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ABSTRACT 

FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS 

SCHOOL OF OCEAN & EARTH SCIENCE 

Doctor of Philosophy 

PHYLOGENETIC SYSTEMATICS OF THE PHYLUM NEMATODA -

EVIDENCE FROM MOLECULES AND MORPHOLOGY 

by Birgit Hildegard Maria Meldal 

The systematic relationships of nematodes have been investigated for over 100 years but 
phylogenetic reconstructions were impeded by the diversity of morphological characters 
and subjective interpretations by the investigators. However, knowledge of these 
relationships is imperative for all applied fields of Hematology, such as biodiversity and 
ecology, diagnostics and pest control. Furthermore, nematodes are used as model 
organisms and systems for developmental mechanisms, the analysis of genetic pathways 
and population dynamics. Only since the introduction of molecular techniques, which offer 
the promise of a more objective analysis, have systematists been able to establish a 
potential consensus of the phylogenetic relationships of nematodes. 

A growing database of small subunit ribosomal RNA (18S) sequences is available for 
nematodes but most sequences come from commercially important parasites, hi order to 
fill the gaps in the database the 18S gene was sequenced for 40 species of marine 
nematodes, and the sequences aligned to the current database. Additionally, for the first 
time in the history of Hematology, a cladistic analysis was performed on up to 180 
morphological characters of 167 species covering the whole of the phylum. 

Using only molecular characters, de Ley & Blaxter's three main clades, Enoplia, 
Dorylaimia and the Chromadoria were all recovered and well supported as was the 
monophyly of the Nematoda itself The root relationship between the three clades could 
not be resolved. Most classic relationships and in particular families were recovered as 
monophyletic groups. Some species (and families) of uncertain placement could be 
assigned a firm place within the phylogeny (e.g. Alaimus sp., Prismatolaimus intermedius, 

sp., eZegan.;, Comesomatidae, 5'e^ana 
digitata, Globodera pallida, Deladenus sp.) whilst other relationships remain uncertain 
(e.g. Teratocephalus lirellus, Brevibucca sp., Philonema sp., Gnathostoma turgidum, 
Myolaimus sp., Bunonema franzi). Major changes compared to classic phylogenies include 
the placement of Alaimus, Campydora and Prismatolaimus in the Enoplia and Cyartonema 
and the Comesomatidae in the Monhysterida. The internal relationships of the Enoplia 
remain unresolved. The polyphyly of the Rhabditidae and Pratylenchidae has been 
confirmed. 

A parsimony analysis of 180 morphological characters recovered many of the traditional 
families but the relationships of higher ranks bear no resemblance to older systems or to 
the molecular data. Many clades rather resemble habitat and trophic relationships; for 
example, the Dorylaimia are frequently found as sister taxon to the Rhabditida whilst they 
are generally understood to be the sister group to the Enoplia. The results from this 
analysis show that homology assessments of morphological characters are inherently 
difficult to determine accurately. 

Whilst the whole data set contains RNA sequences from over 200 nematode species, 
many more sequences need to be obtained to resolve the root relationships of the 
Nematoda. A more slowly-evolving gene may be more suitable than the 188 gene. 
Conversely, faster-evolving genes, e.g. mitochondrial genes, are needed to establish many 
of the intra-familiar relationships. However, the Tardigrada are confirmed as the closest 
metazoan group to the Nematoda. A refined phylogeny of the phylum is proposed. 
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swept away, our world would still be dimly recognizable, and if, as 
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an examination of their erstwhile nematode parasites. 
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1. Introduction 

1.1 The old, the new, and the controversial - nematode systematics throughout the 

ages 

As so poignantly observed by the godfather of nematology, Nathan August Cobb, in 

1915 (see previous page), nematodes are ubiquitous organisms. They form the third largest 

taxon in the animal kingdom by number of species preceded only by the arthropods and 

molluscs and they are the most numerous one in number of individuals. Nematodes are of 

economic importance as pests in agriculture and as animal and human parasites. Free-

living species, on the other hand, play an important role as detritivores, bioturbators and 

bioindicators (e.g. pollution indicators). Nematodes are also widely used in experimental 

biology and medicine as model organisms for developmental studies and genetics. For 

example, the entire genome of the model nematode Caenorhabditis elegans (Maupas, 

1900) is known (Okimoto et al, 1991; The C. elegans Sequencing Consortium, 1998). 

Hugot et al. (2001) made an inventory of all known nematode species. They counted 

26,646 described species, of which 4,070 are marine and 6,611 terrestrial free-living 

species, 4,105 plant parasites, 3,501 invertebrate parasites and 8,359 vertebrate parasites. 

Estimates of the total number of nematodes vary from a conservative 500,000 (Hammond, 

1992) to an average 1 million (May, 1988) to an upper limit of 100 million (Lambshead, 

1993) depending largely on the mathematical model and species concept employed (Hugot 

et al., 2001; Coomans, 2002). This means that no more than 5% (0.03% for Lambshead's 

estimate) of nematode species are known to science, the lowest ratio for any group of 

animals (Malakhov, 1994). At an average rate of 385 new descriptions per year it would 

take at least 1300 years to describe all nematode species (Hugot et al., 2001). From the 

above figures it becomes apparent that more research is being conducted on vertebrate 

parasitic nematodes than all other groups. Therefore, it is important to redress the balance 

of research into all groups of nematodes. The following sections provide a historical 

overview of nematology (the study of free-living and plant parasitic nematodes) and 

helminthology (the study of all animal parasitic worms) which will shed some light onto 

the discrepancies of the above figures and give an insight into the troubled state of 

nematology today. 

1.1.1 The early years 

The oldest record for any nematode is a mention of the intestinal roundworm Ascaris 

lumbricoides Linnaeus, 1758, from China, 4690 years ago. The "Papyrus Ebers", 
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discovered by Ebers in 1872 and dating back to 1553 - 1550 BC, mentions two parasitic 

nematode species, the afore mentioned Ascaris lumbricoides and the guinea worm, 

Dracunculus medinensis Linnaeus, 1758. A number of other references to parasitic 

nematodes and their diseases are known from ancient times (Hippocrates, Aristotle, The 

Bible). However, it took another three millennia before the first free-living nematode, the 

vinegar eelworm Vibrio aceti, was described by Borellus (1656). Needham (1745) pictured 

and described the first plant-parasitic nematode. Vibrio tritici, and Miiller (1786) described 

the first fresh-water and marine nematodes (e.g. Vibrio gordius and Vibrio anguillula 

marina). Between the 15*̂  and 19*"̂  century most nematologists devoted their time to 

descriptions and investigations of the life cycles of parasitic species. 

Only in the 19"̂  century did the taxonomic descriptions of nematodes, including free-

living species, become more wide spread. Major contributions to the description and 

classification of nematodes in the 19'̂  century came from Rudolphi (1808), Oken (1815), 

Dujardin (1845), Diesing (1851, 1861), Leydig (1854), Eberth (1863), Bastian (1865), 

Schneider (1866), Biitschh (1873, 1874, 1976), Villot (1875), von Linstow (1876 - 1892), 

Orley (1880, 1886) and von Daday (1894 - 1910). Dujardin (1845) was the first to conduct 

detailed research into the free-living nematodes to which he gave the suprageneric name 

Enopliens. He established four genera, Enoplus, Oncholaimus, Rhabditis and Dorylaimus, 

all of which are still valid, including some of his original species. Bastian (1865) described 

100 new species of 22 new genera of free-living nematodes. All of his genera are still in 

use, although some have a revised content, and many of his species remain vahd to this 

day. However, he grouped all free-living nematodes under one family, the Anguillulidae, 

and divided these into soil and fresh-water inhabiting species and marine species. Bastian 

also made significant contributions to the anatomy of free-living nematodes. Schneider 

(1866) concentrated on the parasitic nematodes and barely touched on the free-living 

species in his monograph. He provided anatomical descriptions, histological information 

and detailed illustrations of the species he studied. Biitschli (1873 - 1876) worked with all 

types of free-living nematodes. He corrected many of Bastian's mistakes, described more 

species and added more information on anatomical characters. He discussed tentative 

relationships between genera but did not advance to higher levels of relationships. Orley 

(1880, 1886) constructed the first comprehensive taxonomical survey and the first usable 

key for free-living nematodes. He divided the order Nematoda into the Parasita, 

Rhabditiformae and Anguillulidae. Orley explicitly stated the marine ancestry of 

nematodes with a secondary colonization step of terrestrial and limnic genera back into the 

sea. Despite his realization that the free-living nematodes were paraphyletic he still 
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grouped all aquatic and many terrestrial genera (excluding the Rhabditidae) in the group 

Anguillulidae. 

During the late 19^ and early 20^ century, two contemporaries made the probably 

biggest contribution to the science of Hematology: the Dutch, Johannes Govert de Man, 

and the American, Nathan August Cobb (1859 - 1932). De Man proved to be Europe's 

most prolific nematode and crustacean taxonomist. Typically for European scientists of his 

time he published most of his papers in French and German, some in his native Dutch but 

none in English. Between 1876 and 1922 de Man described a wealth of new genera and 

species and included excellent drawings of a standard that has never been surpassed using 

light microscopy. In 1886 and 1904 he published two volumes devoted entirely to the 

detailed anatomy of nine marine nematode species, one of which was new to science. He 

also devised a formula (the so-called "de Man formula") that describes the body 

dimensions of each species and he introduced the dichotomous key. From a taxonomic and 

ecological point of view, his work was pioneering for Northern European nematode fauna 

surveys. However, despite his extensive work on taxonomy and anatomy he never 

attempted the classification of these disjunctive genera beyond the eight families he 

introduced in his 1876 paper (Ironidae, Dorylaimidae, Tylolaimidae, Odontosphaeridae, 

Ptychopharyngiae, Tripylidae, Monhysteridae and Odontopharyngidae). Five of these 

families (Ironidae, Dorylaimidae, Tylolaimidae, Tripylidae and Monhysteridae) are still 

valid today although with a revised content of genera. 

Cobb (1888 - 1935) was de Man's counterpart in the New World. Unlike de Man, 

who stayed in Leiden (The Netherlands) for his entire career, the native American 

frequently travelled the world with extensive visits to Europe and Australia, Interestingly, 

he started his career in Jena, Germany, where he passed his PhD in 1888. He published a 

large number of taxonomic works on soil and plant-parasitic nematodes. Many of his 

works were collected in the "Contributions to a science of nematology" (1914 - 1935). 

Unfortunately, for newly described species he often provided only brief descriptions 

without drawings, which made recognition difficult in many cases. However, where he 

provided drawings they were of extremely detailed nature. Cobb introduced an alternative 

formula to de Man's that expresses the length of various parts of the body as percentage of 

the total body lengths and provided the corresponding relative body width. Cobb (1919) 

also provided the only key describing all free-living nematode genera known at the time. 

He was the first to classify the nematodes as an independent phylum but his use of the 



Birgit Meldal 1. Introduction 19 

morphology of the buccal cavity as the single important character for his classification 

forced many previously recognised natural groups apart. 

1.1.2 The coming-of-age of nematode systematics 

The early 20^ century saw an explosion in the number of nematode surveys covering 

most of Europe, Russia and North America (e.g. G. Schneider, 1906, 1926, 1927; 

Jagerskiold, 1901 - 1909; Ditlevsen, 1911 - 1928; Schwarz, 1911, 1912; Menzel, 1912 -

1929; Hofinanner, 1913 - 1915; Steiner, 1914 - 1945; Stefanski, 1913 - 1954; Micoletzky, 

1913 - 1927; Filipjev, 1929; Kreis, 1928, 1929; de Coninck, 1931 - 1965; Schuurmans 

Stekhoven, 1931 - 1954; Wieser, 1951 - 1967). Most remarks on the relationships of the 

species covered did not advance further than the family level. 

Filipjev (1918/1921, English translation 1968/1970, and 1934) drew up the first 

comprehensive classification of free-living nematodes with specific emphasis on the 

marine species. He disagreed with Cobb's (1920) assumption that nematodes are an 

independent phylum and ranked them as a class with eleven orders of which five contain 

free-living nematodes (Enoplata, Chromadorata, Desmoscolecata, Monhysterata, 

Anguillulata) and the remaining six are entirely parasitic (Oxyurata, Ascaridata, Spirurata, 

Filariata, Dioctophymata, Trichurata). He rejected the division into two independent 

subclasses of free-living and parasitic species because of their homogenous body form. 

However, Filipjev suggested that if there was any division of the orders into subgroups it 

should be between the Anguillulata (containing most free-living rhabditids and tylenchids) 

and the remaining four orders of free-living nematodes rather than between the 

Anguillulata and the six orders of parasites. 

Micoletzky (1922) provided a detailed taxonomic key of the free-living soil 

nematodes including limnic species. He was forced to exclude the marine species as the 

Second World War prevented him from doing the relevant fieldwork. Micoletzky criticised 

Cobb's approach to using the buccal cavity morphology as a systematic criterion but 

nevertheless regarded a different interpretation of the same characteristics as the most 

suitable basis to a comparative analysis of anatomy. Micoletzky, however, did not attempt 

a reclassification of the nematodes. Baylis & Daubney (1926) attempted the classification 

of the whole group of nematodes but as they had little knowledge of the free-living genera 

their attempt found little support. Schuurmans Stekhoven (1935) divided the nematodes 

into two subclasses, the Nematoda errantia and Nematoda parasitica. He stated explicably 

that it was nearly impossible to compare the two groups because of the profound 

morphological differences and logistical complications as few nematologists were working 
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on species of both groups reflecting the deep split between nematologists and 

helminthologists. 

Chitwood laid down the basis of the modem system of nematode taxonomy: First 

published in 1933, and revised in 1937 and 1950 (Chitwood & Chitwood), he divided the 

phylum Nematoda into two (apparently natural) classes, the Phasmidia and Aphasmidia, 

named after caudal sensory organs (phasmids) that are only present in the former group. 

His works included both, parasitic and free-living genera. Most revisions of his system 

focused on the discussion of whether the Nematoda is a phylum in its own right or a class, 

and on the number of subclasses, superorders or orders nematodes are divided into 

including the assignment of certain families into their respective orders (de Coninck, 

1965). In 1958, Chitwood followed his colleagues and changed the terms of Phasmidia and 

Aphasmidia back to von Linstow's (1905) older terms of Secementea ('secretors', species 

with an excretory system with lateral canals) and Adenophorea ('gland-bearers', species 

with caudal glands) respectively, thus avoiding the confusion with an order of insects 

called Phasmida. It should be noted that the extent of von Linstow's Secementea and 

Adenophorea differs greatly to the modem classification. 

Andrassy (1976) provided the first extensive and comprehensive approach to the 

classification of all nematodes. He rejected the two class/subclass division because he saw 

many common, positive characters and suggested three subclasses of the class nematoda: 

the Secementia (almost identical to Chitwood's Secementea), the Torquentia (instead of 

Chromadorida, but slightly different in extent) and the Penetrantia (instead of Enoplida, but 

slightly different in extent). However, he did not regard all three groups as of equal 

evolutionary age but proposed that the Penetrantia derived from an ancestor of the 

Torquentia and that the Secementia evolved most recently from within the Plectoidea 

(Torquentia). The latter relationship is based on similarities between species of the 

Rhabditidae and Plectoidea, a connection already made by Chitwood & Chitwood (1950) 

and others. Coomans (1977) reviewed Andrassy's work and listed a great number of 

factual errors. He pointed out inconsistencies in the ranking orders, most pronounced in the 

case of the ancestry of the subclass Secementia from the lower ranked superfamily 

Plectoidea. He also stated that Andrassy was by far not the first to criticise the 

classification of the Adenophorea as unnatural. In principle, Inglis (1964) had already set 

out the same three-way division of the nematodes as Andrassy and had questioned the 

monophyly of nematodes altogether. Other authors (Maggenti, 1963, 1970; Gadea, 1973; 

Drozdovskiy, 1980; Adamson, 1987; Malakhov, 1994) also agreed on the three-way 
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classification of nematodes with a closer affinity of the Secementea (Rhabditia sensu 

Malakhov; Rhabditea Adamson) to the Chromadoria. J. Goodey (1963a) rejected 

Chitwood's systems in the revision of his father's monograph on soil and fresh-water 

nematodes (T. Goodey, 1951) based on the presence of phasmids in Euteratocephalus 

crassidens (de Man, 1880), an otherwise 'aphasmidian' nematode, 

Lorenzen (1981) criticised the three-way division of nematodes based on extensive 

studies of aquatic free-living nematodes. A revision and subsequent translation into 

English of this work appeared in the same year as Malakhov's review (1994). Lorenzen 

accepted Chitwood's system of two main groups of nematodes and gave a detailed account 

on the plesiomorphies and holapomorphies on which he based his revised classification of 

the Adenophorea. In contrast to Inglis (1964) and Andrassy (1976), he argued that, within 

the Adenophorea, the Enoplia are more primitive than the Chromadoria. Lorenzen used 

twelve characters for his analysis, two of which had not been used previously for a 

classification of nematodes; the presence of metanemes in the Enoplida and the number of 

gonads and their position relative to the intestine. Lorenzen (1994) and Malakhov (1994) 

made the last major revisions of the phylogenetic systematics of nematodes using 

morphological characters. 

1.1.3 The shortcomings of morphology-based classifications 

It becomes obvious that nematode systematics is inherently problematic and 

controversial. Almost all classic attempts to establish a system for the Nematoda were 

based on the assessment of similarity of a small selection of characters, often a single 

character alone (e.g. Diesing, 1851, cephalic setae; Bastian, 1865, cuticular annulation; 

Schneider, 1866, somatic musculature; Cobb, 1919, stoma armature; Micoletzky, 1922, 

stoma structure (and ecology); Maggenti, 1963, 1983, pharynx structure and excretory 

system). 

Andrassy (1976) slightly advanced on this system and compared the number of 

diagnostic characters shared between different groups of nematodes and between 

nematodes and other higher taxa. The shortcomings in his work lie in the lack of 

comparability, as he used different suites of characters for different pairwise comparisons. 

Hence, any numerical similarities established by Andrassy are relative and not comparable 

between different pairs of taxa. Nevertheless, as will be evident from the current study, his 

system introduced phylogenetic relationships that have stood the test of time and proved to 

be as valuable as other works that claim to have chosen a more 'suitable' approach (de Ley 

& Blaxter, 2002). 
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In his revision of the Adenophorea, Lorenzen (1981/1994) was the first to explicitly 

adapt Hennig's (1966) principles of phylogenetic systematics to the classification of the 

Nematoda. Whilst his approach was extensive and very detailed, its recognition of 

uncertain relationships was also its failure. For many groups, mainly at the family level, 

Lorenzen did not find symplesiomorphies with other higher taxa. Instead of providing 

possible tentative links to monophyletic groups he combined such taxa into potentially 

paraphyletic 'bucket groups' (de Ley & Blaxter, 2002), leaving its resolution to later 

generations of nematologists. The establishment of these 'bucket groups' also led him back 

to Chitwood's outdated two-class system instead of recognising the paraphyly of the 

Adenophorea. 

As can be seen from the above discussion, all the classic morphology-based 

phylogenetic systems of nematodes are pragmatic and do not necessarily reflect the 

evolutionary relationships of the taxa. There are two main reasons for the controversy over 

the 'true' phylogeny of nematodes. Firstly, nematodes have a very simple body plan with 

few apparent characters above the ultrastructure level. Most species are also very small 

(>100 iim to a few millimetres), with the exception of some vertebrate endoparasites that 

can reach several metres in length. [The longest nematode known is Placentonema 

gigantisma, from the placenta of the sperm whale, at up to eight meters in length.] Many 

characters show gradual changes without providing clearly defined states (relative 

measurements, longer/shorter than a certain value), other characters exhibit diverse 

variations and homology assessments become very difficult (e.g. buccal cavity). Lorenzen 

(1981/1994) attempted to give each character a value and to explain its evolutionary 

history. However, several times he characterised the lack of a feature as a primary loss 

(e.g. the presence of metanemes in only the Enoplida) while defining the nematodes as a 

monophyletic phylum. Since evolution is the adaptation of a species to a change in 

environment featuring as either specialization or loss of characters, a missing character 

within a monophyletic group can only be interpreted as secondary loss. These secondary 

losses are of no phylogenetic validity because they can occur several times during 

evolution. Because comparison should only be made between homologies, i.e. features of 

the same evolutionary origin, similar looking features have to be tested for homoplasy. 

