXML Job #830467). Tree built using 1336 nematode
taxa, the Nematomorpha as a single outgroup phylum, estimation of the P-Invar
parameter, and no secondary structure gene partitions.
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Figure 5.3: An example of a Maximum Likelihood topology which recovered the
Dorylaimia/Enoplia as sister taxa which split early from all other nematodes (RAXML Job
#884354). Tree built using 1336 nematode taxa, the Tardigrada as a single outgroup
phylum, no estimation of the P-Invar parameter, and no secondary structure gene
partitions.
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Figure 5.4: A Bayesian tree built using 1336 nematode taxa and all four outgroup phyla.
Analysis was run for 2,000,000 generations using the GTR+I+G model of nucleotide
substitution, 4 MCMC chains, and a heating temperature of 0.06.

Table 5.1 (following page): Earliest splitting lineage recovered during various tree topology
tests. Enoplia = the Enoplia represent the basal clade and all other nematode clades are
derived; Dorylaimia = the Dorylaimia represent the basal clade and all other nematode
clades are derived; Doryla/Enop = the Dorylaimia and Enoplia appear as sister taxa in a
single basal clade, with all other nematodes forming a separate, non-derived clade
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Earliest

P-Invar Splitting
Nematode Taxa Outgroup Estimate Clade

All Nematode Taxa All Yes Enoplia
All Nematode Taxa Nematomorpha Yes Dorylaimia
All Nematode Taxa Priapulida Yes Enoplia
All Nematode Taxa Tardigrada Yes Dorylaimia
All Nematode Taxa Kinorhyncha Yes Enoplia
All Nematode Taxa All No Enoplia
All Nematode Taxa Kinorhyncha No Enoplia
All Nematode Taxa Priapulida No Enoplia
All Nematode Taxa Nematomorpha No Dorylaimia
All Nematode Taxa Tardigrada No Doryla/Enop
All Nematode Taxa Nematomorpha, Tardigrada Yes Dorylaimia
All Nematode Taxa Nematomorpha, Kinorhyncha Yes Dorylaimia
All Nematode Taxa Nematomorpha, Priapulida Yes Enoplia
All Nematode Taxa Tardigrada, Kinorhyncha Yes Dorylaimia
All Nematode Taxa Tardigrada, Priapulida Yes Enoplia
All Nematode Taxa Kinorhyncha, Priapulida Yes Enoplia
All Nematode Taxa All minus Nematomorpha Yes Enoplia
All Nematode Taxa All minus Tardigrada Yes Enoplia
All Nematode Taxa All minus Kinorhyncha Yes Dorylaimia
All Nematode Taxa All minus Priapulida Yes Dorylaimia
All Nematode Taxa, Gblocks alignment | All Yes Dorylaimia
Trichinellida Removed All Yes Doryla/Enop
Trichinellida Removed Kinorhyncha Yes Enoplia
Trichinellida Removed Nematomorpha Yes Dorylaimia
Trichinellida Removed Priapulida Yes Enoplia
Trichinellida Removed Tardigrada Yes Doryla/Enop
Long Branch taxa removed All Yes Enoplia
Long Branch taxa removed Tardigrada Yes Dorylaimia
Long Branch taxa removed Priapulida Yes Enoplia
Long Branch taxa removed Kinorhyncha Yes Enoplia
Long Branch taxa removed Nematomorpha Yes Dorylaimia
Outlier taxa removed All Yes Enoplia
Outlier taxa removed Nematomorpha Yes Dorylaimia
Long Branch and outlier taxa removed | All Yes Enoplia