Many distantly related nematode species live in similar environments and similar-looking 

characters might just be the product of convergent evolution or parallelism, in which case 

they are analogies rather than homologies. This leaves very few useful common characters 

across the whole range of nematodes rather than only for closely related species. Section 

1.2 explores the theoretical background of homology assessments in more detail. 
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The second problem is the lack of a significant fossil record for nematodes. Only few 

nematodes have been preserved in amber and they belong almost exclusively to the group 

of mermithids and tylenchids (Poinar, 1985, 2003). In the presence of a fossil record the 

evolutionary history of a character can be analysed much easier but without a 

comprehensive fossil record for nematodes homology assessments of morphological 

characters are based entirely on data from extant species. 

In the second half of the last century, new technologies emerged that aided the 

observation and analysis of morphological characters. Microscopy advanced from the use 

of simple illumination of the 19^ century to include a variety of filters (e.g. phase contrast, 

Nomarski filters) that can highlight various structures, often aided by specific staining 

procedures. A major revolution in microscopy occurred with the introduction of the 

electron microscope (EM) in the 1960s (Ferris, 1994). EM technology led to the discovery 

of a wealth of additional and rudimentary structures and characters, especially in the field 

of ultrastructure studies on, for example, the homology of the buccal cavity morphology 

and on the cuticle. However, this technique is relatively expensive and has been used 

mainly in the study of economically important parasitic nematodes (Dorris et al, 1999). It 

is still little used in the investigation of many groups of non-parasitic species including 

most marine nematodes (exception: Urbancik et al., 1996a, 1996b). 

At the same time, selected nematodes were studied for embryological and post-

embryological development and the history of cell lineages. Ontogenetic data can reveal 

the history of the evolution of a character, but until today studies in this field are still rather 

rare and focused on selected species {Caenorhabditis elegans, Pristionchus pacificus, 

Enoplus spp., Pontonema vulgaris, Anoplostoma vivipara) (Malakhov, 1974; Malakhov & 

Cherdantsev, 1975; Malakhov & Akimushkiva, 1976; Malakhov, 1977; Malakhov & 

Cherdantsev, 1977; Alberch, 1985; Malakhov, 1998). 

1.1.4 The molecular revolution 

Parallel to the technological development in the study of morphological characters, a 

new type of data has emerged: molecular characters. The main advantage of using 

molecular markers is that the mode of molecular evolution is better understood than that of 

morphological evolution (see Section 1.2). The rate of molecular evolution is thought to be 

the same as the rate of speciation and molecular techniques can give statistical support for 

the degree of divergence between species. In cases where fossils exist the genetic distance 

can also be converted into evolutionary time, establishing a molecular clock. The latter is 

not possible for nematodes because of a lack of fossils. Biochemical methods were 
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introduced into nematology in the 1970s, later than for other animal taxa (Hussey, 1979). 

The first molecular characters were based on the analysis of protein differences in the 

fields of serology, gel electrophoresis of isoenzymes and restriction site analysis (Nadler, 

1990; Ferris, 1994). The protein-based techniques were successful in the study of 

population genetics only for large, mainly endoparasitic nematodes but were too 

insensitive for the small plant-parasitic and free-living species. 

The discovery of the polymerase chain reaction (PCR) in the 1980s (Mullis & 

Faloona, 1987) and the availability of direct DNA sequencing technology in the 1990s 

allowed the analysis of population genetic structures and systematics of all groups of 

nematodes. Recent studies on the deep phylogeny of nematodes have used the small (18S) 

(Aleshin et al, 1998; Blaxter et al., 1998; Kampfer et al., 1998) and the large (26/28S) 

(Litvaitis et al., 2000) subunits of the nuclear ribosomal RNA (rRNA) genes. Other 

studies, looking at differences between species and strains of parasitic and terrestrial 

nematodes have used different mitochondrial genes and the two internal transcribed 

spacers (ITS) of the rRNA; the latter evolve faster than the rRNA genes themselves 

because they are non-coding (e.g. Hyman, 1988; Thomas & Wilson, 1991; Gasser et al., 

1993; Powers et al., 1993; Campbell et al., 1995; Zarlenga et al., 1998; Hoberg et al., 

1999; Watts et al., 1999; Nadler et al., 2000). 

Three landmark studies on the phylogeny of nematodes using the 18S gene were 

published in 1998. An Austrian group (Kampfer et al., 1998) compared 18S sequences and 

17 morphological characters of 13 'adenophorean' and 15 'secementean' nematodes. Only 

the 13 'adenophorean' species were included in the morphological analysis. All 28 

sequences were included in the molecular analysis that strongly supported the monophyly 

of each of the two groups. However, all but two of the 'adenophorean' species belong to 

the same family, the Desmodoridae {sensu Lorenzen 1981/1994), and all but one of the 

'secementean' species belong to the order Rhabditida {sensu Lorenzen 1981/1994). It is 

therefore of little surprise that the two main groups appear to be sister taxa when rooted on 

a non-nematode outgroup taxon. 

A consortium of European and American nematologists (Blaxter et ah, 1998) 

sequenced over 50 nematodes from a wide variety of trophic groups. They concluded that 

(a) nematodes form five distinct clades, (b) the Chromadoria are paraphyletic, (c) the 

Secementea form three clades and (d) parasitism is of multiple evolutionary origin within 

the nematodes. In more detail, Clades I and II are most basal to the tree and both consist of 

a mixture of parasitic and free-living Enoplia, with the marine Enoplida found in Clade II. 
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Clades III, IV and V are sister clades containing all Secementea. Clade III contains three 

groups of vertebrate parasites and one group of invertebrate parasites previously not linked 

this closely together. Clades IV and V both contain a mixture of parasitic and free-living 

species. Representatives of the Rhabditida are found in both of these clades; therefore the 

Rhabditida are paraphyletic. The position of the Chromadoria could not be established 

definitely. However, the family Plectidae clustered most basal to the Secementea, forming 

a "Secementea + Plectidae" clade. The remaining Chromadoria were found basal to the 

Secementea + Plectidae clade forming a "Chromadoria + Secementea" clade. The division 

of the Chromadorida and Monhysterida within the Chromadoria could not be established 

because only one monhysterid nematode was sequenced. The gross picture that emerged 

from this study is that the Nematoda are divided into two major clades, the Enoplia and the 

Chromadoria plus Secementea, with a deep division within the Enoplia. However, the 

authors themselves believe that the Chromadoria are more closely related to the Enoplia 

than to the Secementea and that the secementean ancestor can be found within the 

Chromadoria, possibly within the Plectidae. The multiple origin of parasitism was 

interpreted further by Dorris et al. (1999) and Blaxter et al. (2000). 

The third study, by a Russian group (Aleshin et al., 1998), came to a similar 

conclusion as Blaxter et al. (1998). Using fewer species but testing a variety of outgroups, 

they concluded that the nematodes are monophyletic and can be grouped into four clades: 

Clade I consists of part of the (paraphyletic) Rhabditida and the Strongylida, clade II of the 

Monhysterida, Plectida and all Secementea (including Group I) and clade III of the 

Chromadorida, Desmodorida and Group II. The fourth clade, the Enoplia, are the most 

basal group to the tree, with a deep division that could not be resolved further. The overall 

division of the nematodes became most apparent in an analysis of "Hairpin 49", one of the 

characteristic loops in the secondary structure of the 18S gene that is normally very 

conserved. The authors found a region of an accumulation of 35 substitutions that they 

called the "secementean stem". This differentiation was also found in plectids and 

monhysterids, was rudimentary in the remaining Chromadoria but not present in any 

representatives of the Enoplia. 

Litvaitis et al. (2000) compared over 40 nematode sequences of the D3 extension 

segment of the 26/28S gene. Using constrained analysis on the major groups they came to 

the following conclusions: (a) the Secementea are monophyletic, (b) the Rhabditidae are 

monophyletic after constraint analysis despite polyphyletic appearance, (c) the 

Adenophorea are paraphyletic and the synapomorphies are actually plesiomorphies for all 
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nematodes, (d) the Chromadoria are monophyletic after constraint analysis despite 

polyphyletic appearance, (e) the Chromadorida, Monhysterida and Desmodorida {sensu 

Lorenzen, 1994) are all monophyletic and together with the Desmoscolecida (and 

Leptolaimida?) form the Chromadoria, (f) there is a deep split within the Enoplia and (g) 

the closest living taxon to the Secementea lies within the Plectidae (Chromadoridae) or 

Comesomatidae (tentatively Monhysterida, unresolved). Overall, they suggested the use of 

the term Adenophorea only in a historical sense and to establish two classes of Nematoda, 

the Enoplia and the Chromadoria. 

These four studies exemplify the trend in the interpretation of molecular data of 

nematodes toward a two-class division of Enoplia and Chromadoria with the Secementea 

as a group derived from the Chromadoria. While the relationship between the Enoplia and 

Chromadoria could not be resolved entirely there seems to be a tendency that the common 

ancestor of the Chromadoria may be found within the ancestors of the Enoplia and that the 

former class is more derived than the latter class. This interpretation is also supported by 

Adamson (1987) who performed a cluster analysis of 12 morphological characters and a 

few studies comparing features of the embryological development to the tree of Blaxter et 

al. (1998) (e.g. Voronov et al., 1998; Voronov, 1999). 

In 2002, de Ley and Blaxter wrote the introductory chapter to a new book on 

Hematology and established a new system of the phylum Nematoda including all 

morphological and molecular data to date. Relationships that were strongly supported 

under bootstrap of molecular data were used as the basis of the new classification. Taxa for 

which no molecular sequences were available were added to the system based on 

established morphological characters. The phylum Nematoda was divided into two classes, 

the Enoplea and Chromadorea, with two subclasses in the Enoplea (Enoplia and 

Dorylaimia) and a single subclass for the Chromadorea (Chromadoria). The root is placed 

somewhere between the three subclasses, potentially rendering Enoplea paraphyletic. The 

major change to any previous systems is the new ranking of many 'secementean' taxa. In 

order to preserve true phylogenetic nestedness, i.e. a derived taxon cannot be of higher 

rank than its ancestral group, the former (sub-) class 'Secementea' has been downgraded to 

the order Rhabditida. As a consequence of the loss of at least one ranking level in this 

group, de Ley and Blaxter introduced the rank of infraorder to preserve the then currently 

accepted superfamilies and lower ranks. 

In all above sections, the original taxon names according to the author under 

discussion were chosen. The classification and nomenclature of the remaining part of this 
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thesis is taken from de Ley and Blaxter (2002) unless it is otherwise quoted. References to 

the old taxa 'Adenophorea' and 'Secementea' are only made in the historical sense. 

Similarly, owing to the advances in technology and especially in molecular character 

analysis, the status of the Nematoda as a phylum is now widely accepted (de Ley & 

Blaxter, 2002) and treated as such in this thesis. 

1.1.5 A plea for integration 

Whilst this thesis is focused on the systematics of nematodes it has wider 

implications for many fields of nematology, namely diagnostics, ecology, biodiversity and 

biogeography. In the last decade, a number of forum articles have been published in the 

journal "Fundamental and Applied Nematology", now "Nematology", highlighting the 

lack of future taxonomists, especially in the field of nematology (Ferris, 1994, Hyman, 

1996; Hugot et al, 2001; Coomans, 2002). Modem nematology attracts most funding for 

research into diagnostics and studies related to conservation issues with a focus on the 

application of molecular technologies to these fields. However, species can only be 

identified correctly by well-trained taxonomists unless barcodes exist (Floyd et al., 2002), 

and estimates for conservation purposes have to be made on the base of a sound 

understanding of the relationships of species. Therefore, taxonomic background knowledge 

is of pivotal importance today as it has been in years gone by. 

A second, and equally important point raised by the above mentioned authors is the 

lack of integration of scientists of the different fields of nematology. As discussed earlier 

in this chapter, this lack of dialogue is historical and experts in the different fields of 

nematology became more and more unable to look past the boundaries of their own 

discipline. With the advancement of molecular techniques renewed interest has been raised 

in the classification of the whole phylum (e.g. Blaxter et al., 1998). It has become clear 

that scientists from all fields of nematology and helminthology need to work together to 

resolve this problem. The effort into integrating the different disciplines has shown limited 

success to date. In 2002, the Fourth International Congress of Nematolegists saw for the 

first time a whole session devoted to aquatic and marine nematode biodiversity and with it 

the first attendance of delegates with a background purely in marine nematology. However, 

there were still a few "helminthologists", who held their own meetings, and the whole 

conference was dominated by sessions covering topics of agricultural nature. 

The integration of nematologists from different disciplines is further hampered by the 

discordance in terminology. To give but one example: the anterior feeding apparatus is 

commonly known as the buccal cavity by aquatic nematologists, buccal capsule by 
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helminthologists and stoma by nematologists working with terrestrial nematodes and plant 

parasites. Some also include this region into the pharynx, the anterior digestive region 

which otherwise is known as the oesophagus. To complicate matters further, marine 

nematologists use the term buccal capsule for the specific strengthening and potentially 

doubling of the head cuticle. Following Hugot et al. (2001), there is urgent need for a 

clarification and standardisation of terminology if the classification of nematodes and the 

integration of Hematology as a unified discipline are to be successful. 
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1.2 Phylogenetic systematics - theory and implementations 

Ever since man had an interest in the natural world he has tried to understand the 

relationships and interactions of the different organisms living on this planet. Initially this 

was purely for survival reasons; if the hunter or gatherer was able to predict the next move 

of prey he was able to be a step ahead and had a better chance of success. Later on, 

philosophers of the ancient world (Egypt, Greece, and Rome) started to construct more 

advanced theories about mankind and its surroundings. But it took the great modem 

naturalists to understand the details of how our world works. Linnaeus (1767) established 

the first classification system of all animals and plants known by his time and created the 

binomial system of genus-plus-species names that is still used today. Ever since Darwin's 

theory of evolution and Mendel's analysis of inheritance scientists have improved our 

knowledge of the relationships among all living organisms on earth. 

Phylogenetic systematics is the study of the reconstruction of relationships of a group 

of organisms in terms of their evolutionary history. Relationships are determined by 

similarity of comparable features. Initially these features were related to the outward 

appearance of the organism (morphology), physiological details and their behaviour and 

ecology. In the second half of the 20^ century molecular characteristics were added to the 

pool of useful features. Molecular characters include physiological pathways, blood 

groups, protein characters and DNA, RNA or protein sequences. The most important part 

in the determination of relationships amongst different organisms is to compare the 

homologous characters. 

1.2.1 Definition and treatment of characters 

1.2.1.1 Character coding 

Phylogenetic reconstructions are based on characters and their states. There has been 

some argument about the true definition of these in respect to a taxon and an individual 

organism. Jardine (1969) made an easy and logical distinction: characters refer to taxa 

while organisms are characterised by specific character states. Or, to put it into the context 

of a character matrix, characters are the independent entities in the data matrix (columns or 

rows) and character states are the values of the individual cells. 

Characters can be divided into qualitative vs. quantitative and discrete vs. continuous 

variables. Most phylogenetic analysis techniques only accept discrete, qualitative data 

because continuous or quantitative characters are difficult to code as discrete entries in a 
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data matrix. Exceptions are those quantitative measurements that can be translated into 

qualitative characters such as relative lengths or ratios and similarities or distances because 

they can take on discrete numerical values. Overall, distinct, qualitative characters are 

those that distinguish groups and sister relationships unambiguously. 

A character state that is thought to be ancestral to a sister-group relationship is 

termed plesiomorphic (shared and common) while a character state that is thought to have 

arisen from within this sister group is termed apomorphic (shared and derived). 

Furthermore, a character state that is found in the most recent common ancestor of one 

sister group, but not in its closest neighbour, is called a synapomorphy with respect to its 

closest neighbour but a symplesiomorphy with respect to any taxa within this sister group. 

A last situation occurs if a derived state is present only within one terminal taxon in a sister 

group, this state is called an autapomorphy. Autapomorphies are uninformative for 

phylogenetic reconstruction because they only define one terminal taxon and do not 

provide any information on sister-group relationships. 

Only apomorphies are informative for cladistic reconstruction because they define 

specific sister groups, while plesiomorphies only give information about the commonality 

of a group, rather that its separation from its sister groups. Defining plesiomorphic and 

apomorphic character states relies on rooting the resulting cladogram (see Section 1.2.5), 

because these terms are dependent on the directionality of character change or more 

precisely, the evolutionary process itself All the above principles were originally defined 

by Hennig (1966). 

Characters that are used in phylogenetic reconstructions have to be of common 

evolutionary origin for all taxa in the data set, that is, they have to have been derived from 

a common ancestral character. Such characters are called homologies. Homologous 

morphological characters have to be derived from the same original structure; homologous 

molecular characters must originate from orthologous genes, i.e. genes that have the same 

evolutionary origin. 

If the same character state is found in more than one terminal taxon, one would at 

first assume it to be a synapomorphy for a sister relationship of these taxa. However, with 

real data, there can be conflicting characters, where one character supports one sister-group 

relationship, and another an alternative. In this case, one of the characters cannot have 

arisen only once from a common ancestor of this sister group. This character must either 

have multiple origins (parallelism or convergence) or a later mutation must have changed it 

back into a previous state (reversal). Conflicting characters are called homoplasies. 
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Characters that support the same groupings are consistent. There are two types of 

consistent character: compatible characters are consistent within the same data set and are 

judged prior to cladogram construction, while congruent characters support the same 

phylogenetic hypothesis and are determined a posteriori (Sharkey's (1994) interpretation 

of Farris, 1971). Characters that are incompatible or incongruent, i.e. characters that are in 

conflict with other characters in the data set or established phytogeny, are homoplasies. 

There are three different types of taxa within an established cladogram. In real 

examples, these groups often have Linnaean names. Monophyletic groups contain all 

descendants of a common ancestor and are defined by synapomorphies. Paraphyletic 

groups contain some but not all subgroups of a monophyletic group and are defined by a 

suite of symplesiomorphies; in other words, the lack of specific apomorphies defines the 

individual subgroups. Polyphyletic groups contain subgroups based on homoplasies and 

therefore do not contain true cladistic groups. 

Synapomorphies are homologies that define monophyletic groups and are continually 

tested in a cladistic analysis. For true cladists, only synapomorphies are true homologies, 

and define true cladistic groups. 

1.2.1.2 Linkage and covariation 

Character coding has to be conducted with great care because most available 

algorithms for phylogenetic reconstructions interpret characters as independent evidence of 

relationships (Wilkinson, 1995). That is, all characters in the matrix are treated as 

independent entities. In biological reality however, there are numerous reasons why this 

assumption might be violated. The change from one character state to another in Character 

A might be directly hnked to the change in Character B. This can be a result of functional 

dependence (such as the secondary structure of the ribosomal RNAs, see Section 1.2.3.4) 

or gene linkage. In an ideal situation, all characters can be clearly identified and are fully 

independent of each other. In this case coding would be simple and phylogenetic 

reconstruction would find the true tree, providing the reconstruction method is consistent. 

However, if there is insufficient evidence concerning character linkage, incorrect coding 

can result in construction of homoplasies and non-most parsimonious cladograms. 

1.2.1.3 Binary versus multistate coding 

There are two fundamental character-coding strategies: semi-independent, binary 

character coding (or reductive coding, Wilkinson, 1995) or multistate character coding (or 

composite coding, Wilkinson, 1995). In multistate characters all states (or combinations of 
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states) of a hypothetically homologous character are coded as independent states of one 

character (or all possible combinations), where one state denotes the absence of the 

character altogether and the remaining states identify the different phenotypes or its 

various combinations. Multistate coding minimises the effect of linkage, and hence the 

departure from independence (Pleijel, 1995) but the constituent binary characters of a 

multistate character cannot be tested independently. Alternatively, in semi-independent, 

binary coding the character states of the multistate character are treated independently. 