Long Branch and outlier taxa removed | Nematomorpha Yes Dorylaimia
Long Branch and outlier taxa removed | Tardigrada Yes Dorylaimia
Long Branch and outlier taxa removed | Priapulida Yes Enoplia
Long Branch and outlier taxa removed | Kinorhyncha Yes Enoplia
All taxa, with Stem/Loop partitions All Yes Enoplia
All taxa, with Stem/Loop partitions Kinorhyncha Yes Dorylaimia
All taxa, with Stem/Loop partitions Nematomorpha Yes Dorylaimia
All taxa, with Stem/Loop partitions Priapulida Yes Dorylaimia
All taxa, with Stem/Loop partitions Tardigrada Yes Dorylaimia
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Table 5.2: Overview of clade topologies using different nematode taxa, outgroup combinations, and phylogenetic parameters. M = Microlaimoidea, C =
Chromadorida, D = Desmodorida, Mo = Monhystera, ALS = Axonolaimidae/Linhomoeidae/Siphonolaimida. Hyphens represent hierarchal derivation of
clades, while slashes (e.g. A/B) denote clades appearing as sister taxa. All analyses using GTR+CAT+P-Invar unless otherwise noted.
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Removal of long branch nematode taxa
830442 | All Outgroups Yes -217364 | Enoplia Condensed | M-C-D Mo-ALS Rhabditina Condensed | Condensed
830456 | Tardigrada Yes -208653 | Dorylaimia Condensed | M-C-D Mo-ALS Rhabditina Condensed | Condensed
830461 | Priapulida Yes -197978 | Enoplia Split M-C-D Mo-ALS Rhabditina Condensed | Condensed
830465 | Kinorhyncha Yes -199540 | Enoplia Condensed | M-C-D Mo-ALS Rhabditina | Condensed | Condensed
830047 | Nematomorpha Yes -200810 | Dorylaimia Condensed | M-C-D Mo-ALS Rhabditina Split Condensed
Removal of both outlier and long branch nematode taxa
830104 | Nematomorpha Yes -196069 | Dorylaimia Condensed | M-C-D Mo-ALS Rhabditina Condensed | Condensed
830319 | Tardigrada Yes -203926 | Dorylaimia Split M-C-D Mo-ALS Rhabditina Condensed | Condensed
830320 | Priapulida Yes -193251 | Enoplia Split M-C-D Mo-ALS Rhabditina Condensed | Condensed
830328 | Kinorhyncha Yes -194815 | Enoplia Split M-C-D Mo-ALS Rhabditina Condensed | Condensed
830407 | All Outgroups Yes -212643 | Enoplia Condensed | M-C-D Mo-ALS Rhabditina Condensed | Condensed
Removal of outlier nematode taxa
77787 | All Outgroups Yes -269230 | Enoplia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
822337 | Nematomorpha Yes -252690 | Dorylaimia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
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830467 | Nematomorpha Yes -257448 | Dorylaimia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
830473 | Priapulida Yes -254626 | Enoplia Split M-C-D Mo-ALS Rhabditina | Condensed Split
830485 | Tardigrada Yes -265252 | Dorylaimia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
830519 | Kinorhyncha Yes -256203 | Enoplia Split M-C-D Mo-ALS Spirurina Condensed Split
830526 | All Outgroups Yes -273996 | Enoplia Condensed | M-C-D Mo-ALS Rhabditina | Condensed | Condensed
All nematode taxa, without estimation of P-Invar parameter