There are three variations for binary coding (Pleijel, 1995): 

1) Each potentially independent feature of the multistate character is coded 

independently and has an additional state coding for the absence of this character 

altogether. Coding the absence of a character as an extra state can cause problems when the 

complex structure of a reductively coded character suite is entirely absent in a taxon. 

Duplicated coding of absence will overestimate the phylogenetic signal of the absent 

structure (Maddison, 1993). 

2) One character codes for the presence/absence of the feature and additional 

characters code for the different potentially linked real characters. This method avoids the 

problem of duplicated coding but introduces questions about the treatment of missing data 

(see Section 1.2.1.5) because absence in the real characters has to be indicated as missing 

data ('?'). 

3) The last option is to code each state separately as presence/absence without 

attempting to account for potential character linkage. This option has the advantage that no 

account has to be made for missing data; however, no differentiation can be made between 

the three types of missing data. 

Multi-character, binary state coding potentially gives more weight to the variation in 

the underlying independent character than multistate coding. If one change occurred in 

each of two independent characters in a binary coded matrix, it would add two steps to the 

total cladogram length whilst the same biological change would only add one step to the 

multistate-coded cladogram. Only if there is evidence of the underlying biological and 

evolutionary processes of a suite of characters, one could make an informed choice 

between the two coding strategies. Wilkinson (1995) suggested that if the character can be 

divided into subsets of characters and they do not covary, then it might be safe to assume 

biological independence and binary coding (or at least less complex multistate coding) 

should be used. If, on the other hand, two binary characters seem to vary directly with the 

states of their more complex multistate character, the more reduced characters are not 
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biologically independent and subsets of the complex character should be discarded to avoid 

overweighting of the phylogenetic evidence of the underlying variation. 

Binary and multistate characters deal differently with homoplasy. If two different 

features of one structure are incongruent (see Section 1.2.7) binary coding will reconstruct 

the homoplasy on the cladograms. Multistate coding, on the other hand, cannot be 

incongruent within itself; thereby it cannot display any evidence of the underlying 

homoplasy of the components of the complex character. 

1.2.1.4 Order and polarity 

When conducting a parsimony analysis of multistate characters a decision has to be 

made on its transformation series (or optimisation). The character states may either change 

freely into any other state increasing the cladogram length by one step independently of the 

nature of the change. In this case, character change is non-additive, or unordered. 

Conversely, character transformation may be restricted according to a predefined order 

where a change from one state to another has to pass through all intermediate states. In 

additive, or ordered, transformation, the cladogram length is increased by the number of 

changes a character must have gone through even if this has not been observed directly. If 

the plesiomorphic state of the character is known, the character is polarised. A priori 

polarisation of characters requires additional information about the data, such as 

palaeontological or ontogenetic evidence. If character order and polarization are 

unavailable a priori, characters are treated as unordered and polarisation is read off the 

rooted cladogram (see Section 1.2.5). Until today, nucleotide sequence data are always 

treated as unordered, multistate characters. Differential weighting of transitions and 

transversions or successive weighting of all characters are used to apply constraints on a 

transformation series. 

Characters can be fully or partially ordered (Wilkinson, 1995). In a fully-ordered 

character state network there is only one possible transformation series for each character 

change; the extreme case is the linear character state tree. If, on the other hand, a character 

state network has rejoining branches that allow alternative pathways for character 

transformations, the character is defined as incompletely or partially ordered. Wilkinson 

(1992) introduced the method of intermediates for the incomplete ordering of multistate, 

composite characters. The number of steps required to change from one state to another are 

coded in a step-matrix. Only incomplete ordering by the method of intermediates and the 

use of a step-matrix is analytically equivalent to reductive, binary coding and can retrieve 

the same most-parsimonious trees. Any other ordering or unordering of multistate 
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characters will lead to substantially different trees than those from binary coding of the 

same character suite. 

Therefore, the choice between ordered and unordered character optimisation also 

makes an important assumption about the underlying evolutionary model (Mickevich & 

Weller, 1990, Wilkinson, 1992). Unordered characters simply ignore any similarity 

between its states and assume equal probability of all changes. Characters ordered by the 

method of intermediates make the assumption that neighbouring states are more similar to 

each other. 

1.2.1.5 Missing data 

As already mentioned above, there are cases where data are missing for some 

characters in some taxa. The underlying cause for missing data is threefold: the character 

state might be unknown (e.g. because of lack of sampling), the character might be 

inapplicable because it is difficult or impossible to score, (e.g. because a taxon does not 

possess this feature) or the character is polymorphic (i.e. two or more alternative states 

have been observed). In the case of a binary character (0 or 1), an unknown character can 

have states 0 or 1, an inapplicable character has neither state 0 nor 1 and a polymorphic 

character has states 0 and 1. The problem is that there are no algorithms available that can 

differentiate between unknown and inapplicable states but modem computer programs 

such as MacClade (Maddison & Maddison, 1992) and PAUP* (Swofford, 2002) can 

account for polymorphisms. An unknown character is substituted by all possible states but 

truly unknown data can only be resolved by additional sampling. 

The debate continues on how to treat inapplicable data best. Characters containing 

unknown states for one or more taxa can be excluded altogether, thereby losing 

information for those taxa for which the character state is known. The unknown state can 

be coded as missing ('?'), which does not differentiate between the three possible 

interpretations. It can be coded as a new state or an arbitrary choice has to be made as to 

which alternative state is chosen. Alternatively, the taxon with the inapplicable character 

can be excluded from the analysis but this is a rather drastic measure and only applicable if 

many characters are missing (Nixon & Wheeler, 1992; Wilkinson & Benton, 1995). 

The inclusion of missing data, coded as '? ' in the matrix is likely to increase the 

number of equally best trees, i.e. equally parsimonious or most likely trees. In many 

instances adding more taxa to a data set will lead to a better resolution but this is not true in 

the case of missing data. As Platnick et al. (1991) showed, missing data increase the 
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amount of homoplasy and hence often reduces the resolution of the phylogenetic 

reconstruction. Missing data may also produce more resolved or more parsimonious 

reconstructions or spurious topologies all of which could not be recovered if the missing 

entry was replaced with all possible character states that would be allowed under plausible 

character evolution (Platnick et al, 1991, Maddison, 1993). 

Very recently, Wiens (2003) suggested that it is in fact the distribution of the missing 

data that produces the problems. If the missing cells are randomly distributed throughout 

the data matrix, as is common with molecular data, there are only a few complete 

characters available and the above problems apply. However, if the missing cells are 

concentrated within a few characters, such as in the case of a combined data set where a 

number of taxa are only scored for one of the individual sets, a large proportion of 

complete characters remain and the analysis can recover a reasonable phylogenetic 

hypothesis. These latest findings provide hope for the application of combined analyses 

with all available taxa even if some have not been scored for one of the data sets because 

of a lack of resources. 

1.2.2 Character weighting 

Differential treatment of characters can reduce homoplasy in phylogenetic 

reconstruction. As mentioned above, phylogenetic analyses often result in a number of 

equally parsimonious or most likely trees. One way of comparing the evidence of all these 

trees is by consensus analysis (see Section 1.2.7.1). However, consensus trees are always 

less powerful in explaining the data because they loose information compared to any of the 

fundamental trees (Mickevich & Farris, 1981; Farris, 1983; Miyamoto, 1985). An 

alternative to constructing consensus trees is character weighting. Character weighting 

assigns lower weight to those characters that introduce homoplasy compared to characters 

that are informative for phylogenetic reconstruction. Reducing the influence of 

homoplastic characters on the phylogeny also reduces systematic error (see Section 1.2.6). 

The weighting scheme can be employed before analysis starts {a priori) or after an initial 

run through the data {a posteriori). 

A priori weighting is usually done by character analysis. Character analysis is simply 

the re-examination of the original data by character observation, definition of homologies 

and polarity estimation with the aim of weeding out homoplasies and inappropriate coding. 

It is an iterative process and the standard procedure for morphological data. 
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A priori weighting of molecular data is more diverse: Hillis et al. (1993) and 

Swofford et al. (1996) discussed the different weighting methods for molecular characters. 

The two most radical forms of character weighting are equal weighting or character 

deletion. However, assigning equal or zero weights is as much an assumption on the 

evolutionary history of the characters as assigning differential weights. Alternatively, 

molecular characters can be weighted across or within positions. Across position weighting 

entails partitioning of the data and treating the partitions under different assumptions. 

However, in recent years it has become evident that traditional partitions such as codon 

positions or structural features (e.g. loop vs. stem regions of ribosomal RNAs) do not 

evolve in clear-cut patterns and each partition has to be examined anew for each taxon 

(Dixon & HiUis, 1993; Kallersjo et al., 1999; Farris, 2001) (see Section 1.2.3.4). 

Within-position weighting, or character-state weighting, differentiates between 

different base substitution rates of nucleotides in DNA sequences or synonymous versus 

non-synonymous changes of amino acids in protein sequences. For nucleotides, most 

commonly transitions are down-weighted compared to trans versions (Miyamoto & Boyle, 

1989) or differential weighting of base substitutions is incorporated in a substitution matrix 

(Swofford et al, 1996). An effective application of character state weighting is the iterative 

search with weighted parsimony and likelihood. The substitution matrix is estimated using 

maximum likelihood, the tree space is then searched by parsimony and the resulting trees 

are then evaluated and optimised with likelihood. The advantage of this iterative search is 

computation time compared to a full likelihood search (Swofford et al., 1996). 

A posteriori weighing methods are the same for morphological and molecular data. 

There are two different types, successive approximations weighting (Farris, 1969, 1989; 

short: successive weighting) and implied weighting (Goloboff, 1993). 

In successive weighting, characters are assigned the weight according to their level 

of homoplasy, i.e. their relative fit on the cladograms. The fit of the character can be 

measured as their (rescaled) consistency or retention index (see section 1.2.6.1). 

Successive rounds of weighting are used to stabilise the weights. Approximation is 

finished if two successive iterations yield no new weight estimates or new trees. 

Successive weighting does not reduce the number of cladograms recovered or choose 

between them. It only selects characters according to their fit to the cladogram. In reality, 

successive weighting may yield more cladograms than the initial analysis, may produce 

novel topologies and the new set of cladograms may also have a higher score. The 
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advantage of successive weighting is that the new trees will be more consistent and 

represent the best fit for all characters because ambiguous characters are down-weighted. 

There are, however, two types of problems with successive weighting. Firstly, the 

iterative search for the best tree can be trapped in a local minimum in the same way as a 

heuristic search (see section 1.2.4.2) (Neff, 1986, Swofford et al., 1996). Successive 

weighting can be effective if more extreme forms of weighting are used than the rescaled 

consistency index (Campbell & Frost, 1993; Swofford et al., 1996). The second problem 

lies in the lack of an optimality criterion by which the degree of improvement can be 

measured (Maddison, 1990). 

Implied weighting (Goloboff, 1993) uses the concave fitting function of cladistic 

consistency (Farris, 1969). Weights are based on implied homoplasy and a weight function 

and an optimality criterion is defined. The weights for all characters over the cladogram 

are summed up and the heaviest cladogram is selected (rather than the shortest). 

Uninformative characters are assigned zero weight compared to successive weighting 

where they are assigned maximum weight. An extension to successive weighting is 

dynamic weighting (Williams & Fitch, 1989). It combines character and character state 

weighting regimes and includes information on the relative frequency of the observed 

character change (Kitching et al., 1998). 

1.2.3 Specific issues related to the treatment of molecular characters 

1.2.3.1 Mutations of molecular characters 

The presence of different character states for the same character in different taxa is 

caused by mutation. Mutations either occur during faulty DNA replication or as a result of 

environmental factors such as ultraviolet light and gamma radiation or chemical 

genotoxicity. Only those mutations that occur in germ cells are inherited by the next 

generation. There are two general types of mutations: DNA mutations and chromosomal 

mutations. DNA mutations result in local defects in a gene caused by point mutations, 

insertions and deletions. Chromosomal mutations either change the structure of the 

chromosome by chromosome breakages or recombination or they alter the number of 

chromosomes. 

Point mutations are the simplest type of mutation that lead to single nucleotide 

polymorphisms (SNPs). Point mutations are synonymous (or silent) if the complementary 

amino acid remains the same; they are non-synonymous if the resulting amino acid is 

changed. A change in the amino acid sequence or the structure of a functional gene (i.e. 
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RNA genes) can lead to serious deleterious effects. More severe cases of DNA mutations 

are deletions of sections of DNA and insertions of excised D N A into another region of the 

genome; insertions and deletions are collectively called indels. Insertions can occur near 

its original site or in a completely different chromosome. Indels in coding regions can 

cause frameshifts of the amino acid reading frame and often result in serious genetic 

diseases. SNPs and indels are the results of mismatching during DNA replication or of 

environmental factors. 

Changes in chromosome numbers are the result of incomplete meiotic divisions. If 

the first division has not taken place at all the gamete cells contain the same number of 

chromosomes as the parental somatic cells giving rise to offspring with more than the 

'normal' set of chromosomes. Polyploidy is more common in plants than in animals. 

Alternatively, in aneuploidy only a selection of homologous chromosomes fails to separate 

during the first meiotic division resulting most often either in trisomy (the existence of 

three homologous chromosomes) or monosomy (only one homologous chromosome). 

Aneuploidy can also cause serious genetic disease. 

Chromosomal breakages cause four kinds of mutations: inversions, translocations, 

duplications and deletions. In each case the end of a chromosome breaks off and is re-

attached in a slightly different fashion. Either the whole section flips over end-to-end 

{inversion) or it is attached to another chromosome {translocation). If the break occurs 

during replication and the loose end is reattached to the original chromosome the result is a 

duplication of part of the section than was broken off During the detachment part of the 

DNA may also be lost resulting into a deletion of a chunk of DNA. 

Whilst mutation rates can be rather high, most cells have repair mechanisms that 

reduce the effective number of mutations. One major exception is the mitochondrial 

genome that does not possess any repair system and therefore has a significantly higher 

mutation rate than the nuclear genome. In some instances, the DNA is repaired directly 

after DNA replication but this mechanism is rather rare. A common mechanism is excision 

repair where the damaged DNA is cut out of the strand and replaced using the 

complementary strand as a template. Mismatch repair is a type of proofreading where the 

DNA polymerase reads along the newly-synthesised DNA strand and checks for 

mismatches where A does not bind to T and C does not bind to G. Exonucleases then 

replace the faulty nucleotide with the correct one. The mismatch repair system in 

Escherichia coli reduces the mutation rate from ~1 bp per 10^ bp after DNA replication to 
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~1 bp per 10'° bp after proofreading. Finally, homologous recombination (see below) can 

also act as a repair system. 

Recombination is the result of mutations moving between chromosomes, both 

homologous and non-homologous ones. The result of recombination is that the progeny 

has genomic information that is different from both its parents. In eukaryotes, 

recombination usually takes place after the first meiotic division. It very rarely occurs 

during mitosis. Homologous recombination occurs while the newly-replicated homologous 

chromosomes lie adjacent to each other in preparation for the second meiotic division. 

During this time the non-sister chromatids cross over forming chiasmata. The 

chromosomes are split at the point of the chiasmata and a section of DNA is exchanged 

between the non-sister chromatids. Homologous recombination is the most common type, 

but quite frequently similar sections of DNA from homologous or non-homologous 

chromosomes are exchanged. Unequal crossing-overs are the result of a mismatch of genes 

during meiosis when similar, non-homologous genes are aligned next to each other. This 

commonly occurs in multigene families (such as nuclear RNA genes) and results in the 

duplication of similar DNA regions. Another special case of recombination and a 

mechanism for the evolution of multigene families is gene conversion. Here, one gene is 

replaced by a non-homologous but similar gene. Gene conversion does not lead to 

duplications but it can be biased towards certain genes that act as donor sequences more 

frequently. Gene conversion is the driving force of concerted evolution in multigene 

families. 

Whilst many mutations are deleterious many others are neutral. Neutral mutations 

are passed on throughout the generations without any effect on its carriers. However, they 

may become advantageous when environmental conditions change giving its carrier a 

greater fitness. When neutral mutations become selective they can provide the mechanism 

for speciation. 

All observable mutations are based on changes in the genome but only certain 

mutations are actually expressed in the phenotype. Character state differences in 

morphological characters are indirect indicators of genetic change. This is the reason why 

it is so difficult to code morphological characters for homologies because unless the exact 

underlying gene or genes are known there is no indication what kind of mutations have 

caused the change and whether there are one or several genes involved in coding a 

particular structure. 
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1.2.3.2 Sequence alignment 

As mentioned above (see Section 1.2.1.1), one of the most difficult, and not very 

well understood, parts of phylogenetic analysis is the a priori decision of character 

homology. Whilst decisions of homology of morphological characters are essentially a 

problem of character coding, homology assessments for molecular data sets have to be 

made by a process usually referred to as sequence alignment. Even if the nucleotide 

sequences for the data set have been obtained using the same primers, the actual length of 

the sequenced segment might vary substantially as a result of insertion and deletion events. 

If a section of DNA is very variable and contains many indels, it is difficult to determine 

which bases are exactly homologous to each other and where to insert gaps to account for 

these mutations. Incorrect alignment of sequences will lead to homoplasies and incorrectly 

inferred cladograms. Whilst there are no perfect solutions, many different approaches have 

been suggested. 

Determining homologies in a nucleotide sequence alignment is easiest when the 

topology has already been established. However, in most cases, the topology is the 

unknown variable that is the subject of the study. If the taxa that are being analysed are 

relatively closely related, homology assessment is often straightforward because not 

enough time has passed for long indels to accumulate. Most of the difference would result 

from SNPs and insertions of single gaps can even be done by hand. However, if more 

divergent taxa are analysed homology assessments are very difficult to do by hand and 

computer algorithms are usually employed. If alternative data sets are available for testing 

a sensitivity analysis can be carried out to assess character congruence between the 

alternative sets (see Section 1.2.7.2). From the indication of character conflict an 

alternative homology assessment of the alignment can be made and a new analysis can be 

carried out. 

There are two types of alignments: pairwise alignments of any two sequences and 

multiple alignments of more than two sequences. All automated alignment procedures are 

based fundamentally on the Needleman-Wunsch (N-W) algorithm (Needleman & Wunsch, 

1970). Full N-W methods are computationally very complicated and heuristic methods are 

used for their implementation in most multiple alignment algorithms and some pairwise 

alignment procedures. As with all heuristic search algorithms there are risks of only 

finding local optima, rather than global optima (Morrison & Ellis, 1997). Exact searches 

are implemented in automated algorithms for the pairwise alignment step but can also be 

used for multiple alignments of very small data sets. 
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All sequence alignment programs (for pairwise and multiple alignments) use an 

underlying evaluation criterion. The most common criterion is based on distance estimates 

(e.g. CLUSTAL W, Thompson a/., 1994; CLUSTAL_X, Thompson er aZ., 1997; 

DIALIGN, Morgenstein, 1999; T-COFFEE, Notredame et al, 2000; POA, Lee et al, 

2002). TREEALIGN (Hein, 1989a, 1989b) combines the distance criterion with a 

parsimony step and branch swapping. There are very few algorithms that use a pure 

parsimony criterion (MALIGN, Wheeler & Gladstein, 1994) or the likelihood criterion. 

Search algorithms employing the likelihood criterion are under development but so far they 

are computationally too expensive for the use on large data sets (Phillips et al., 2000). 

No matter which underlying criterion is employed, all multiple alignment algorithms 

are based on iterative methods to optimise a score function (Wilbur & Lipman, 1984; or 

minimum edit distance, Phillips et al., 2000) that should reflect biological reality. During 

pairwise alignment costs are assigned to each step that is needed to change sequence A into 

sequence B. The score function is usually inversely related to the sum of all costs. 

Gaps are inserted into the alignment to minimise the cost (or maximise the score 

function). There are usually two types of gap penalties: gap opening (GOP) and gap 

extension penalties (GEP). If the gap penalties are set high, the program will invoke more 

mismatches in order to keep the number of gaps small. Equally, if the gap penalties are set 

low (i.e. the mismatch cost is set high), the program will introduce many gaps in order to 

reduce the number of mismatches. The trick is to find the optimal combination of gap 

penalties to achieve the best alignment (Phillips et al., 2000). 

By assigning constant gap penalties to all types of gaps, one long gap would be 

weighted equally high as many small gaps of the same total length. In reality, one small or 

one long gap usually refers to a single indel event and a long gap should be downweighted 

compared to many short gaps of the same total length. However, length-dependent GEP 

are only implemented in a few alignment algorithms (e.g. Gotoh, 1982, 1996, 1999, fully 

automated; Kjer, 1995, by manual alignment; O'Brien et al., 1998, including sequence 

weighting); most programs implement constant GEP independently of gap length because 

it is computationally less expensive. 

Automated alignment algorithms, independent of the underlying search criterion 

(distance, parsimony, likelihood), are based on progressive programming (Feng & 

Doolittle, 1987, for distance-based algorithms); initially, a similarity score for each 

pairwise alignment is calculated and a guide tree (usually based on the neighbour-joining 

algorithm) is drawn based on these similarities. The multiple aligrmient is calculated by 
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starting with the most similar pair of sequences and subsequently adding all sequences 

according to the guide tree relationships. The similarity scores are the sum of all costs (or 

penalties). Gaps are introduced to minimise these costs (Morrison & Ellis, 1997). The 

guide tree topology depends on the sequence input order, but if the gap assignment is 

unambiguous, all resultant phylogenetic trees from the multiple alignment are the same. A 

drawback of many alignment programs (e.g. CLUSTAL_W, Thompson et al., 1994) is that 

they are unidirectional, that is, they start at one end of the sequence alignment and only use 

the information available up to the point they have reached. Few programs (e.g. PRRN, 

Gotoh, 1999) go over the alignment again from the other direction to correct for 

mismatches. 

Several studies have been carried out to test the performance of different alignment 

algorithms (Titus & Frost, 1996; Morrison & Elhs, 1997; Gotoh, 1999; Hickson et al, 

2000; Phillips et al., 2000; Lassmann & Sonnhammer, 2002). The overall consensus is that 

the performance depends on the type of data at hand. With more and more divergent 

sequences, most alignment algorithms perform increasingly poorly, but the quality 

improves with increasing sequence length (Lassmann & Sonnhammer, 2002). To get the 

best estimate of the optimal alignment, it is advisable to use different alignment programs, 

to vary the parameters or even to change the a priori hypotheses (guide tree) and then to 

compare the resulting alignments and topology estimates. However, running multiple 

assessments is very time consuming, especially for large data sets, and it is often difficult 

to decide which of the resulting alignments should be selected for the phylogenetic 

analysis. Furthermore, the globally-optimal alignment is not necessarily the true alignment 

as the maximum similarity can result from divergence, parallelism or reversals rather than 

true homology (Morrison & Ellis, 1997). 

A potential solution is an iterative approach of sequence alignment and tree search 

(Kjer, 1995; Wheeler & Gladstein, 1994; Gotoh, 1996, 1999; Lee, 2001). As described by 

Lee (2001), this method is the only way of truly estimating the gap penalty parameters for 

the alignment algorithms. Unfortunately, this procedure is also very time-consuming with 

moderate to large data sets because of the computational requirements of phylogenetic 

reconstruction modelling. Furthermore, no exact searches can be used for large data sets 

and therefore the reconstructed hypothesis might not be the correct one and alignment 

adjustment on a wrong tree does not improve the final hypothesis. 

In reality, most investigators choose one program and use either the default 

parameter settings or their own set of parameters with few or no further rounds of 
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estimations. They would then use the one final alignment or make further manipulations by 

hand (e.g. in BIOEDIT, Hall, 2001). As mentioned above, long strings of gaps can cause 

problems and it is often feasible to check the alignment by hand and to make some manual 

alterations. Manual adjustment of sequence data has been criticised for its lack of 

objectivity, repeatability and objective criteria in homology assessments and data removal 

(Gatesy et ai, 1993; Wheeler et al, 1995). However, there is one exception; If the data 

come from a gene with a strong secondary structure (e.g. ribosomal RNA), manual 

alignment is often the only option if the investigator wants to include secondary structure 

information (see Section 1.2.3.4 below). 

1.2.3.3 The treatment of gaps in phylogenetic analysis 

The most conservative approach is to exclude all positions from the analysis that 

have a gap for any one sequence in the alignment. However, for taxa that are closely 

related to each other, this section might be aligned correctly and contain a lot of 

information while the gaps were caused by the addition of more distantly related taxa. 

Smith (1994) suggested excluding only those positions for which no unambiguous 

alignment options could be determined. If only one or a few sequences per character 

contain an ambiguous state this could be coded as unknown ( '? ' ) . Such a situation could 

occur when out groups are aligned to the ingroup sequences. 

Lee (2001) and Phillips et al. (2000) emphasise that the exclusion of gapped 

positions is not justified because they are an integral part of the positional homology 

assignment process. Some positions that are excluded for the whole alignment would still 

be informative for a subset of taxa that are closely related to each other and the exclusion 

thus reduces the informative content of the data set for the phylogenetic analysis. 

Exclusion reduces ambiguity closer to the root of the tree but also makes branch lengths 

shorter and more prone to sampling error and reduces resolution close to the tip of the tree. 

If gaps remain in the analysis they can be coded either as missing data or as an 

additional character (5̂ ^ base for nucleotide data, 21^ amino acid for protein sequences). 

However, the latter approach is problematic because independent gap positions would be 

treated individually when in fact they are caused by indels and therefore may not be 

entirely independent of each other. 
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1.2.3.4 The use of ribosomal RNA genes in molecular systematics and phylogenetic 

inference 

Ribosomal RNA genes have been used in phylogenetic inference studies across the 

whole of the tree of life (Hillis & Dixon, 1991). Ribosomal RNAs (rRNAs) are vital 

constituents of ribosomes, the sites of protein synthesis in the cell. Because all life depends 

on proteins, rRNAs are found in all life forms and therefore can be used for comparisons 

amongst the most diverse groups of organisms. rRNA or rDNA also exhibits a wide range 

of evolutionary rates in different genes and different parts of the same gene. This 

versatility and the ease of amplifying rRNA genes, because of the presence of multiple 

copies in each cell, make it one of the most commonly used genes in molecular 

systematics. 

There are generally four nuclear rRNA genes and two organellar (mitochondrial and 

chloroplast) rRNA genes. In Eukaryotes, three of the nuclear genes occur in an array 

starting with the external transcribed spacer region (ETS), followed by the small subunit of 

the rRNA (18S), the first internal transcribed spacer (ITS-1), the 5.8S gene, the second 

internal transcribed spacer (ITS-2) and the large subunit (28S). The ETS and both ITS 

regions contain signals for processing the rRNA transcript (Hillis & Dixon, 1991). They 

often show intragenomic variation and are usually only used for analyses of intra-specific 

relationships. The small subunit (18S) is generally the one with the slowest rate of 

evolution and therefore used for reconstructing deep phytogenies including the tree of life 

(Hillis & Dixon, 1991). The large subunit (28S) has some regions that evolve faster than 

the small subunit and some regions that evolve as slowly as the small subunit. The two 

smallest units (5S and 5.8S) have been used for phylum level analyses but in general are 

too small to be used on their own for robust phylogenetic reconstructions (Halanych, 

1991). Organellar rRNAs have higher mutation rates and are therefore used mainly for the 

inference of relationships of closely related taxa. 

A unique feature of rRNAs is the existence of multiple copies in the genome caused 

by unequal crossing-over. The multiple copies evolve in concert (Amheim et ah, 1980) 

aided by gene conversion (see Section 1.2.3.1). Concerted evolution in rRNA genes also 

reduces the amount of intraspecific variation compared to that found in single-copy genes. 

This means that a smaller sample size for each species is needed to ensure that sufficient 

genetic information is compared between species. In practice, a single specimen per 

species is often used as a representative in an analysis among a wide range of species 

(Hims& Dixon, 1991). 
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rRNAs are functional units of the ribosomes so their secondary structure is of 

primary importance. rRNA genes are folded in a predefined maimer, forming paired 

regions (called stems or helices) and unpaired regions (called loops) (Noller, 1984). 

Although mutations of the primary structure occur, the secondary structure is often 

preserved over long periods of evolutionary time in a wide variety of organisms by 

compensatory mutations in stem regions (Mindell & Honeycutt, 1990; Hillis & Dixon, 

1991), If the secondary structure of a gene can be determined, it is of enormous help in the 

alignment step of the analysis because homology estimates can be made with greater 

confidence and varying evolutionary rates in different parts of the gene can be taken into 

account (e.g. Kier, 1995; Hickson et al, 1996; Titus & Frost, 1996; Page, 2000; Hickson et 

al, 2000). 

There are several publicly accessible databases that contain published sequences that 

are aligned using secondary structure information. These alignments can be downloaded 

from the internet and used as profiles for newly acquired sequences (e.g. The European 

RNA Database, Wuyts et al., 2002, http://rma.uia.ac.be/ssu/list/Eucaryota.html). 

Compensatory mutations present difficulties when using rRNAs in phylogenetic 

inferences because they change the evolutionary rates. Studies on different genes and 

different organisms resulted in incompatible conclusions on the conservation and 

phylogenetic resolution of paired and unpaired regions of the rRNA genes. Some studies 

(e.g. Wheeler & Honeycutt, 1988) suggested that paired regions contain spurious 

compensatory changes and therefore reduced phylogenetic signal. It was suggested to 

eliminate either paired regions or at least to give them half the weight of the unpaired 

regions. On the other hand, the functionally less constrained loops might accumulate many 

spurious mutations and most phylogenetic signal would be contained in the stem regions 

alone (Morrison & EUis, 1997). In such cases, the stem regions show phylogenetic 

topologies similar to those from other character sets (e.g. morphology) and to those from 

the analysis of all characters in the gene (e.g. Smith, 1989; Hillis & Dixon, 1991; Morrison 

& Ellis, 1997). Analyses of all characters or those from stem regions alone might also 

produce a more resolved phylogeny than using only characters from loop regions. 

Morrison & Ellis (1997) therefore suggested the use of separate objective criteria for 

assessing the phylogenetic informativeness of different regions within the sequence. 

More recently it has become evident that conservation is not confined to stem regions 

alone. Some loops can be as functional as stem regions (Hickson et al., 1996) and some 

highly conserved stem regions might contain hypervariable positions (Kjer, 1995). 

http://rma.uia.ac.be/ssu/list/Eucaryota.html
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Phylogenetic signal can be found in the same molecule in loop and stem regions because 

conservation is related to functional importance rather than structural position. 

Hancock & Vogler (2000) suggested caution in the use of secondary structure 

information in alignments of hypervariable regions. Under high evolutionary rates indels 

are caused by slippage of single and di-nucleotides (mainly A and T) that can be self-

complementary. Hancock & Vogler claim that the resulting stem formation is a mere by-

product of these specific mutations rather than a result of the functional constraints of the 

secondary structure of the molecule. However, in most cases, the use of information on 

secondary structure has been proven helpful for aligning moderately to well-conserved 

regions (e.g. Kier, 1995; Hickson et al, 1996; Titus & Frost, 1996; Hickson et al, 2000; 

Page, 2000). 

1.2.4 Phylogenetic reconstructions 

1.2.4.1 Different types of trees 

While homology assessment of the underlying characters is of critical importance to 

the reconstruction of phylogenies, the main goal for most researchers is the resulting 

hypothesis of the evolutionary history of the taxa under investigation. These 

reconstructions can be visualised as trees. There are three different types of trees. 

Cladograms, or non-metric trees, simply show the relative relationships of the taxa. The 

branch lengths on cladograms have no meaning, i.e. they are independent of the number of 

character changes that occur along them. On phylograms, also called additive or metric 

trees, the branch lengths represent the number of evolutionary changes encountered along 

that branch and give the investigator additional information about where character changes 

occurred. Ultrametric trees are a special case of metric trees. Ultrametric trees assume a 

constant molecular clock; all terminal taxa are equidistant from the root of the tree and the 

branch lengths represent actual divergence times. 

In addition to the above-described properties of trees, cladograms and phylograms 

can be rooted and unrooted. Most computer programs initially construct unrooted trees. 

These contain information about the relative relationships of the taxa but not their 

evolutionary origin, i.e. they have no direction. Rooting of a tree provides information 

about ancestors (real or hypothetical). Rooting of a tree requires additional evidence that 

can be ontogenetic or palaeontological (from fossils) or trees can be rooted using 

outgroups. Tree rooting is discussed in more detail in Section 1.2.5. If such additional 

evidence is not available, the tree has to remain unrooted. Unrooted trees can be rooted 
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arbitrarily on any terminal taxon for display, but this is not a true root. Ultrametric trees are 

rooted by default. 

In the absence of any homoplasy, a perfectly bifurcating tree is reconstructed; i.e. 

each node connects only three branches, one branch leading to its ancestor and two 

branches leading to the two daughter tax a. In the presence of considerable amounts of 

homoplasy the phylogenetic relationships cannot be determined completely and some 

nodes have more than two daughter lineages, they form (soft) polytomies (Kluge, 1989; 

Maddison, 1989). Sometimes, polytomies are interpreted as simultaneous speciation events 

(Maddison, 1989), but this interpretation is controversial as it is not likely that more than 

one new species arises at the same time. If the evolutionary rate of the characters under 

investigation is too slow for the true lineage divergence speed, hard polytomies can be 

constructed, but they do not represent the real evolutionary process. 

Cladograms reconstructed under strong cladistic principles, i.e. minimum-length 

trees, do not represent the actual evolutionary history of a group of taxa that poses 

problems when interpreting such cladograms in terms of true character evolution. 

Furthermore, an actual ancestral taxon in a tree will always be reconstructed as a sister 

taxon in a cladogram but can be placed at the correct internal node in a phylogram 

reconstructed under non-cladistic principles. 

1.2.4.2 Tree searching 

For very small data sets (few taxa and characters) the cladogram can be constructed 

by hand but most data sets are too large and computer algorithms have been developed for 

the calculations. All automatic algorithms can be grouped into two types: those that search 

for all possible topologies (exact searches) and those that only sample a certain range of 

the tree space (heuristic searches). 

For data sets of eleven taxa or less, exhaustive searches can be conducted. All 

possible trees are constructed and scored under an optimality criterion and the best tree is 

selected for output. For data sets with up to twenty taxa the branch-and-bound method 

(first applied to evolutionary trees by Hendy & Penny, 1982) can be used. This method 

starts with a random tree containing all taxa. It then backtracks one step disconnecting the 

last added taxon and adding it to all other internal branches. If the score of a new topology 

is larger than that of the initial tree, this topology is not pursued any further. If the score is 

lower, the new topology will be stored. When the best topology for this round is found, the 

procedure backtracks a further step. It retains the best tree with n-1 taxa, and reconnects 
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the second from last added taxon to all possible branches. Then, the n-2 tree with the best 

score is retained. This process is repeated until the algorithm reaches the initial three-taxon 

tree it started off with. In the worst-case scenario, all possible trees have to be examined, 

effectively conducting an exhaustive search. If the new topology has the same scores as the 

current best tree, then it is also further examined. 

If there are many taxa, exact searches are usually too time-consuming and 

approximations have to be used. Heuristic search algorithms try to find the best score 

under an optimality criterion (e.g. minimum tree length under parsimony, or maximum 

likelihood score). Searches are conducted by constructing an initial tree, altering it (see 

below), and then comparing the scores for the alternative trees. If a tree with a better score 

is found, the search continues with this tree. There is no guarantee that the tree with the 

best score at the end of the search is actually the globally best solution because heuristic 

searches only accept trees with an equal or better score than the best tree at any time. The 

problem lies in the fact that the tree space can have several local optima but only one 

global optimum. If the tree search finds one of those local optima, any further 

rearrangements will not find a shorter tree and the search is stopped without finding the 

global optimum. However, since the tree space is not known a priori the investigator has 

no knowledge if the best tree at the end of the search corresponds to a local or the global 

optimum. 

If a local optimum is found, only the acceptance of an intermediate worse topology 

can eventually find the global optimum but most algorithms do not allow the search to 

accept such topologies (for an alternative see Bayesian inference, Section 1.2.4.3.5). The 

only option is to run several searches, starting with a different topology each time. The 

results from each independent search can be compared and the best topology accepted. If 

the replicates repeatedly find the same best score or only one best score is found, the 

search is at least close to the global optimum. If the last repeat still finds new islands, then 

it is quite certain that the global optimum has not yet been found and more searches need 

to be conducted. 

Apart from the chance of entrapment in local optima heuristic searches are 'greedy' 

algorithms. That is, once a taxon has been added to a particular branch its position cannot 

be changed anymore, even if at a later stage, this option turns out to be suboptimal. 

However, the branch-swapping process (see below) provides a means for reshuffling the 

taxa after the initial tree construction and thereby allows some rearrangement. 
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Most heuristic search algorithms are divided into two phases: tree building and 

branch swapping. During the first phase the taxa from the matrix are connected to each 

other in a certain order to construct the initial tree. In the second step, the branches of the 

initial tree are rearranged by disconnecting a terminal taxon or subtree from the initial tree 

and reattaching it to a different place in the tree. The second step is the important one 

because it provides the chance of finding a better tree than the one constructed initially. 

The most commonly used tree-building method is stepwise addition. The algorithm 

starts of with three taxa from the matrix. Subsequent taxa are added to all possible 

branches and the topology with the best score is retained. This procedure is repeated until 

all unplaced taxa are added to the topology. There are a number of options for the choice of 

the initial three taxa and the decision of the addition sequence of the remaining taxa. The 

simplest option is to start with the first three taxa in the matrix and to add the unplaced taxa 

in the order they appear in the matrix. In a slightly more elaborated procedure (Farris, 

1970), the search starts with a user-defined reference taxon and a matrix of relative 

similarities between taxa. The reference taxon and the two closest taxa are connected first, 

and then the other taxa are added according to the similarity measure. Swofford (1993) 

further developed Farris' procedure. The lengths for all three-taxon networks for the whole 

matrix are calculated and the triplet that gives the shortest tree provides the starting point. 

At each successive step, all remaining taxa are placed onto each branch and the taxon-

branch combination with the best score is chosen. This procedure is repeated until all taxa 

are added to the tree. In comparison with Farris (1970), the procedure of Swofford (1993) 

calculates the similarity measure anew after each taxon addition. The latter method takes 

more computational time but theoretically increases the chance of finding the best tree. The 

most extensive option is to randomise the addition sequence and run several searches in 

sequence. This way, the investigator has some idea of how effective the search is and 

hopefully, one of the random replicates will find the global optimum. If the last random 

replicate still finds new islands (local optima) it is likely that the search has not yet found 

the global optimum and more replicates have to be performed. 

An alternative to stepwise addition is star decomposition. Instead of starting off with 

a fully binary tree, all taxa are connected as a star tree to just a single internal node. In the 

second step, all possible pairwise terminal groups are constructed and the best option under 

an optimality criterion is chosen. Then, all pairwise joints are constructed again and 

evaluated and the topology with the best score is accepted. This process is continued until 

the tree is fully binary. Star decomposition is a clustering method (see Section 1.2.4.3.1). 
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The most common algorithm is the neighbour-joining method of Saitou & Nei (1987). Star 

decomposition is just as greedy as stepwise addition and there is no guarantee of finding 

the global optimum either. 

As detailed above, both stepwise addition and star decomposition are likely to find 

only a local optimum unless the data set is small or homoplasies are rare. However, branch 

swapping can improve the chances of finding the global optimum by disconnecting a 

terminal branch or subtree from the best tree found during the tree building process and 

attaching it to another branch of the tree. If a tree with a better score is found the new tree 

is accepted, if not, branch swapping continues on the old tree. This process can be repeated 

many times until no better tree can be generated. Again, this is a heuristic method and there 

is no guarantee of finding the global optimum but it usually improves the initial tree. 