995794 | All Outgroups Yes -274127 | Enoplia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
995867 | Kinorhyncha Yes -256331 | Enoplia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
995979 | Priapulida Yes -254753 | Enoplia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
879770 | Nematomorpha Yes -257558 | Dorylaimia Condensed | M-C-D Mo-ALS Spirurina Split Split
884354 | Tardigrada Yes -265380 | Doryla/Enop | Condensed | M-C-D Mo-ALS Spirurina Condensed Split
Gene partitions according to stem/loop secondary structure
992781 | All Outgroups Yes -271125 | Enoplia Condensed | M-C-D ALS-Mo/outliers | Rhabditina Split Split
992843 | All Outgroups No -271250 | Enoplia Condensed | M-C-D Mo-outliers-ALS Spirurina Split Split
993046 | Kinorhyncha Yes -253504 | Dorylaimia Condensed | M-C-D Mo-outliers-ALS Spirurina Split Split
993157 | Nematomorpha Yes -254713 | Dorylaimia Split M/C-D Mo-ALS Spirurina Condensed Split
993260 | Priapulida Yes -251913 | Dorylaimia Condensed | M-D-C Mo-outliers-ALS Spirurina Split Split
993461 | Tardigrada Yes -262437 | Dorylaimia Split M/C-D Mo-outliers-ALS Spirurina Split Condensed
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Outgroup effects: topology tests using different combinations
898961 | Nematomorpha, Tardigrada Yes -269584 | Dorylaimia Condensed | M-C-D Mo-ALS Rhabditina | Condensed Split
901362 | Nematomorpha, Kinorhyncha | Yes -260508 | Dorylaimia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
901536 | Nematomorpha, Priapulida Yes -258932 | Enoplia Condensed | M-C-D Mo-ALS Rhabditina | Condensed Split
901987 | Tardigrada, Kinorhyncha Yes -268328 | Dorylaimia Split M-C-D Mo-ALS Spirurina Split Split
903685 | Tardigrada, Priapulida Yes -266747 | Enoplia Condensed | M-C-D Mo-ALS Spirurina Split Split
904672 | Kinorhyncha, Priapulida Yes -257601 | Enoplia Condensed | M-C-D Mo-ALS Spirurina Split Split
905042 | All minus Nematomorpha Yes -269695 | Enoplia Condensed | M-C-D Mo-ALS Spirurina Split Split
905265 | All minus Tardigrada Yes -261893 | Enoplia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
906184 | All minus Kinorhyncha Yes -271043 | Doryla/Enop | Condensed | M-C-D Mo-ALS Rhabditina | Condensed Split
906503 | All minus Priapulida Yes -272620 | Dorylaimia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
Removal of the Trichinellida
77880 | All Outgroups Yes -270785 | Doryla/Enop | Condensed | M-C-D Mo-ALS Rhabditina | Condensed | Condensed
77929 | Kinorhyncha Yes -252998 | Enoplia Condensed | M-C-D Mo-ALS Rhabditina | Condensed Split
77963 | Nematomorpha Yes -254241 | Dorylaimia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
78054 | Priapulida Yes -251451 | Enoplia Condensed | M-C-D Mo-ALS Spirurina Condensed Split
78067 | Tardigrada Yes -262062 | Doryla/Enop | Condensed | M-C-D Mo-ALS Spirurina Split Split
Gblocks Analysis
‘ 885458 ‘ All Outgroups Yes -58345 | Dorylaimia Condensed ‘ D/C-M Mo-ALS Rhabditina Split Split
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5.4 Assessing support for tree topologies