Branch swapping can be improved by swapping all trees with an equally best score instead 

of discarding any new trees of the same best score but different topology. 

As with the tree building itself, there are several different approaches to the branch 

swapping process. During local branch swapping, a terminal branch from one end of an 

internal branch is swapped for a terminal branch from the other end of the internal branch. 

This procedure is called the 'nearest-neighbour interchange' (NNI). Global algorithms are 

a bit more complicated. In 'subtree pruning and regrafting' (SPR) a rooted subtree is 

clipped off the cladogram and attached to all other internal branches. If a better score is 

found for any of the new arrangements, the new topology is accepted. This process is 

repeated with all possible subtrees. During 'tree bisection and reconnection' (TBR), the 

tree is clipped into two or more subtrees. The subtrees are rerooted and reattached to give a 

new topology. TBR is the most sophisticated branch-swapping algorithm but it can be 

unfeasible to use for large data sets because of the computational time requirements. 

1.2.4.3 Inferring phylogenies 

Phylogenetic inference attempts to reconstruct the evolutionary history of a set of 

taxa. Methodologically, phylogenetic inference methods can take two different approaches 

to finding 'the best tree': purely algorithmic methods that combine tree search and 

evaluation and criterion-based methods that separate the two processes. Purely algorithmic 

methods are much faster, but theoretically less accurate than criterion-based methods 

because they only recover one best tree without any indication of whether this is the single 

best tree or one of many optimal trees. 
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Criterion-based methods divide the search for the best tree and its evaluation into 

two separate steps. In the first step, an initial tree is constructed and evaluated according to 

an optimality criterion (or objective function): The tree is given a score by which it can be 

compared to subsequently-constructed trees. In the second step, a specific algorithm is 

used to find more trees and compare them by their score (minimum or maximum, 

depending on optimality criterion). The trees with the best score are kept. Optimality 

criteria are parsimony, likelihood, minimum evolution and least-square-fit. 

An advantage of the use of criterion-based methods is that alternative trees can be 

ranked according to their score. If there are many alternative trees with the best score, then 

under perfect search conditions these will all be recovered. A purely algorithmic method 

will only recover one tree and the investigator has no knowledge about its reliability. 

Despite the disadvantages for purely algorithmic methods, they are still widely used 

because they require far less computational time. The application of criterion-based 

methods can become infeasible for large data sets (especially the likelihood criterion). In 

such circumstances, purely algorithmic methods are a good initial estimate of phylogenies 

that can then be further tested under an optimality criterion. This can significantly reduce 

computational time. 

1.2.4.3.1 Algorithmic methods 

There are two commonly used algorithmic methods, UPGMA and neighbour-joining. 

UPGMA (unweighted pair group method using arithmetic averages) is a clustering method 

that is based on the assumption that the underlying data are ultrametric, i.e. they assume 

the presence of a molecular clock. The molecular clock assumes a constant rate of 

evolution and in an ultrametric tree all terminal taxa are equidistant from the root of the 

tree (which can only be rooted). Cluster analyses start by constructing a pairwise-distance 

matrix of all taxa. The pair with the shortest distance is selected, their distances averaged 

and the two taxa are combined to a new taxon in the cluster. Then, all pairwise distances 

are calculated again and the pair with the smallest distance selected and combined. This 

process is continued until all taxa are included into pairs or larger groups and no single 

taxon is left. 

The disadvantages of cluster analyses and the assumption of ultrametric distances is 

that no optimality criterion is defined that can be used to distinguish between alternative 

solutions and if evolution is not uniform across all taxa systematic error can be high. 

Cluster analyses have been used because of their ease of implementation and 
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computational speed. Today, more sophisticated, but still fast methods are available that 

make less strong assumptions than ultrametricity of the data. 

The alternative to assuming ultrametric data is to make use of the additivity of a 

given tree. Under perfect conditions, the observed evolutionary distances and the branch 

lengths connecting two taxa on a tree are identical. All distance analyses (see Section 

1.2.4.3.7) make this assumption. While more sophisticated distance methods also assume 

an underlying evolutionary model and use an optimality criterion, the neighbour-joining 

method (Saitou & Nei, 1987) is a distance method that only assumes tree additivity. It is 

conceptually related to cluster analysis but because it does not assume ultrametric data it 

reconstructs unrooted trees. The neighbour-joining procedure starts with a tree on which all 

taxa are joined to a single internal node, a so-called star-tree. Whilst cluster analysis uses 

raw distances between taxa, neighbour-joining adjusts the distance between two taxa 

according to their average distance to all other taxa, effectively normalising the divergence. 

Each time a minimum-distance pair is found, its ancestor is formed and the branches 

leading to the two original taxa are pruned from the tree. The process is complete when 

only one branch and two nodes remain. As with cluster analysis, neighbour-joining does 

not evaluate the tree according to an optimality criterion. However, it is a useful first 

approximation of the data and good starting point for branch swapping procedures under 

an optimality criterion (Swofford et al, 1996). 

1.2.4.3.2 Criterion-based methods 

There are three fundamental, criterion-based methods: parsimony, likelihood and 

distance methods. All criterion-based methods assume an underlying model of character 

evolution. Under the parsimony criterion this is implicit. The best tree is the one with the 

shortest possible length measured by the number of character changes. Under the 

likelihood criterion and some distance-based methods, the model is explicit and the 

parameters, at least the starting values, are defined by the investigator. If one or more of 

the model assumptions are violated by the data, either because there is no knowledge of the 

correct parameter or because the pattern of character evolution in the data cannot be 

implemented correctly in the program, the resulting hypothesis is likely to be flawed. 

However, violation of model assumptions does not necessarily mean that the model is 

invalidated because it can still provide an estimate of the true phylogeny. If the model is 

inadequate, the data can reject it. 

Irrespective of the algorithm, criterion and model, several assumptions are implicit to 

all methods: it is assumed that the true phylogeny has tree properties and that all characters 
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are inherited along the genomic lineage; genes that have undergone lateral gene transfer 

cannot be analysed under the above assumption and other methods have to be used. 

However, lateral transfer is uncommon in eukaryote nuclear genomes. Thirdly, all methods 

assume that all characters evolve independently from each other. This assumption is 

violated for most real data sets because character evolution is often linked by functional 

constraints (see Section 1.2.3.4). Unfortunately, character dependence is often only known 

to exist but it is not clear exactly which characters are linked. No computer programs are 

yet available that can fully implement character dependence. Lastly, changes in base 

frequencies and substitution rates are assumed to be equal over time and space. As shown 

below, unequal base frequencies in different taxa can be accounted for by the LogDet 

algorithm and different substitution rates amongst sites by the gamma distribution. 

Changes over time are much more difficult to implement and there are no algorithms 

available to date. 

1.2.4.3.3 Parsimony methods 

Parsimony (Farris, 1983; Sober, 1983, 1988) methods make the implicit assumption 

that evolutionary change is rare and therefore the best solution is the one that requires the 

fewest repeated character changes, i.e. it favours the solution that requires the least ad hoc 

hypotheses of change. In the case of character conflict, parsimony simply chooses the 

solution that requires the least changes in all characters. The actual amount of evolutionary 

change might be much higher if superimposed changes have taken place. To find the most 

accurate estimate of actual evolutionary change methods like maximum likelihood have to 

be employed (see Sections 1.2.4.3.4 and 1.2.4.3.5). 

Parsimony is the only established method for the analysis of morphological 

characters and the only method accepted by cladists. As a result of its easy implementation, 

it is also the most widely used criterion-based method for the reconstruction of the 

evolution of molecular characters. 

The 'most parsimonious' solution is that tree that implies the fewest changes across 

all characters and taxa resulting in the tree with the shortest total branch length. Often, a 

parsimony analysis recovers many alternative, most parsimonious solutions. There are 

three alternatives for deciding which solution to favour; making an informed choice based 

on additional information, such as the stratigraphic record, employing a character 

weighting scheme (see Section 1.2.2) or constructing a consensus tree (see Section 1.2.7.1) 

of all most parsimonious trees. 
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Parsimony discriminates between three different types of characters: characters that 

have the same state for all taxa (constant characters), characters that are either constant or 

for which only one taxon has a different state (uninformative characters), and characters 

that have at least two states for at least two different taxa. The last type can either be 

informative, i.e. lead to the correct phylogeny, or misinformative, i.e. mislead the analysis 

to infer the wrong solution (see below). 

Parsimony does not account for heterogeneity in the rates of evolution across 

lineages or sites because it reconstructs the shortest possible tree. As Felsenstein (1978) 

showed, in the case of rate heterogeneity, parsimony becomes inconsistent, or "positively 

misleading" (Felsenstein, 1978), i.e. adding more and more characters to the data matrix 

will only increase the chance of recovering the wrong phylogeny. One suggestion for 

avoiding entrapment in the "Felsenstein Zone" is to sample as few characters as possible 

and to hope these are the informative characters that lead to the true tree. Since it is 

practically impossible to know which characters are misleading and which are informative, 

there is usually no way of knowing that the data are misleading (Swofford et al, 1996). 

However, positively misleading data usually lead to taxa that are very divergent relative to 

each other and all other taxa to be placed on the tree as sister taxa. Hendy & Penny (1989), 

Steel (1989) and Zharkikh & Li (1993) found that this situation can occur even under equal 

rates of evolution and the phenomenon was generally called "long-branch attraction" 

(LBA). 

There has been considerable controversy over the exact extent of inconsistency under 

parsimony. Steel et al. (1993a) reported that LBA was not a problem of the parsimony 

criterion per se but a result of its implementation. They showed that all models can be 

inconsistent when no adjustment is made for superimposed changes but that a non-linear 

transformation of the data can account for multiple substitutions. Alternatively, the 

addition of potential sister taxa of the divergent taxa might divide the long branches and 

therefore avoid inconsistency (Hendy & Penny, 1989; Swofford & Olsen, 1990). Eyre-

Walker (1998) found that not only variations in the evolutionary rates but also biases in the 

base composition may cause parsimony to become inconsistent. If certain types of 

substitutions are rarer than others but parsimony assumes equal amount of change, it will 

incorrectly infer an excess of common to rare changes. 

Lamboy (1994, 1996) pointed out that if the character (state) to taxon number ratio is 

very low, there are so many possible solutions that the chance of recovering the correct tree 

becomes very low. His approach has been criticised by Wiens & Hillis (1996) for the 
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inadequacy of the comparisons made in the 1994 paper but the inherent problem of low 

character (state) to taxon ratio remains a problem, especially with morphological data. 

1.2.4.3.4 Likelihood 

In contrast to parsimony, maximum likelihood methods (Cavalli-Sforza and 

Edwards, 1967; Felsenstein, 1981a, 1983) reconstruct each possible solution and assess the 

likelihood that the underlying model and the assumed evolutionary history (the tree) gave 

rise to the data. The model may be fully defined or its parameters are estimated from the 

data. The likelihood for each site is the sum of all probabilities of change. The likelihood 

for the whole data set is the product of all likelihoods over all characters. 

Maximum likelihood estimation differs from parsimony in that maximum likelihood 

attempts to estimate the actual amount of change by taking into account all possible 

solutions (ancestral states) that are consistent with the tree and the branch lengths under an 

evolutionary model while parsimony seeks to find one single solution that minimises the 

amount of change. Under the likelihood criterion the cost of change is a function of branch 

lengths while under parsimony it only depends on the states of both daughter trees. 

Maximum likelihood can compensate for superimposed changes while parsimony will 

underestimate evolutionary change under all but very slow evolutionary rates. 

This ability of maximum likelihood to account for branch length variation has an 

important consequence for the treatment of autapomorphies in the analysis. Parsimony 

ignores autapomorphies for the topology reconstruction because they are uninformative; 

their inclusion only affects the terminal branch lengths. On the other hand, likelihood 

considers that changes are more likely to occur on long branches than on short ones 

because long branches can account for more character changes including autapomorphies 

(Swofford et al., 1996). In the case of character conflict, likelihood can use the information 

from autapomorphies to determine which one of the potentially conflicting characters is the 

homoplasious one (Wiens, 2003). This makes maximum likelihood consistent in many 

situations where parsimony is inconsistent. 

Maximum likelihood methods also have a lower variance, i.e. they are less affected 

by sampling error (see Section 1.2.6), and they are relatively robust against model 

violations. The phylogenetic estimate will still be close to the true tree even if the 

parameters are assumed to be equal over characters or taxa when in fact they differ 

slightly. 
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Maximum likelihood therefore tends to out-perform parsimony and distance methods 

even for very small data sets. However, the disadvantage of likelihood methods is their 

computational complexity. Although computer programs can implement most evolutionary 

models (see Section 1.2.4.3.6), the actual calculation times can be beyond practical means 

and therefore other methods, such as parsimony and purely algorithmic methods, are still 

widely used for larger data sets. 

1.2.4.3.5 Bayesian inference 

Bayesian inference (Li, 1996; Mau, 1996; Rannala & Yang, 1996) has only very 

recently been introduced as a phylogenetic analysis technique. Although this is a new 

technique for phylogenetic analysis, the mathematical theory was developed 240 years ago 

by Thomas Bayes (posthumously published in 1763). Felsenstein (1968) already 

considered the use of Bayesian analysis in phylogenetic inference in his Ph.D. Thesis, but 

computer technology was not advanced enough at the time to provide practical 

implementations. Only recent advances in computing power have made it possible to put 

his ideas into practise (e.g. programs BAMBE, Simon & Larget, 1998; MrBayes, 

Huelsenbeck & Ronquist, 2001). 

Bayesian inference is tightly linked to likelihood analysis as it uses likelihoods to 

assess the quality of the tree under consideration. The main difference between the two 

methods is that likelihood analysis calculates the probability of the data given the tree, 

while Bayesian analysis calculates posterior probabilities of the tree given the data. The 

posterior probability is calculated using the likelihood function multiplied by a prior, 

which is the a priori estimate of the parameters. Because Bayesian analysis makes use of 

likelihoods, the same underlying evolutionary models as in likelihood analysis can be used 

and the calculation inherits the statistical properties of maximum likelihood. Whilst the 

model parameters (e.g. base frequencies, gamma shape parameter a) have to be fixed for 

each individual likelihood analysis, they are usually left free in a Bayesian analysis and are 

approximated during the run across the likelihood surface. 

The Markov Chain Monte Carlo (MCMC) approximation (Metropolis et al, 1953; 

Hastings, 1970; Green, 1995) is implemented into Bayesian inference because the full 

implementation of pure Bayesian inference is too complicated for practical 

implementation. The MCMC allows Bayesian analyses to be run on a modem high-power 

desktop computer. During the MCMC the search for optimal trees wanders through the 

likelihood surface of tree space similar to a pure likelihood search. The difference lies in 

the fact, that the chain is given the chance, under certain conditions, to "cross valleys" and 
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find alternative "hilltops". Each time, the chain has found a new state it will be accepted 

without question if the likelihood is higher than the current state. However, if the 

likelihood is worse, a random number between 0 and 1 is chosen and if this number is 

smaller than the likelihood ratio of the current and new state, the new state will be accepted 

despite being worse. The advantage is that accepting a worse state temporarily will give 

the chain the chance of finding higher "hilltops" that are out of reach under a pure 

likelihood search. 

There is no worry that the chain might be trapped in a valley for the rest of the search 

because the chain will always accept a better likelihood; but the ability to accept 

temporarily worse states increases the chance of finding the global optimum of the 

likelihood surface. Additionally, a sample of all the trees found during the search will be 

saved. The ability to retain states found throughout the search provides the great advantage 

of Bayesian inference over the pure likelihood criterion. The frequency with which any 

particular tree is sampled during the MCMC almost exactly corresponds to the frequency 

that the tree is found in the full likelihood distribution. The posterior probability of that tree 

therefore corresponds to the probability of that tree being the best tree amongst all possible 

trees. The sum of the posterior probabilities of all trees is one. Furthermore, the posterior 

probability of any given clade (the sum of the posterior probabilities of all trees containing 

that particular clade) can be interpreted as support for its presence in the best tree. The 

ability to calculate posterior probabilities that correspond to the confidence in a particular 

node eliminates the need to perform an additional analysis to calculate nodal support, such 

as the bootstrap. Therefore, Bayesian analysis provides a great time saver compared to 

performing a likelihood analysis plus a bootstrap. Bayesian inferences can be implemented 

even for large data sets for which robust likelihood searches are practically impossible. 

Each MCMC will run for several thousands or millions of generations and the 

number of retained trees can be rather large. The results from a MCMC can be summarised 

by the maximum a posteriori probability (MAP) estimate of the phylogeny, the 95% 

credibility set or the majority rule consensus tree. The MAP is the single, most probable 

tree found by the search (Rannala & Yang, 1996). The 95% credibility interval contains the 

MAP tree plus all trees with decreasing probabilities to obtain a cumulative probability of 

95% of all trees (Felsenstein, 1968). The majority rule consensus tree is the same as the 

one commonly used to summarise a bootstrap analysis but the support numbers obtained 

correspond to the posterior probabilities of the nodes (Larget & Simon, 1999). 
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After the initial euphoria about the implementation of Bayesian inference in 

phylogenetic analysis, several problems have been encountered. For some of these, 

solutions have been found, whilst others have yet to be fully understood. Huelsenbeck et 

al. (2002) gave a detailed account of potential pitfalls and how to handle such situations. In 

theory, the choice of priors of all parameters can have an influence on the posteriors of the 

analysis. However, in practice, if the chain was run long enough and the data sets are large 

enough, the initial settings of the priors have very little influence on the posteriors of the 

analysis. Stating the choice of priors even if they were kept as the default values (e.g. 1) of 

the program remains good practice. 

The second, and probably most difficult problem is to make sure that the chain has 

found a stable likelihood and therefore that the sample of trees retained from the analysis 

truly corresponds to a sample of all possible trees. This is a problem of convergence and 

mixing. A quick and dirty test is to plot the distribution of likelihood per generation or per 

sample taken for the whole run of the chain. Initially, the likelihood should rise as the 

chain continues to find better and better trees. After a while, the expectation is that the 

chain converges onto a set of trees within a range of stable likelihood values. All trees 

retained during the initial period can then be discarded from any further analysis; this is 

called the 'bum-in period'. However, plotting the log-likelihood values is notoriously 

unreliable (Gilks et al., 1996). The chain might seem to have converged but then suddenly, 

thousands of generations later, finds a significantly better tree and the likelihood is raised 

again to a new plateau. 

Alternatively, the behaviour of all parameters in the model can be monitored, but 

some of them might not be expected to converge on any particular value but simply vary 

throughout the analysis (e.g. the proportion of invariant sites, Peter Foster, pers. comm.). 

Another option is to divide the sample trees into sections across time of the run and to 

construct the majority rule consensus tree of each of these subsets of tree samples. If the 

posterior probability of individual clades is relatively similar it indicates that the chain 

converged on a stable likelihood. 

A good practice is also to run several independent chains and to compare the 

likelihoods and parameter values of the different chains. If they converge on the values 

there is clear indication that the chains converged and mixing was appropriate. It is also 

possible to compare the topological variation among and between chains by using tree-to-

tree distances (Huelsenbeck et al., 2001). Before convergence, the tree-to-tree distance 

within a chain is expected to be smaller than the distances between independent chains. 
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After convergence the tree-to tree distances within and between chains should be 

approximately the same. The posterior clade probability can also be compared between the 

independent chains and the precision can be given as the observed Monte Carlo standard 

variation around the mean. 

A further improvement of the mixing can be made using the Metropolis-coupled 

MCMC (MCMCMC, Geyer, 1991). In this case, several chains are run at the same time, 

one of which is the 'cold chain' and the others are 'heated'. The heating of a chain 

improves its ability to "jump valleys" to "higher hilltops". At regular intervals, one of the 

heated chains changes states with the cold chain, enabling it to find new, better solutions. 

Only trees found by the cold chain are sampled, the function of the heated chains is purely 

to assist the cold chain to "jump to new hilltops" more easily. The best practical solution to 

ensure appropriate convergence and mixing is to run several long and independent chains 

using the MCMCMC and to monitor all parameters throughout the analysis. 