A wide variety of parameters were used to evaluate the robustness of tree
topologies using ML analysis (Table 5.2). Nematode taxa were analysed alongside both
single and multiple outgroups, using all possible outgroup combinations to assess
topological changes. Tree topologies were mostly consistent using different outgroup
arrangements, although the placement of the Dorylaimia and Enoplia showed noticeable
shifts in response to outgroup choice. Secondary structure information was used to
separate gene alignments according to stem and loop structures present in folded
ribosomal subunits; tree topologies from these partitioned gene alignments were
compared to non-partitioned ML runs. The designation of stem/loop partitions did not
result in vastly improved tree topologies, and seemed to disrupt some otherwise stable
groupings. For example, the Axonolaimidae/Cylindrolaimida (Araeolaimida) clade and the
Linhomoeidae/Siphonolaimida (Monhysterida) clades were consistently placed as sister
taxa derived from the Monysterida, but designation of stem/loop partitions disrupted this
topology. In addition, stem/loop partitions seemed to promote attraction between taxa of
incertae sedis, resulting in some clades with long branches and minimal support.

To assess the impact of seemingly rogue taxa, long-branch clades and taxa of
incertae sedis were both removed and included in analyses to test for any potentially
destabilising effects. All major clades were still recovered when these taxa were excluded
from analyses, and clade hierarchy also remained unchanged. Trees were constructed
both with and without the P-invar parameter in RAXML which estimates the proportion of
invariable sites. Some authors (including the authors of RAXML) advise against
simultaneously estimating P-Invar and gamma distributions, arguing that these two
parameters cannot be independently estimated from one dataset (Gu et al. 1995; Yang
2006; Stamatakis 2008). Removal of the P-Invar parameter did not appear to have any
effect on tree topologies. As a final test, trees were built using only conserved alignment
sites. The Gblocks program (Castresana 2000) was used to select conserved blocks from
18S alignments, with the aim of eliminating poorly aligned sites and potentially saturated
or overly divergent regions. Trees were also built using only the alignment sites that
represented conserved stems in the ribosomal secondary structure. ML trees built using
both methods showed reduced clade support for many groups (compared to trees built
using all alignment positions), and tree topologies were sometimes not consistent with
previously published phylogenies. Trimming 18S alignments to reflect only conserved
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positions appeared to severely limit the information content available for phylogenetic
inference, and did not result in robust tree topologies.

Three particular areas of the nematode tree varied consistently across different
topological tests. The Microlaimoidea was generally observed to be monophyletic, but
occasionally this clade was recovered as paraphyletic. The tendency of this clade to split
was probably related to insufficient taxon sampling within this group—only 9 public
sequences were available for inclusion in this analysis. Previous published phylogenies
have recovered this group as monophyletic (Meldal et al. 2007), and most ML trees from
this investigation also supported this grouping. The genera Brevibucca and Cuticonema
were usually placed into a clade containing the genus Steinernema (Figure 5.5), but
occasionally these taxa were instead placed with the outlier taxa Myolaimus sp. and
Odontopharynx longicaudata (Figure 5.6). The placement of these two outlier taxa was
not consistent in different ML trees, suggesting they were unstable within the overall tree
topology. Furthermore, Brevibucca and Cuticonema were observed to have very long
branches when placed alongside outlier taxa, suggesting this placement was a result of
long branch attraction rather than being reflective of a true evolutionary relationship.

The genus Bunonema was recovered either as a sister taxon of the
Diplogasteroidea (Figures 5.1 and 5.4), or alternatively, as a sister taxon to the clade
containing the genera Poikilolaimus/Cuticularia (Figures 5.2 and 5.3). Published
phylogenies have grouped Bunonema with the Diplogasteroidea (Holterman et al. 2006;
Meldal et al. 2007; Van Megen et al. 2009), although this clade relationship was only
recovered when long branch taxa were excluded from this analysis. Bunonema was more
likely to be recovered alongside Poikilolaimus/Cuticularia when all nematode taxa were
included in the tree, although Bayesian analysis appeared to support a sister relationship
with the Diplogasteroidea. However, both placements of Bunonema demonstrate low
support values under ML (<40) and Bayesian Analysis (62%), and the position of this genus
remains unresolved. Van Megen et al.’s (2009) large-scale phylogeny also reported low

support values for the grouping of Bunonema and the Diplogasteroidea
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5.5 Resolving earliest split in the nematode tree

The positions of the oldest nematode lineages, the Dorylaimia and the Enoplia,
were observed to vary widely across tree topologies. The base of the nematode tree was
represented by one of three scenarios: the Enoplia splitting first, representing a sister
taxon to all other nematodes (Figure 5.1), the Dorylaimia splitting first representing a sister
taxon to all other nematodes (Figure 5.2), or Dorylaimia and Enoplia appearing as sister
taxa in a clade that basally splits from all other nematodes (Figure 5.3). The splitting order
of the Dorylaimia and the Enoplia under different analysis conditions is summarized in
(Table 5.1).