Another common observation is that the posterior probabilities of a Bayesian 

analysis are generally higher than the corresponding bootstrap proportions of a likelihood 

or parsimony analysis. To date, there is no clear-cut explanation of this phenomenon but 

Huelsenbeck et al. (2002) suggested that it might be because of the inherent statistical bias 

of the nonparametric bootstrap (see Section 1.2.6.2). Alternatively, the two methods 

actually measure slightly different things because the bootstrap is a measure of uncertainty 

based on the resampling of the original data and has no relation to the evolutionary model 

in itself while Bayesian inference measures uncertainty based on the specific evolutionary 

model and the data. 

The last unsolved problem has to do with model selection. There is so far no clear 

method of determining which model is the best and how well this model fits the data. 

Bayesian methods such as the Bayes factor or posterior predictive P values have been 

suggested but are not yet implemented in computer programs. The best practical solution is 

to use a likelihood ratio test and to stick to that model which gives the apparently best fit 

for the data. 

Despite these problems with the practical implementations of Bayesian analysis, it is 

a good alternative to existing methods, especially if large data sets are under investigation. 

Other methods have their own flaws and as long as none of the alternatives are perfect, 

comparing results from analyses under different criteria can only provide more information 

about robust and weak relationships in the phylogeny under reconstruction. The intuitive 

appeal of Bayesian analysis lies in the clear-cut interpretation of the posterior probabilities 
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compared to, for example, bootstrap proportions (Gelman et al, 1995). Posterior 

probabilities of a clade correspond to the probability that the clade is true given the model, 

the priors and the data. 

1.2.4.3.6 Evolutionary models 

All evolutionary models used in current likelihood programs are based on 

homogenous Markov models. All substitutions are fully reversible, i.e. it is assumed that it 

is just as likely that A changes into T as T into A. The model does not take into account 

any previous states of the character. The model assumes that each character has a constant 

rate of evolution, i.e. it does not account for different substitution rates in different parts of 

the tree, although there are ways of implementing different substitution rates across sites 

(see below). 

All models account for changes in base frequency and substitution rates. They are 

expressed as a 4 x 4 instantaneous rate matrix Q. Each element of the matrix is the product 

of the instantaneous substitution rate factor [i, a base frequency parameter and the relative 

rate parameter for the substitution of one base into another. The elements of the diagonal 

(changes from one base to itself, i.e. unobservable changes) are chosen so that each row 

sums to zero. 

Most current models are time-reversible, i.e. the relative rate parameter for changing 

one base into another is the same as the reverse change. It also means that the trees inferred 

are unrooted. The general time-reversible (GTR) model allows for four different base 

frequencies and six different substitution rates. All other models are special cases of the 

GTR model and can be nested into each other and into the GTR model. The other models 

are simplified by assuming equal base frequencies and/or reducing the number of 

substitution rate classes to two (transitions and transversions only) or three (one for 

transitions and two for transversions). 

In all these models, branch length is the product of time passed between two 

evolutionary events and the number of substitutions that have occurred during this time 

interval, tfj.. This means, that a long branch can either express a long time difference 

between evolutionary events or many substitutions per unit time. These two components 

can only be separated properly if substitution rates are equal across lineages, i.e. under the 

assumptions of a perfect molecular clock. The branch lengths become estimates of 

substitution rates and likelihoods can be estimated from branching times rather than branch 

lengths (Bishop & Friday, 1985; Felsenstein, 1993). Although the molecular clock 
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assumption requires the use of rooted trees, there are still fewer parameters to be estimated 

making analysis more efficient. If no molecular clock can be assumed, the mean 

substitution rate [x is set to 1 and the branch lengths then represent the expected number of 

substitutions per site on a branch per arbitrary unit of time. 

Faced with a variety of models it is not always obvious which one is the best to use. 

The model has to fit the data and should also fit to other reliable sources, i.e. show 

congruence with other data sets. Commonly, likelihood ratio tests (e.g. Sokal & Rohlf, 

1981) are used to estimate the fit of a model to the data relative to another model. The 

likelihood values obtained under each model can be compared by goodness of fit tests 

(such as the test) as long as the models are nested, i.e. one model is a special case of the 

other one. The most appropriate model is the one that has a significantly better likelihood 

value than the next simplest model. One could always choose the GTR model because it 

would seem to make the best use of all assumptions. However, as more parameters have to 

be estimated from the data the variance becomes larger. Therefore, if the addition of more 

parameters does not significantly improve the fit of the model to the data the simpler 

model should be chosen in favour of a lower variance. 

All models based on the GTR model assume equal rates over sites and lineages. If 

substitution rates vary, likelihood inferences can also become positively misleading (see 

Section 1.2.4.3.3). Accounting for differential rates at different sites can prevent a 

likelihood or distance analysis under an explicit evolutionary model from becoming 

inconsistent. In a perfect world, the substitution rates for each character would be known 

and could be assigned accordingly. Since this is usually not the case, approximations to the 

rate heterogeneity over the characters have to be made. 

The simplest model for accounting for different rates is the invariable-site model 

(Hasegawa et al, 1985; Churchill et al, 1992; Reeves, 1992; Sidow et al, 1992). It 

assumes that a proportion of sites do not vary at all. The assumption that sites either have a 

constant substitution rate or do not vary at all is very unlikely. The alternative is to assign a 

continuous distribution for the rate heterogeneity over the data. The most common model 

is the gamma (F) model (Steel et al., 1993b; Yang, 1993). It has two parameters, the shape 

parameter a, and the scale parameter j3. This continuous model distribution is 

computationally very expensive. Yang (1994a) reduced the continuous model to the 

"discrete F model" in which the F distribution is divided into several rate categories of 

equal probability. He found that the discrete model gives a good approximation to the rate 

variation. The use of the discrete model saves a lot of computational time because only the 



Birgit Meldal 1. Introduction 62 

shape parameter o. is added to the model independently of the number of rate categories 

is set to Ha for distributions of a mean rate of 1). A useful practical implementation is the 

combination of the invariant sites model and the discrete F distribution (Gu et al, 1995; 

Waddell & Penny, 1996) in which a proportion of sites are assumed to be constant and the 

remaining sites are assumed to vary according to a set number of different rates. 

It is one thing to choose the appropriate model and another to choose its parameters. 

As already mentioned, the parameters have to be estimated from the data. Simultaneous 

estimation of all model parameters, branch lengths and tree topologies is generally 

impossible because of the computational complexity. The most commonly used method of 

parameter estimation is by successive approximation. Initial parameter estimates are either 

calculated from the data itself (empirical) or a 'best guess' value is chosen arbitrarily, e.g. 

the base frequencies are chosen as those observed in the data or they are set as equal (0.25 

each). A tree is constructed and branch swapping is used to find the best tree(s) under the 

initial parameter settings. New model parameters are estimated from the best tree(s) and 

the tree search starts over again under the new model settings. This process is repeated 

until the model parameters converge on a constant value. 

1.2.4.3.7 Pairwise distance methods 

All distance methods are based on the idea that evolutionary distance is a tree metric, 

that it defines a tree. If all evolutionary distances between all taxa in a given data set were 

known, it would be easy to reconstruct their relationships as a tree. However, the true 

evolutionary distances are usually not known, primarily because of superimposed changes. 

Pairwise distance methods aim to adjust the observed distances into corrected distances 

which act as approximations to the true evolutionary distances. Pairwise distance methods 

can make use of underlying evolutionary models to estimate evolutionary change and 

account for superimposed changes similar to those used in likelihood estimates. The 

difference between distance and likelihood approaches is that distance methods do not use 

the actual, discrete nucleotide data but convert it into similarities between taxa. 

The drawback of using distances instead of discrete characters is the loss of 

information (Penny, 1982). Distance analysis does not allow the investigator to go back to 

the original data set and deduce which characters are informative or misleading. Another 

disadvantage is that distance methods cannot be used to combine different data sets in the 

same analysis (Miyamoto, 1985). These conceptual disadvantages and simulation studies 

have led to the opinion that distance methods are less powerful and usually outperformed 

by direct likelihood estimations under the assumptions of the same model (Kuhner & 
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Felsenstein, 1994; Yang, 1994b; Huelsenbeck, 1995). However, in practice, distance and 

likelihood estimates can perform equally well. For large data sets the use of distance 

methods are often of great advantage because they reduce computing time. 

Pairwise distance methods are based on additive distances, that is, under the absence 

of stochastic (random) error and a perfect evolutionary model, the branch lengths 

connecting two taxa would be exactly equal to the evolutionary distance of these tax a. In 

reality, random error distorts the additivity of the tree even if the underlying model 

perfectly represents the actual evolutionary processes. 

Pairwise distance methods evaluate trees according to an optimality criterion: 

(weighted) least-squares-fit or minimum evolution. The least-squares-fit criterion (Cavalli-

Sforza & Edwards, 1967; Fitch & Margohash, 1967) compares the observed distance 

between two taxa to its distance on a reconstructed topology. If none of the assumptions 

are violated, the distances are identical and the tree is truly additive. In the event of 

multiple substitutions however, some tree distances will be larger than those that have been 

observed. The best solution is the one for which the least-square-fit of all differences is 

optimal according to a goodness of fit statistic. 

In the minimum evolution method (Kidd & Sgaramella-Zonta, 1971; Rzhetsky & Nei, 

1992) branch lengths are fitted to the tree topology by unweighted least-squares similar to 

the above method. Instead of evaluating the branch lengths by a goodness of fit measure, 

all branch lengths are added to give the total tree length. The optimal solution is the one for 

which the total length of the tree is minimised. The minimum evolution criterion is 

therefore similar to parsimony with the difference that the tree length is calculated from the 

pairwise distances rather than the cost of fitting the individual nucleotides to the tree. The 

minimum evolution criterion seems to perform slightly better than the least-squares-fit 

criterion, but the exact reasons are unclear. With increasing sequence length and rejection 

of trees containing negative branch lengths the differences between the two methods 

decrease (Kidd et al, 1974; Kuhner & Felsenstein, 1994). 

Gaps in the alignment have to be treated with care in distance estimations because 

they are signs of indels (see Section 1.2.3.1) and not simple substitutions. Positions that 

contain gaps for one or more taxa can either be excluded entirely prior to the analysis or 

distances for pairs in which one or both sequences have a gap are omitted. The former 

option is usually used for long stretches containing many gaps, whilst the latter option is 

appropriate for single gaps in the alignment. If positional homology in regions of an 
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alignment containing many gaps cannot be ensured these regions should be excluded 

entirely from the analysis as should terminal end variations. 

Observed dissimilarities between sequences initially increase rapidly as one base 

changes to another base. Over time, it becomes more likely that a position that has already 

seen one change will undergo a further substitution. This second substitution at the same 

position cannot increase dissimilarity any further, thus dissimilarity increases much slower 

with increasing evolutionary time. Uncorrected dissimilarity measures (such as the 

Hamming distance or p-distances [Kumar et al, 1993]) cannot account for these 

superimposed changes but the implementation of evolutionary models can take care of this. 

The same evolutionary models as those that apply to maximum likelihood methods can be 

implemented in distance estimations. Instead of using a rate matrix, unequal base 

frequencies and substitution rates can be incorporated in the distance equation. Among-site 

rate variations can also be accommodated in the distance equation. 

The most effective way of implementing the above models is by actually estimating 

maximum likelihood distances. In this method, the tree is treated as a single branch and the 

branch length that maximises the probability of sequence evolution is estimated. Here, the 

branch lengths equal the expected number of substitutions per site. The model parameters 

have to be estimated from the data in much the same way as in pure likelihood analysis. 

The advantage of using maximum likelihood distance estimates to full maximum 

likelihood analysis is again one of computational speed. 

The LogDet (Lockhard et al., 1994; Steel et al., 1994) orparalinear distance (Lake, 

1994) is a transformation of distances that can account for biases in the base frequencies 

amongst different lineages as long as sites evolve independently and among-site 

substitution rates are equal. Homogeneity of base composition can be tested using 

statistics (Rzhetsky & Nei, 1995). The LogDet or paralinear model suffers when among-

site rate variation is high. Under such circumstances it might be appropriate to include an 

estimate for invariant sites. Simply excluding all constant or parsimoniously-uninformative 

sites tends to be a very severe tactic (Waddell, 1995). 

As with maximum likelihood models, the choice of the best model for the analysis of 

a given data set is fundamentally difficult. Accounting for all evolutionary processes and 

choosing the most general model (GTR+I+F or LogDet) could lead to overly high variance 

in the distance estimates. There is no one strategy of testing which model to use, but if two 

estimates give similar values, the simpler model should be used because it will have a 

lower variance (Kumar et al., 1993). 
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1.2.5 Rooting and character polarity 

One aim of phylogenetic reconstruction is to assess the direction of evolutionary 

change of alternative character states. For this to be achieved, the ingroup network has to 

be rooted. Rooting enables the investigator to make an informed decision about the polarity 

of the character state change, i.e. if a state is plesiomorphic (ancient with respect to the 

ingroup) or apomorphic (derived with respect to the most recent common ancestor of the 

ingroup). Furthermore, synapomorphic (shared and derived) character states provide 

evidence of a common origin of a group of taxa (Hennig, 1966). 

The possible rooting methods for morphological data are outgroup comparison 

(Watrous & Wheeler, 1981; Farris, 1982; Maddison et al., 1984; Nixon & Carpenter, 

1993), the ontogenetic method (Mayr, 1969; Nelson, 1978, 1985; Patterson, 1982, 1983; 

Brooks & Wiley, 1985; de Queiroz, 1985; Kluge, 1985; Bryant, 1992) and the 

palaeontological method (Nelson, 1978; Patterson, 1982; de Queiroz, 1985; Eldredge & 

Novacek, 1985; Gauthier et al., 1988; Donoghue et al., 1989; Bryant, 1992), whilst for 

molecular sequencing data the only rooting method is outgroup comparison (Arnold, 1981; 

Smith, 1994). Only rooting via outgroup analysis will be discussed in the following section 

because no morphological characters were collected for the outgroups in this study. 

Ingroup and outgroup taxa should be analysed simultaneously and the resulting 

dado gram rooted between the ingroup and outgroup (Farris, 1970, 1972; Nixon & 

Carpenter, 1993; Kitching et al, 1998) rather than constraining the outgroup to monophyly 

prior to analysis (Maddison et al, 1984). Unconstrained outgroup analysis allows testing 

for ingroup monophyly as well as assessing the ingroup polarity after ingroup ancestral 

states have been assigned. Therefore, character polarity does not have to be defined a 

priori but can be read off the resulting cladogram (Farris, 1970, 1972; Nixon & Carpenter, 

1993; Kitching et al., 1998). In fact, Nixon & Carpenter (1993) showed that the use of a 

single outgroup, rooted in the correct position, will achieve polarisation. 

It is still controversial as to which, and how many, outgroup taxa are necessary for a 

robust outgroup rooting. Wiley (1981), Donoghue (1983), Donoghue & Cantino (1984), 

Stuessy (1990) and May den & Wiley (1992) insisted that the nearest sister taxon to the 

ingroup is necessary for outgroup rooting. Watrous & Wheeler (1981), Donoghue & 

Cantino (1984) and Smith (1994) suggested that outgroup taxa should be monophyletic 

with the ingroup in a wider phylogenetic aspect and that one should use a sister group 

taxon if at all possible. Furthermore, Donoghue & Cantino (1984) also recommended that 

only those ingroup nodes should be accepted that are robust to outgroup choice. Nixon & 
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Carpenter (1993) showed that the outgroup does not necessarily have to contain the sister 

group but that any outgroup can be used as long as it does not introduce homoplasies that 

cannot be dealt with. More recently, Lyons-Weiler et al. (1998) tested several outgroup 

approaches and suggested using two outgroup tax a, one of which should be the sister group 

to the ingroup and the other a more distantly related outgroup. Their argument was that the 

phylogenetic signal decreases if more than one representative from one outgroup taxon is 

included, and that the sister taxon would have a reduced plesiomorphic content relative to a 

more distantly related taxon if the sister taxon exhibits a high rate of nucleotide changes. 

No matter what type of data is used, outgroup choice has to be carried out with great 

care. If the outgroups are too distantly related, several problems will occur. The more 

distantly related one molecular sequence is from another, the higher the probability that the 

observed nucleotide changes represent only random data as a result of multiple 

substitutions at the same homologous sites (Wheeler, 1990; Smith, 1994). 

It is generally advisable to analyse the ingroup first and then to add outgroups to the 

resulting network (Lundberg, 1972; Nixon & Carpenter, 1993). For cases in which the 

outgroup relationships are poorly known, Donoghue & Cantino (1984) suggested that all 

plausible outgroups should be investigated, alone and in various combinations. They called 

this method the "outgroup substitution approach" and added that this method would be 

most useful for establishing an outgroup hypothesis prior to a full cladistic analysis. 

There are three alternatives to outgroup comparison for cases where no outgroups are 

available: the use of a hypothetical ancestor, Lundberg rooting (Lundberg, 1972) or 

midpoint rooting (Farris, 1972). However, there are problems with all three methods. In the 

first two cases, there are high chances that the globally optimal root is not found, and 

midpoint rooting assumes a molecular clock. Therefore, outgroup comparison should be 

used whenever possible. 

A major problem with rooting by outgroup comparison is the problem of long-

branch-attraction (Felsenstein, 1978; Hendy & Penny, 1989; Wheeler, 1990; Tarrio et al, 

2000). If the outgroups are distantly related and therefore contain many homoplasies or if 

they have different evolutionary rates and hence contain only random data, the outgroups 

tend to root on the longest internal branch through random association rather than true 

phylogenetic signal (Wheeler, 1990; Smith et al., 1992, Smith, 1994; Tarrio et al, 2000). 

Wheeler (1990) suggested that if the outgroup(s) root on the longest internal branch one 

should avoid outgroup rooting altogether and instead use the asymmetric character 

transformation matrix for rooting. Smith (1994) suggested the use of several sister taxa as 
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outgroups because it increases the stemminess of the tree: The use of one taxon from each 

possible outgroup leads to an increase of long branches and random association of 

homoplasious data, while using several sequences from the same sister group will break up 

long branches and give balance to the tree. Maddison et al. (1984) had shown for 

morphological data that the use of a single outgroup was more likely to identify the wrong 

root because of the high potential for many homoplasies. 

Tarrio et al. (2000) incorporated a model containing assumptions that deal with rate 

heterogeneity. They ran simulations under a variety of criteria and models using midpoint 

rooting instead of outgroup comparison. They found that more complicated but apparently 

biologically more accurate models under the maximum likelihood criterion often failed to 

find the true tree, but simple models were able to reconstruct the correct phylogeny. These 

findings were attributed to the presence of base compositional bias amongst the sequences. 

Accounting for rate variation reduces the phylogenetic signal of the GC content under base 

compositional bias (hence, long-branch attraction not only influences parsimony but also 

likelihood inference). The only advanced model that could cope with the base 

compositional bias was the LogDet method because it accounts for base compositional 

bias. If both, heterogeneity and base compositional bias, are present in the data, the 

investigator has to find a balance between accounting for one or the other, as there are no 

implementations to date to account for both at the same time. 

Even if evolutionary rates are homologous and base composition is unbiased, other 

details of the cladogram, such as topology and convexity (i.e. the placement of the root), 

still vary with the choice and input order of the outgroups in the data matrix (Milinkovich 

et al., 1996; Barriel & Tassy, 1998; Milinkovich & Lyons-Weiler, 1998). The "prime 

outgroup", that is the first outgroup in the matrix, has the greatest effect on the ingroup 

topology. It is therefore advisable to permute the outgroup order and then draw a 

consensus tree of all hypotheses. Alternatively, the input order of all taxa in the data matrix 

can be permuted in several independent analyses avoiding any effect of a "prime outgroup" 

(see Section 1.2.4.2). 