When nematode taxa were analysed alongside single outgroups, the choice of
outgroup phylum had a significant impact on the order of the earliest splitting clades. The
Enoplia was repeatedly observed to split off first when using either the Priapulida or
Kinorhyncha as outgroups, with the exception of partitioned structural alignments where
the Enoplia split second after the Dorylaimia. The Dorylaimia always represented the
earliest splitting lineage when the Nematomorpha was chosen as an outgroup. The
Tardigrade outgroup usually resulted in the Dorylaimia splitting off first, although
occasionally the Enoplida and Dorylaimia were recovered as a sister taxa. Adding a second
or third outgroup to the dataset did not improve resolution at the base of the tree, and
there seemed to be an equal probability of recovering the Dorylaimia or Enoplida as the
earliest splitting lineage. When all four outgroups were used to construct nematode
phylogenies, the Enoplida was usually observed to split off first.

In tree topologies where the Dorylaimia was observed as the earliest splitting
group, the Trichinellida (a group of animal parasites) were often observed as a divergent
lineage that split early from other taxa; other Dorylaimid clades containing free-living taxa
appear to have split off and diversified more recently. The Trichinellid clade contained
comparatively long branch lengths compared to other Dorylaimid taxa, and further
topological tests were carried out to assess whether this clade reduces resolution at the
base of the nematode tree. Removal of the Trichinellida did not result in an unequivocal

tree topology—outgroup choice continued to dictate the order of early splits.
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5.5 Discussion

5.5.1 Problems faced in resolving the base of the nematode tree

Despite exhaustive topological tests and greatly improved taxon sampling, our
large-scale phylogeny was still unable to resolve which group split off the earliest within
the Phylum Nematoda. Maximum likelihood methods using a large SSU dataset have
alternatively identified both the terrestrial Dorylaimid clade and the primarily marine
Enoplid clade as the earliest splitting lineage (Figures 5.1 and 5.2). The large-scale
Bayesian analysis provided even less resolution regarding the position of these two groups
(Figure 5.4). Although the clade recovery seen in the Bayesian topology agrees with
previously published phylogenies, this large-scale analysis failed to provide hierarchal
resolution for more recently splitting groups (e.g. Tylenchomorpha and Rhabditida).
Despite using the newest version of MrBayes and running data on a large supercomputer
cluster, Bayesian analysis was computationally intensive, slow running, and provided
inferior outputs compared to RAXML analyses. Thus, the sole use of Bayesian Inference is
not currently recommended for large-scale ribosomal phylogenies.