Although the problem of alignment is dealt with elsewhere, a note should be made 

about the treatment of character selection when adding outgroups (Smith, 1994). After 

potential exclusion of ambiguous regions in the ingroup alignment, the outgroup alignment 

needs to be scrutinised. In a parsimony analysis, all ambiguous positions within the 

outgroup alignment should be replaced with '? ' for missing data, while in a hkeUhood 

analysis these positions should be entirely excluded from the analysis. Furthermore, under 
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the parsimony criterion, it is possible to check the variance of individual sites within 

outgroups and only include those sites that are stable within the outgroups or weigh variant 

positions according to the consistency or retention index (see Section 1.2.6.1) of these sites 

after a first run through the data. In conclusion, Smith (1994) found that maximum 

likelihood had a higher degree of success of retrieving the correct ingroup topology when 

including ambiguous positions than maximum parsimony, however, both methods 

performed better if ambiguous characters where excluded. There was no improvement in 

the accuracy of several distance estimates when ambiguous characters were excluded; in 

fact, all distance methods tested performed quite poorly overall. 

1.2.6 Support for and confidence in the data 

As seen above, there is hardly any situation where the inferred phytogeny is the true 

reconstruction of evolutionary history. Incomplete sampling, homoplasy and the need to 

use heuristic approaches introduces errors to phylogenetic reconstruction. There are two 

types of error: Random (or sampling) error (Type I error) is the deviation of the observed 

parameter from the true parameter because of incomplete sampling. It will completely 

disappear if all data are collected but this is impossible because not every step of an 

evolutionary history can be sampled. Random error can be reduced by adding more 

observations, providing there is no bias in the data (Hillis et al, 1994, Swofford et al, 

1996). 

Systematic (or statistical) error (Type II error) is the deviation of the observed from 

the true value because incorrect assumptions are made about the statistical model. This 

type of error only increases with additional data. The most common example of systematic 

error is the phenomenon of long-branch attraction (see Section 1.2.4.3.3). Only using a 

better model for the analysis can reduce systematic error. Knowing which model is the best 

fit to the data and the hypothesis is difficult and has been dealt with in Section 1,2.4.3.6. 

Increasing the complexity of the model to account for systematic error increases the 

amount of random error because more parameters have to be estimated from the data; it 

also increases the time requirements and might make the best combination computationally 

infeasible. Computational time also increases with the amount of data that is added to 

reduce random error. There is a trade-off between accounting for both types of error in a 

given data set. To find the best solution to the problem, different models can be tested and 

associated errors estimated. The best model is the one for which phylogenetic hypothesis 

does not change significantly by adding more data or free parameters. For likelihood 
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models, the likelihood ratio tests can be applied (Goldman, 1993a, 1993b; Rzhetsky & Nei, 

1995; Posada & Crandall, 1998 [MODELTEST program]). 

Many different methods have been suggested to test the support of the data for the 

resulting phylogeny. Only two methods, the consistency and retention index and the 

bootstrap, are applied in the present study and they are discussed further in this section. 

Alternatives methods include; whole randomisation tests for phylogenetic signal (Faith, 

1991; Faith & Cranston, 1991; Goloboff, 1991; Hillis, 1991; Huelsenbeck, 1991), the 

Bremer support index for branch support and its variations (Farris et al, 1982; Bremer, 

1988; Kallersjo et al, 1992; Davis, 1993; Bremer, 1994) and the jackknife (Lanyon, 1985; 

Siddall, 1996). 

1.2.6.1 Consistency and retention indices 

One of the earliest methods for estimating random error is to test the support of the 

data for the cladogram, i.e. how much of the data are informative and how much 

homoplasy is contained in it. The fit of a character on a particular cladogram can be 

measured either as total branch length or by indices such as the consistency index (Kluge 

& Farris, 1969; Farris, 1989) and retention index (Farris, 1989). Total branch length is 

simply the total amount of character change over the whole cladogram but in the presence 

of homoplasy it is a biased estimate. 

The consistency index (CI) is the ratio between the minimum amount of change that 

a character may show on a tree to explain the data (m) and the amount of change in the 

character on the actual cladogram (j). It is essentially a measure of homoplasy. High values 

of the CI indicate a low level of homoplasy; low values indicate high amounts of 

homoplasy. If no homoplasies exist the consistency index has a value of 1 (and m and s 

also equal 1). The consistency index can be calculated for each individual character or the 

values of m and s for all characters are added up to calculate the fit of all characters on the 

cladogram giving the ensemble consistency index. Since the consistency index of 

individual characters is dependent on the topology, they can have different values for all 

equally parsimonious solutions of the same data set; the ensemble consistency index for all 

characters will be identical for all most parsimonious trees (Carpenter, 1988). The 

homoplasy index (HI) is the complement of the consistency index and equals one if all 

similarities result from homoplasy and zero in the absence of homoplasy. 

Inclusion of uninformative characters (apomorphies and invariant characters) in the 

analysis overestimates the CI. This inflation is particularly crucial when different data sets 
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are compared or if character weighting is employed as well (Mickevich & Farris, 1981; see 

also section 1.2.2). Therefore, uninformative characters should be excluded, especially if a 

weighting scheme is employed (Colless, 1983; Carpenter, 1988; Farris, 1989). The CI is 

inversely correlated to the number of taxa in the data set but independent of the number of 

characters and the distribution of the character states among the taxa. Effectively, the 

addition of taxa reduces the homoplasy of the data set (Kitching et al, 1998). In order to 

account for these correlations, Farris (1989) introduced the retention index. 

The retention index (RI) (Farris, 1989) is a measure of character similarity that can 

be interpreted as synapomorphy. The ensemble retention index (including all characters) 

places greater influence on those characters that support larger monophyletic groups and 

down-weights those that occur more distantly on the cladogram (Kitching et al., 1998). 

The RI also equals one in the absence of any homoplasy and it actually takes on a value of 

zero if all similarities among the terminal taxa result from homoplasies. Neither the 

number of characters in the data set nor the type of characters influences the RI. The 

resettled consistency index (RC) (Farris, 1989) is the product of the consistency and 

retention indices {CI*RJ). It reaches a value of zero if all similarities in the characters are 

attributed to homoplasy and takes on a value of one in the absence of homoplasy. 

1.2.6.2 The Bootstrap 

The non-parametric bootstrap (Efron, 1979, 1982, 1987; Efron & Gong, 1983) was 

first introduced in phylogenetic analysis by Felsenstein (1985a) as a measure of confidence 

in the phylogeny or a monophyletic clade therein by repeated sampling of characters from 

the underlying pool of characters. The data are permutated by randomly sampling data 

columns irrespective of their original position in the data matrix until the original number 

of data points is reached; this is called the 'sampling with replacement' method. Because 

columns are chosen at random, one column can occur more than once in one pseudosample 

while another column may not get sampled at all for a given replicate. This resampling is 

essentially a weighting method, where omitted characters are weighted zero and all others 

have a weight according to the number of times they are sampled (Bremer, 1994). The 

number of times a given internal branch is found amongst the pseudosamples is counted. 

This is the bootstrap proportion for this particular branch. Generally, a high number of 

replicates (>100, better several thousand) are need for a good estimate. 

There are four assumptions that have to be met for the bootstrap proportions to 

represent confidence limits correctly and without bias: (1) the underlying algorithm for the 

reconstruction of the phylogenetic hypothesis has to be statistically consistent, (2), all 



Birgit Meldal 1. Introduction 71 

characters in the data matrix have to be independent from each other, (3) the bootstrap 

procedure needs to be unbiased with respect to the underlying algorithm, and (4) the 

sample of the data has to be representative of the underlying universe of the character data 

and more importantly, the universe has to exist in the first place (Sanderson, 1989). 

However, when using real data, all of the above assumptions are most likely to be 

violated, hi many cases, the phylogenetic estimation method is statistically inconsistent 

(see Section 1.2.4.3.3), the characters are not independent of each other (e.g. secondary 

structure constraints of ribosomal RNAs), bias is inherent in the sample (Hillis & Bull, 

1993), and there is no way of proving that there is an underlying universe of the character 

distribution that is represented by the data at hand. Character correlation causes an 

overestimate of the confidence levels for the internal branches (Felsenstein, 1985b; 

Bermingham & A vise, 1986) and inherent bias in the pseudosamples leads to larger 

variance of the bootstrap proportions than that of independent sampling of data (Zharkikh 

& Li, 1992a; Hilhs & Bull, 1993). Furthermore, Carpenter (1996) showed that the 

inclusion of uninformative characters can have a substantial effect on the bootstrap results, 

a consequence of the limit of available data that had previously been disputed (Harshman, 

1994). 

Nevertheless, even if not all assumptions are met, the bootstrap is still "valuable 

because it provides a systematic method of assessing the robustness of a data set to 

perturbation" (Sanderson, 1989). For example, the bootstrap can reveal the confidence 

limit of an apparently monophyletic group when only a few more characters support the 

monophyly of the group than the number of characters that do not support the monophyly. 

However, it is important to note that even if the above assumptions apply, bootstrap 

proportions cannot be translated into probabilities because congruence could also result 

from systematic errors that would override the phylogenetic signal (Mihnkovich & Lyons-

Weiler, 1998). 

There are three possible interpretations for bootstrap proportions with respect to the 

underlying phylogenetic hypothesis that is tested: (1) precision, "the degree to which 

bootstrap proportions based on a finite set of pseudosamples are expected to match the 

values that would be obtained from an infinite set of pseudosamples", (2) accuracy, "the 

probability that a specific group is contained in the true phylogeny", and (3) repeatability, 

"the probability that a specific group will be found in an analysis of an independent sample 

of characters" (all quotations from Hillis & Bull, 1993). 
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There has been considerable controversy over the exact meaning of bootstrap 

proportions. Felsenstein (1985a) and Sanderson (1989) went with the interpretation as a 

measure of repeatability, while Felsenstein & Kishino (1993) saw it as a measure of 

accuracy and interpreted the probability of a type I error, that is of falsely favouring the 

null hypothesis that the group is not there, as 1 - P, where P is the proportion of 

pseudosamples. Hillis & Bull (1993) compared the two interpretations using simulated and 

real data, and showed that the bootstrap proportions at best "provide an indication only of 

the degree of support of a particular technique for a particular clade". They concluded that 

with an infinitive number of iterations, one can get a perfectly precise but highly inaccurate 

estimate of repeatability and that the bootstrap proportions provide a biased estimate of 

accuracy (also Zharkikh & Li, 1992a, 1992b). 

Bootstrap estimation has the same problems as phylogenetic inference in that if 

evolutionary rate varies greatly across taxa, estimates can be "positively misleading" 

(Felsenstein, 1978). For high rates of change with ratios of short; long branches of less 

than 1:5, bootstrap proportions of more than 50% are consistent conservative measures; for 

higher ratios parsimony becomes positively misleading (Felsenstein, 1978), but bootstrap 

proportions are usually lower as well (<85%) (Hillis & Bull, 1993). 

With increasing sample size (Felsenstein & Kishino, 1993), higher character to tax on 

ratio (Felsenstein, 1985b; Sokal & Shao, 1985; Bremer et ah, 1999) and a higher number 

of informative characters (HiUis & Bull, 1993; Bremer et al, 1999) the bootstrap 

proportions and therefore the confidence in the recovery of the true distribution increases. 

However, increasing the number of taxa but leaving the number of characters constant 

decreases the bootstrap support (Bremer et al, 1999), unless the number of characters was 

already very high (high character to tax on ratio) (Graybeal, 1998). The level of support is 

also dependent on the taxon sampling itself rather than the absolute character to taxon ratio 

(Bremer et al., 1999). Cummings et al. (1995, for whole genome analysis) and Poe & 

Swofford (1999) found that it was usually better to add characters, even if long-branch 

attraction was a problem, but that adding slow-evolving taxa to break up long branches 

reduced accuracy (Smith, 1994). The increase or decrease of the bootstrap proportions is 

also dependent on the addition sequence of the taxa (Hillis, 1998; Kim, 1998). The extent 

of the bias further depends on the location of the internal branch (Hillis & Bull, 1993; 

Zharkikh & Li, 1995). 

Whether high bootstrap proportions over- or underestimate the probability that a 

group is correct depends on whether the data are highly informative or not. Felsenstein & 
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Kishino (1993) showed that if the data are resolved, the bootstrap proportions are usually 

high and underestimate the true probability. They also concluded that confidence intervals 

are not biased and that the probability that the confidence interval includes the true mean is 

0.95 for a normal distribution and slightly larger under the bootstrap unless the data set is 

quite large. However, Zharkikh & Li (1995) estimated that under the 95% critical value 

criterion, the bootstrap proportions underestimate the true confidence level and that this 

underestimation increases with the number of alternative topologies. 

To get 95% bootstrap support, a clade has to be supported by at least three 

synapomorphies in the absence of any homoplasies, with even distribution of character 

change on the tree and with binary characters (Felsenstein, 1985b; Bremer et al., 1999). In 

the presence of homoplasy and with multistate characters the number of synapomorphies 

must be greater. Hillis & Bull (1993) concluded that bootstrap proportions (BP) above 85% 

indicate strong support for a clade and BP between 65 - 85% moderate support. BP below 

65% indicate insignificant support and therefore monophyly of clades with such low 

support is doubtful. 

1.2.7 Taxonomic versus character congruence - consensus versus combined 

analysis 

Accuracy of phylogenetic reconstruction can be estimated as the confidence in the 

resulting hypothesis or the amount of phylogenetic signal contained in the data. However, 

accuracy can also be measured by congruence amongst data sets derived from different 

suites of characters because they produce different sets of hypotheses (Penny & Hendy, 

1986; Swofford, 1991). Congruence between the fundamental dado grams from the 

different analyses can be assessed with three different methods: consensus analysis (taxon 

congruence), combined analysis (character congruence or total evidence) and character 

weighting. All three methods have their advantages and disadvantages and are used in 

slightly different situations. Character weighting has already been dealt with in Section 

1.2.2 above. 

1.2.7.1 Taxonomic congruence: partitioned analysis and consensus trees 

Phylogenetic analysis of one or more data sets can result in fundamentally different 

topologies because of homoplasy, i.e. incorrect coding, different evolutionary histories of 

the characters (character conflict), or incomplete sampling resulting in only partial signal 

of evolution. It is often practically impossible to display all trees fi-om a given analysis. 

Consensus methods combine the common evidence of many alternative and conflicting 
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topologies from all trees recovered in the original phylogenetic analysis, i.e. all 

fundamental trees, into one single tree. Thereby, taxonomic congruence is a measure of the 

stability of the relationships of the taxonomic groups in the data set (Mickevich, 1978; 

Nelsen, 1979). Consensus analyses can be used to test for conflict and congruence amongst 

cladograms from different analyses of the same taxa using different sets of characters (its 

original function, Adams, 1972; Carpenter, 1988) or multiple equally best trees from a 

single analysis of one data set. 

The strict consensus method (Schuh & Polhemus, 1981; Sokal and Rohlf, 1981) is 

the most conservative consensus method (Hillis, 1987; de Queiroz, 1993). It only retains 

those clades or components that are present in all fundamental trees. In the worst-case 

scenario when no common components are found amongst the fundamental trees the strict 

consensus tree is the unresolved bush. The strict consensus method is most widely used for 

combining the evidence from fundamental trees of a single analysis of one data set. 

A slight relaxation of the strict consensus rule is the combinable component or semi-

strict consensus method (Nelson, 1979; Bremer, 1990). A semi-strict consensus tree 

accepts components that are resolved in some fundamental trees but polytomous in others. 

The reasoning behind accepting a possible resolution of a polytomy is that it does not 

contradict the polytomy itself If all fundament trees are fully resolved, the semi-strict 

consensus tree is identical to the strict consensus tree. 

A majority-rule consensus tree (Margush & McMorris, 1981) retains not only those 

components that are found in all fundamental trees, but also those that occur in more than a 

pre-specified percentage (typically >50%) of the underlying fundamental trees. The 

majority-rule consensus method is useful if many different topologies are to be combined 

and the strict consensus tree is very unresolved. Majority-rule consensus trees are typically 

used in combining trees from a bootstrap analysis and Bayesian inference. 

Adam consensus trees (Adams, 1972) contain nested taxa common to all 

fundamental cladograms and place those taxa of conflicting positions at the nearest 

common node. Adam consensus trees thus contain components not observed in any of the 

fundamental cladograms and have to be treated with caution. They are useful, however, for 

determining the degree of preserved structure in the fundamental cladograms, especially if 

there are 'rogue' taxa that appear in widely different positions in the different fundamental 

trees (Funk, 1985; Hillis, 1987). 

While consensus methods are widely used they are also controversial (Penny et al., 

1982; Farris, 1983; Miyamoto, 1983, 1985; Hillis, 1987; Patterson, 1987; Cracraft & 
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Mindell, 1989; Kluge, 1989; Barrett et al., 1991; Donoghue & Sanderson, 1992; Bull et al, 

1993; de Queiroz, 1993; Chippindale & Wiens, 1994; Huelsenbeck et al., 1994; Wiens & 

Chippindale, 1994; Miyamoto & Fitch, 1995; Wiens & Reader, 1995; Bremer, 1996; 

Huelsenbeck & Bull, 1996; Nixon & Carpenter, 1996; Baker et al., 1998; Ballard et al., 

1998). Opponents of consensus analysis (e.g. Hillis, 1987; Cracraft & Mindell, 1989; 

Kluge, 1989; Barrett etal, 1991; Pesole et al., 1991; Shaffer et al., 1991; Swofford, 1991; 

Marshall, 1992; Chippindale & Wiens, 1994; Wiens & Chippindale, 1994; Bremer, 1996; 

Nixon & Carpenter, 1996) claim that the underlying data need to be tested for character 

congruence and that consensus analyses are not repeatable in a strict statistical sense 

(Kluge, 1989). They prefer the use of combined data analysis. Some authors who disagree 

with the use of consensus trees for the comparison of hypotheses from different data sets 

nevertheless agree on their use for the comparison of all equally parsimonious or likely 

trees from the analysis of one data set (e.g. Barrett et al., 1991; Kluge & Wolf, 1993; 

Chippindale & Wiens, 1994). 

1.2.7.2 Character congruence: total evidence and simultaneous analysis 

While consensus trees form a compromise between all fundamental dadograms, total 

evidence analysis (Camap, 1950; Hempel, 1965) seeks to find the best-fitting phylogenetic 

hypothesis based on all available evidence. Miyamoto (1985) and Kluge (1989) provided 

major contributions to our understanding of the concept and to the correct implementation 

in phylogenetic analyses. Proponents of strict cladistics claim that only simultaneous 

analysis of all available information can give the most parsimonious solution that is the 

only hypothesis acceptable under the principle of cladistics. This point, however, is 

strongly debated because there is no proof that the hypothesis from the combined analysis 

is closer to the true tree than any of the hypotheses from separate analyses (Barrett et al., 

1991; Bull et al., 1993; Huelsenbeck et al., 1994). 

The advantages and disadvantages of combined analysis are best understood in 

comparison to consensus analysis. For each argument against one method, there is also a 

counter argument against the alternative method. Which method to choose depends on the 

type of question that is asked. If the choice seems arbitrary, character congruence can be 

tested. 

The main argument for consensus analysis lies in its ability to test for alternative 

hypotheses of the evolutionary history of separate data sets (Bull et al., 1993; Huelsenbeck 

et al., 1994). It is argued, that if separate analyses result in fundamentally different 

topologies, the different types of characters must have evolved under different evolutionary 
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processes, providing there is no sampling error. If different evolutionary processes are the 

cause of the observed phytogenies, then combination of the data sets can lead to positively 

misleading results (Felsenstein, 1978; Section 1.2.4.3.3) because at least one of the data 

sets will be violating the assumptions of the model. Proponents of combined analysis argue 

that accounting for different evolutionary models for the different sets of data will lead to 

the use of maximum likelihood methods, a criterion that is in strong opposition to the 

principles of cladistics. 