The uncertain placement of the Dorylaimia and Enoplia is likely related to the
choice of a single, conserved gene for phylogeny reconstruction. Holterman et al. (2006)
note that nematodes in the more recently derived Rhabditid and Tylenchid clades exhibit
high substitution rates within the SSU gene, allowing for species-level distinctions in most
cases. Differential rates of gene evolution may explain the difficulties in resolving deep
relationships at the base of the nematode tree, as sequences from older nematode
lineages seem to possess less phylogenetic signal compared to highly derived clades.
Currently, the 18S gene is the only locus known to resolve deep phylogenetic relationships
amongst nematodes. Other genes such as LSU and Cox1 are only informative at lower
taxonomic levels (De Ley et al. 2005); neither of these genes produce coherent tree
topologies for inferring higher clade relationships (e.g. Figure 4.9). Resolving the order of
early splits amongst nematodes will require intensive efforts to locate other informative
genes—ideally protein-coding—which can supplement evolutionary inferences from SSU
data. Phylogeny reconstruction in other taxa has already embraced multi-gene
phylogenies (e.g. Hines et al. 2007; Shalchian-Tabrizi et al. 2008), and efforts are now
moving towards phylogenomic methods (Hackett et al. 2008; Burki et al. 2009). The SSU
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gene has previously transformed our understanding of taxonomic relationships amongst
nematodes, but it cannot autonomously resolve the early history of the phylum.
Outgroup choice appears to have a significant impact on the order of early splitting
clades. The most reliable phylogenies are normally obtained when using the closest sister
taxa as an outgroup, or alternatively, including a mixture of close relatives and more
distantly related species (Maddison et al. 1984; Sanderson & Shaffer 2002). Although the
relationships amongst Metazoan phyla are still hotly debated, mounting molecular
evidence supports the Nematomorpha as the sister phylum to the Nematoda (Glenner et
al. 2004; Halanych 2004; Giribet et al. 2007; Dunn et al. 2008). Amongst the various
topological tests completed during this study, it would be reasonable to argue that the
most robust clade placements should occur when using either the Nematomorpha alone as
an outgroup or all four outgroups in combination. However, these two scenarios give
conflicting results: the Dorylaimia is always observed to split off first when the
Nematomorpha is used as a single outgroup (Figure 5.1), while the Enoplia tends to be the
earliest splitting lineage when using all four outgroups (Figure 5.2). When variable
ribosomal regions are removed from alignments using the Gblocks program, the
Dorylaimia split first despite the inclusion of all four outgroups. ML and Bayesian analysis
of the Enoplia and Dorylaimia using a nematode outgroup (Figure 4.1 and 4.4) recovers
both clades as sister taxa and does not indicate a splitting order. These smaller tree
topologies also suggest ample support for the monophyly of the Trichinellida and
Dorylaimia. The cohesiveness of the Dorylaimid clade has been supported by previous
molecular phylogenies (De Ley & Blaxter 2002; Holterman et al. 2006; Meldal et al. 2007;
Van Megen et al. 2009); thus, the observed split between the Dorylaimia and Trichinellida

observed in full tree topologies is highly suspect.
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5.5.2 Elucidating the habitat of the ancestral nematode

These conflicting results highlight the shortcomings of the SSU gene for
reconstructing early splits amongst extant nematode lineages, and consequently, inferring
the habitat of the ancestral nematode. Although phylogenies cannot confirm either a
terrestrial origin or marine origin for nematodes, there are plausible arguments in favour
of either scenario. If the Enoplia split off first from all other nematodes, this may indicate a
marine origin of the phylum. Many authors assume that Enoplids are oldest nematode
group (Abebe et al. 2006; Holterman et al. 2006), despite the continued lack of resolution
in molecular phylogenies. Those who favour the Enoplia as the earliest splitting lineage
cite the evidence of ‘ancestral’ traits that resemble typical characteristics of other animal
phyla. Some Enoplid nematodes exhibit unique developmental pathways that deviate
substantially from the standard patterns observed in most other nematodes. Blastomeres
in Enoplus brevis and Pontonema vulgare exhibit a distinct lack of organisation in cell-
lineage pattern; this is a stark contrast to patterns in other nematode groups, where
blastomeres can be distinguished even after the first division (Voronov et al. 1998).
Tobrilus diversipapillatus and several marine Enoplid species undergo symmetric
embryonic cleavage, whereas other nematodes show clearly asymmetric patterns
(Malakhov 1994; Schierenberg 2005). Morphological evidence further suggests that
Enoplids retain the ancestral trait of a nuclear envelope present in mature spermatozoa,
compared to all other nematode groups which lack this anatomical feature (Baccetti et al.
1983; Justine 2002; Yushin 2003).

Visual inspection of tree topologies reveals large genetic divergences between
some Enoplid groups (e.g. Halalaimus, Oxystomina). Assuming that the rate of SSU
evolution is slower in basal clades (Holterman et al. 2006), this observed phylogenetic
distance could potentially suggest an old age for Enoplid lineages. In contrast, highly
diverse Dorylaimid species exhibit surprisingly little genetic divergence—potentially
signifying a quite recent evolutionary origin for terrestrial species (De Ley & Blaxter 2002).
Nematodes are thought to have arisen during the Pre-Cambrian or Cambrian, although
there is no fossil evidence to document the emergence of the phylum during these epochs;
however, tardigrade fossils have been isolated from sediments representing marine
environments in the mid-Cambrian (Labandeira 2005). Some molecular studies have

suggested that the tardigrades and nematodes are close relatives within the Metazoa
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(Dunn et al. 2008), and thus evidence from tardigrade fossils lends indirect support for a
marine origin of nematodes.

Arguments that favour a terrestrial origin for nematodes (potentially indicated by
the Dorylaimia splitting first from all other nematodes) are more speculative. Dorylaimid
species exhibit vastly different lifestyles and span a broad ecological ranges—this diversity
has prompted speculation of an early terrestrial evolution and radiation within this group
(De Ley & Blaxter 2002). De Ley and Blaxter (2004) present an intriguing discussion that
suggests a resemblance (and potentially common ancestry) between Dorylaimid mouth
structures and protrusible ‘introvert’ structures seen in Kinorhyncha, Priapulida, and
juvenile Nematomorpha. Although there is currently little morphological and
developmental evidence to insinuate that the Dorylaimia branched off first from other
nematodes, this does not rule out the possibility of this group as the earliest splitting
lineage. Our large-scale phylogenies persistently observed the Dorylaimia to split off first
under a range of parameters—the Dorylaimia was consistently recovered as earliest
splitting lineage under ‘robust conditions’, e.g. when excluding variable alignment
positions, or when using the closest outgroup relative (Nematomorpha). Low genetic
divergence of Dorylamid nematodes does not preclude an ancient origin, and could instead
imply an especially slow rate of evolution for the SSU gene within this group (De Ley &
Blaxter 2002). Furthermore, there is no direct fossil evidence that places nematodes in
marine habitats during the Cambrian; the oldest nematode fossil in existence represents a
terrestrial nematode from the early Devonian (Poinar Jr. et al. 2008).

A terrestrial origin of nematodes could even be possible if the Enoplida is firmly
resolved as the earliest splitting lineage. Although there is a clear phylogenetic split
between marine and terrestrial species (Figures 4.7 and 4.8), these major clades were
recovered as sister taxa. Insight from the marine clade indicates that some marine taxa
may have evolved from terrestrial forms (e.g. the Trefusiidae and Dolicholaimus sp.).
There is evidence to suggest that terrestrial Enoplids represent an ancient lineage.
Patterns of embryogenesis seen in one terrestrial Enoplid, Tobrilus diversipapillatus (a
member of the Triplonchida), resembles ‘classical’ patterns seen in myriad animal taxa but
not generally observed in nematodes (Schierenberg 2005). In addition, several marine taxa
appear to have terrestrial nematode taxa as sister groups, and ML analyses show that the
largest marine group (the Enoploidea) appears to be a more recently derived Enoplid
clade. Although no firm conclusions can be made, it is feasible to suggest that colonization

of marine habitats may have occurred secondarily within the Enoplida.
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5.6 Conclusions

A large-scale phylogeny of the Phylum Nematoda was unable to resolve the
splitting order of the Enoplia and Dorylamia using 18S data, despite increased taxon
sampling in these groups and comprehensive topological tests. The question of the oldest
nematode lineage remains even more puzzling. Both a marine or terrestrial origin of
nematodes seems equally plausible—the first group which split off from other nematodes
consistently alternated between the terrestrial Dorylaimia and the primarily marine
Enoplia. The Enoplid clade is further divided into terrestrial and marine lineages, so a basal
position of this clade would also allow for a terrestrial nematode ancestor. The SSU gene
has previously revolutionised our understanding of nematode systematics, leading to
increasingly comprehensive molecular frameworks for the phylum. This investigation has
highlighted the limits of 18S data. No other genes have been identified in nematodes that
provide comparable deep phylogenetic resolution; other ribosomal and mitochondrial
genes (e.g. 28S, ITS, Cox1) are only informative at lower taxonomic levels. Reconstructing
the earliest splits amongst nematodes will be no easy task—it will require a concentrated

effort to is