Separate analyses can determine the degree of support for the optimal phylogenetic 

reconstruction of the individual data sets by recovering information about the amount of 

phylogenetic signal in the data (Huelsenbeck et al, 1994). If the next best solution only 

requires a few more steps there is not much support for the optimal solution. If, on the 

other hand, the suboptimal solution requires many additional steps there is a lot of support 

for the optimal solution and it carries significant phylogenetic signal (Kitching et al, 

1998). Proponents of separate analysis also claim that a data set with a large number of 

characters (e.g. molecular data) might swamp a data set with fewer characters (e.g. 

morphological data) in a combined analysis (Hillis, 1987; Patterson et al., 1993). In 

practice this argument does not seem to hold true. Morphological characters often contain 

strong signals that filter through in the combined analysis (e.g. Baker et al., 1998). 

On the other hand, combined analyses can tackle the presence of different 

evolutionary histories and phylogenetic signal by differential weighting of the data sets 

(Hillis, 1987; Barrett et al., 1991; Chippindale & Wiens, 1994). Many studies found that, 

especially under character dependence, downweighting fast evolving, misleading 

characters and/or adding more slowly evolving ones can lead to a better estimate of 

phylogeny (Wheeler & Honeycutt 1988; Swofford & Olsen, 1990; Donoghue & Sanderson 

1992; Doyle, 1992; Bull et al., 1993; Dixon & Hilhs, 1993; Chippindale & Wiens, 1994; 

Huelsenbeck et al., 1994). Alternatively, non-linear transformation (Steel et al., 1993c) can 

be used for inconsistent data to account for superimposed substitutions (Chippindale & 

Wiens, 1994). Simply ignoring fast-evolving characters may result in the unnecessary loss 

of phylogenetic signal. 

However, there are a number of fundamental problems to the application of 

partitioning data sets and differential weighting. Firstly, it is inherently difficult to decide 

which partitions are natural (Chippindale & Wiens, 1994), or if partitions exist at all in 

nature (Kluge & Wolf, 1993). Secondly, even if each data set is accepted as an individual 

partition there is no proof that characters from different partitions are more likely to be 
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independent from each other than those within the same partition (Kluge & Wolf, 1993). 

Thirdly, it is almost impossible to detect which characters cause the potentially misleading 

property of a partition (Huelsenbeck et al, 1994) because for this the true phylogeny has to 

be known which is usually the unknown quantity in a phylogenetic analysis. 

On the other hand, consensus analysis ignores other weighting problems (Miyamoto, 

1985) because consensus trees often imply more character state changes than are found in 

the individual trees. This can lead to incorrect estimates of the pattern of evolution 

(Miyamoto, 1985; Hillis, 1987). Simply combining the fundamental trees of the separate 

analyses does not even imply equal weighting. If the number of characters in the different 

underlying data sets is different, the data sets as a whole will be weighted equally but the 

constituent characters will be weighted unequally (Miyamoto, 1985; Cracraft & Mindell, 

1989). 

The consensus tree is probably the more conservative estimate of the phylogeny 

because it takes into account all evidence that the fundamental trees have in common. It is 

therefore less prone to lead to a wrong hypothesis about the evolutionary history (Barrett et 

al, 1991; Swofford, 1991). On the other hand, the consensus tree lacks any information 

that is found only in a selection of fundamental trees while the combined analysis can 

resolve the conflict according to the evidence and give a much more resolved solution 

(Hillis, 1987; Barrett et al, 1991; Bull et al, 1993; de Queiroz, 1993). However, a single 

solution from the combined analysis can fail to provide evidence of how many components 

of the combined analysis can also be found in the separate analyses and vice versa (de 

Queiroz, 1993). While there is still no indication as to which hypothesis is closest to the 

true tree (Barrett et al, 1991; Chippindale & Wiens, 1994; Huelsenbeck et al., 1994) the 

choice is fundamentally one between accuracy and precision, between choosing an 

ambiguous solution (the consensus tree) that most likely contains the truth and an 

unambiguous solution (combined hypothesis) that may contain components that are not 

found in any of the fundamental trees. Under true cladistics the most parsimonious 

reconstruction is as precise as possible with the least number of ad hoc hypotheses, a 

condition only achieved with combined analysis (Miyamoto, 1985; Kluge, 1989; Kluge & 

Wolf, 1993; Chippindale & Wiens, 1994; Bremer, 1996; Nixon & Carpenter, 1996). 

1.2.7.3 Conditional data combination or the prior agreement approach 

Under the 'conditional data combination' (Huelsenbeck et al., 1996) or 'prior 

agreement approach' (Chippindale & Wiens, 1994) partition heterogeneity has to be tested 

prior to combined analysis and separate analyses have to be carried out unless partition 
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homogeneity can be proven (Bull et al, 1993; de Queiroz, 1993; Huelsenbeck et al, 1994; 

Huelsenbeck & Bull, 1996; Baker et al., 1998; Ballard et al., 1998). Separate analyses 

result in conflicting hypotheses either because of different evolutionary processes (e.g. rate 

variations, functional constraints, selection pressure, horizontal gene transfer, 

recombination in bacteria, ancient polymorphism) or sampling error (Bull et al, 1993). If 

the evolutionary process differs between the different partitions the conflict cannot be 

reduced with statistical transformations and combined analysis would violate the 

assumptions for at least one of the partitions causing the analysis to be positively 

misleading (Felsenstein, 1978, Section 1.2.4.3.3). However, if the cause for the differential 

evolutionary rates or transformational probabilities can be determined, a combined analysis 

under differential weighting (non-uniform weighting, Felsenstein, 1981b; Steel et al., 

1993c) is allowed. 

Further complications arise when characters are not independent (see Section 

1.2.1.2). If independence cannot be proven consensus analysis should be carried out (de 

Queiroz, 1993). If all characters are independent combined analysis is probably appropriate 

because potential conflict is among the characters and not the separate data sets (Kluge, 

1984; Shaffer et al, 1991; Swofford, 1991; Nixon & Carpenter, 1996). However, if 

separate analyses reveal more than two data sets with the same phylogeny but with low 

support then high levels of homoplasy have to be suspected. Under such circumstances a 

combined approach is considered acceptable because it increases the number of characters 

and thereby potentially the phylogenetic signal (de Queiroz, 1993). If character 

dependence within data sets is suspected and separate analyses result in conflicting but 

weakly supported hypotheses, neither of the two approaches is more appropriate and both 

should be used and the results compared (Shaffer et al., 1991; Swofford, 1991; de Queiroz, 

1993). If heterogeneity is the result of a single 'rogue' taxon a simultaneous analysis can 

be carried out (Littlewood & Smith, 1995). Barrett et al. (1991) suggested that if data sets 

are combined some weighting scheme should be applied because using equal weights is as 

much a biological assumption as applying a specific weighting scheme (Sober, 1988). 

If separate analyses result in strongly supported, fully resolved trees, conflict is likely 

to be among the data sets, not the characters. Under such circumstances, at least one of the 

data sets would violate the assumptions of the model in combined analysis and consensus 

analysis should be used (de Queiroz, 1993). However, if the time between branching 

events is large, ancestral polymorphism can lead to discordance between gene and species 
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trees (Bull et al, 1993) and combined analysis might be appropriate; if no timing data are 

available, consensus analysis should be employed. 

Many proponents of combined analysis agree that performing both, consensus and 

combined analysis and comparing both results is a good practical solution to the various 

problems mentioned above (Miyamoto, 1985; Cracraft & Mindell 1989; Kluge 1989; 

Barrett et al., 1991; Donoghue & Sanderson 1992; Chippindale & Wiens, 1994; Wiens & 

Chippindale, 1994; Wiens & Reeder, 1995). Several authors (Miyamoto, 1985; Kluge & 

Wolf, 1993; Bremer, 1996) pointed out that the consensus tree of separate analyses is 

useful for highlighting the (in-) stability and ambiguity of the clades of the fundamental 

trees; they show the difference in the explanatory power between the total evidence and 

taxonomic congruence. Separate analyses can also be used to re-evaluate homologies 

(Bremer, 1996). However, all these authors favour the use of combined analysis for 

establishing a phylogenetic hypothesis, especially in contrast to some recent approaches 

that would favour a hypotheses from a molecular data set over those from a morphological 

one (Bremer, 1996). 

1.2.7.4 Test for two trees 

Numerous methods have been proposed for testing character congruence: Mickevich-

Farris index (Mickevich & Farris, 1981); the non-parametric bootstrap (Felsenstein, 

1985a); the Bremer support/decay index (Templeton, 1983; Bremer, 1988); the Kishino-

Hasegawa Test [KH-Test] (Kishino & Hasegawa, 1989); the consistency index (Kluge, 

1989); the T-PTP Test (Faith, 1991); the partition homogeneity test or incongruence length 

difference test (Rodrigo et al., 1993; Farris et al., 1994, 1995); the likelihood ratio test 

(Huelsenbeck & Bull, 1996; Waddell et al., 2000); the partitioned Bremer support (Baker 

& DeSalle, 1997; Baker et al., 1998); the Shimodaira-Hasegawa Test [SH-Test] 

(Shimodaira & Hasegawa, 1999). However, all these tests have major drawbacks. Many of 

these methods are biased and potentially introduce rather more ambiguity in the result than 

they recover support for individual trees (Wiens & Chippindale, 1994). 

Tests for character heterogeneity under the parsimony criterion lack an underlying 

model that can account for known biases; they might confuse true topology incongruence 

with systematic error (Huelsenbeck & Bull, 1996; Dolphin et al., 2000; Goldman et al., 

2000; Baker et al., 2001; deBry, 2001; Sota & Vogler, 2001; Yoder et al., 2001; Buckley et 

al., 2002; Dowton & Austin, 2002) and bootstrap estimates are biased (Zharkikh & Li, 

1992a, 1992b; Hillis & Bull, 1993; Steel 1993a; Section 1.2.6.2). 
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Although some tests have been developed that use the likelihood criterion they have 

severe practical limitations. Goldman et al. (2000) showed that the non-parametric KH-

Test requires the a priori selection of the two topologies to be included, an assumption 

violated in most practical applications because one of the topologies is usually the one 

found to be optimal after the phylogenetic analysis. Using an a posteriori topology either 

reduces the power of the test or increases its type I error. They proposed the use of the SH-

Test (Shimodaira & Hasegawa, 1999) or the SWOH-Test (Hillis, 1996; Swofford et al, 

1996) instead when comparing a posteriori topologies. The problem with these tests is that 

they become practically infeasible with more than 5 or 6 taxa because all possible tree 

reconstructions have to be considered in the calculation of the test statistic. The problems 

Goldman et al. (2000) highlight also apply to most other congruence tests (Wilkinson, 

pers. comm.). Huelsenbeck & Bull (1996) introduced a parametric hkelihood ratio test but 

it is only applicable to molecular sequencing data, not to morphological data, and it is 

computationally expensive and therefore again not useful for large data sets (Buckley et 

aA,2002^ 

Buckley et al. (2002) introduced a congruence test based on Bayesian inference. 

While there are advantages to using a Bayesian approach (e.g. speed combined with 

confidence limits) there are still practical and theoretical limitations: programs to test 

congruence are still under development and if different parts of the same gene evolve 

under different models it is difficult to decide which model is appropriate (Buckley et al., 

2002; see also Section 1.2.4.3.6). If computational difficulties can be overcome, there are 

some advantages to using Bayesian techniques for congruence tests: Firstly, Bayesian 

methods are much faster than likelihood methods because no separate bootstrap run needs 

to be conducted to assess nodal support and no a priori decisions have to be made about 

topologies and parameter settings (Huelsenbeck & Bull 1996; Swofford et al., 1996; 

Goldman et al., 2000). Secondly, posterior probabilities are a much more intuitive measure 

of uncertainty (Gelman et al., 1995). And thirdly, the strength of evidence of one model 

relative to another can be measured by comparing the phylogenetic signal among the 

partitions (Kass & Raftery, 1995). 

Until a computationally feasible method for a posteriori tree comparison has been 

developed or computer technology has advance to make the current tests applicable for 

large data sets, 'simpler' tests have to be used. The violation of some of their assumptions 

has to be taken into account and the results have to be interpreted very carefully. 
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1.2.8 Conclusions 

During the last 40 years empirical phylogenetic analysis techniques have come a 

long way from cladistic parsimony analyses conducted by hand (Hennig, 1966) to 

sophisticated tests of Bayesian inference (Li, 1996; Mau, 1996; Rannala & Yang, 1996). 

During all this time the theory was always one step ahead of what was practically 

achievable. The applicability and limitations of new algorithms could, and still can, only be 

tested when computer technology has caught up with the theory. And even when such tests 

commence it often takes a long time until the true restrictions are known. 

This chapter has shown that amongst the multitude of analysis techniques there is not 

a single test whose assumptions are not likely to be violated by any given data set. 

Therefore, any new data set should be analysed with as many different methods as possible 

and only after all options are exhausted an informed but critical decision should be made of 

the potential phylogeny. Every systematist should remember that: 

"Phylogeny cannot be observed. It is necessarily an inference from observations that 

bear on it, sometimes rather distantly, and that can usually be interpreted in more than one 

way." (Simpson, 1945) 
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1.3 Aims and Objectives 

This thesis aims to integrate phylogenetic information from all types of nematodes. 

Whilst molecular sequences from a variety of animal and plant parasitic and soil 

nematodes were publicly available, few sequences had yet been obtained from marine 

nematodes. New sequences from marine nematode species were added to the existing 

database of several hundred nematode species. Additionally, all morphological characters 

used in previous classification attempts were examined and a suite of characters was 

chosen that was applicable in some form to all nematodes species under investigation. 

Modem phylogenetic analysis methods also allow for a more detailed analysis of the 

effects of applying a variety of mathematical algorithms. The reconstruction of the 

systematics of nematodes was therefore undertaken using a range of tools and the aim was 

to find an overall consensus amongst the mathematical models and the two data sets that 

were analysed both individually and in combination. 

Using a suite of molecular and morphological characters and a range of analysis 

tools, an attempt is made to revise the phylogenetic relationships of the whole phylum. The 

revised classification is compared to the classical systems. 
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2. Materials and Methods 

2.1 Sampling and identification 

The samples for this study were taken from five different sources; 

i) Southampton Water: Three different sites were sampled by the author in autumn 

2001: Warsash Mud Flat (22/10/01, 1° 18' W, 50° 51' 30" N), Weston Shore (24/10/01, 1° 

23' W, 50° 53' 30" N) and Hythe Salt Marsh (7/11/01, 1° 23' W, 50° 52' N). Altogether, 

47 samples were taken from different microhabitats on the three shores. Figure A1 

(Appendix I) shows the three sampling sites in Southampton Water, Table 2.1 contains a 

list of all samples and the microhabitats they were taken from and Table 2.2 contains 

physical data from the three sites. 

The sampling procedure was identical at all three sites. Sediment cores were taken 

using a Perspex hand corer (5.7 cm diameter) that was pushed into the sediment, twisted 

and pulled out. The sediment was pushed out to the top of the corer with a plunger and two 

horizons were cut off, 0 - 2 cm and 2 - 5 cm. The sediment was transferred into a sample 

container and fixed in 99.7% molecular grade ethanol. At the high shore at Weston the 

sediment was too difficult to sample with the corer. Instead, for samples 29, 30 and 31, 

sand was put into a 2-litre measuring cylinder. The cylinder was filled up with filtered 

seawater and inverted several times to mix the sample. The heavy sediment was allowed to 

settle for a minute and the suspension containing the nematodes was decanted over a 45 

[Jim sieve. The cylinder was refilled and the procedure repeated until the flow was clear. 

The sediment retained on the sieve was washed into a bottle and fixed in 99.7% ethanol as 

with the other samples. For samples 15 and 16 (Warsash) and 32 and 33 (Weston), a 

cluster of algae from mid shore was washed in a jug filled with filtered seawater (45 /xm 

mesh). The water was poured through a sieve and the sediment and animals retained in the 

sieve fixed in ethanol as before. 

Air and water temperatures were measured with a standard mercury thermometer and 

salinity with a hand-held refractometer. The redox potential depth was measured as the 

depth before the sediment turned black, using a ruler. 
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Table 2.1: Sample locations and dates, including position on shore where each samples 
was taken. 

Sample No. Location Date Shore Level Replicate Horizon 

1 Warsash 22/10/01 Low Water 2A 0-2 cm 

2 Warsash 22/10/01 Low Water 2B 2-5 cm 

3 Warsash 22/10/01 Mid Water l A 0-2 cm 

4 Warsash 22/10/01 Mid Water IB 2-5 cm 

5 Warsash 22/10/01 Mid Water 2A 0-2 cm 

6 Warsash 22/10/01 Mid Water 2B 2-5 cm 

7 Warsash 22/10/01 Mid Water 3A 0-2 cm 

8 Warsash 22/10/01 Mid Water 3B 2-5 cm 

9 Warsash 22/10/01 High Water l A 0-2 cm 

10 Warsash 22/10/01 High Water IB 2-5 cm 

11 Warsash 22/10/01 High Water 2A 0-2 cm 

12 Warsash 22/10/01 High Water 2B 2-5 cm 

13 Warsash 22/10/01 High Water 3A 0-2 cm 

14 Warsash 22/10/01 High Water 3B 2-5 cm 

15 Warsash 22/10/01 Mid Water Algae 1 -

16 Warsash 22/10/01 High Water Algae 2 -

17 Weston Shore 24/10/01 Low Water l A 0-2 cm 

18 Weston Shore 24/10/01 Low Water IB 2-5 cm 

19 Weston Shore 24/10/01 Low Water 2A 0-2 cm 

20 Weston Shore 24/10/01 Low Water 2B 2-5 cm 

21 Weston Shore 24/10/01 Low Water 3A 0-2 cm 

22 Weston Shore 24/10/01 Low Water 3B 

23 Weston Shore 24/10/01 Mid Water lA 0-2 cm 

24 Weston Shore 24/10/01 Mid Water IB 2-5 cm 

25 Weston Shore 24/10/01 Mid Water 2A 0-2 cm 

26 Weston Shore 24/10/01 Mid Water 2B 2-5 cm 

27 Weston Shore 24/10/01 Mid Water 3A 0-2 cm 

28 Weston Shore 24/10/01 Mid Water 3B 2-5 cm 

29 Weston Shore 24/10/01 High Water Spades 1 surface 

30 Weston Shore 24/10/01 High Water Spades 2 surface 

31 Weston Shore 24/10/01 High Water Spades 3 surface 

32 Weston Shore 24/10/01 Mid Water Algae 1 uncovered 

33 Weston Shore 24/10/01 Mid Water Algae 2 waterline 

34 Hythe 07/11/01 Creek l A 0-2 cm 

35 Hythe 07/11/01 Creek IB 2-5 cm 

36 Hythe 07/11/01 Creek 2A 0-2 cm 

37 Hythe 07/11/01 Creek 2B 2-5 cm 

38 Hythe 07/11/01 Creek 3A 0-2 cm 

39 Hythe 07/11/01 Creek 3B 2-5 cm 

40 Hythe 07/11/01 Marsh Top Knifes 1 -

41 Hythe 07/11/01 Marsh Top Knifes 2 -

42 Hythe 07/11/01 Mud Flat lA 0-2 cm 

43 Hythe 07/11/01 Mud Flat IB 2-5 cm 

44 Hythe 07/11/01 Mud Flat 2A 0-2 cm 

45 Hythe 07/11/01 Mud Flat 2B 2-5 cm 

46 Hythe 07/11/01 Mud Flat 3A 

47 Hythe 07711/01 Mud Flat 3B 2-5 cm 
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Table 2.2: Physical properties of the three sampling sites in the Solent; Salinity, 
Temperature and Redox Potential Depth (RPD). 

Property Site Property 
Warsash Weston Hythe 

Salinity 34%o 
22%o 

31%o Creek 
33%o Mud flat 

Temperature i4°c: 13°CAii 
14.5°C Water 

n . 5 ° C Puddles 

RPD few mm > 5 cm mid and high shore 
4 cm low shore 

1 cm Creek 
Surface on Mudflat and Marsh Top 

18 core samples were water decanted in the laboratory: the sediment was poured into 

a 2-litre measuring cylinder and the bottle rinsed out with filtered tap water. The cylinder 

was filled with filtered tap water and inverted several times. The sediment was allowed to 

settle for 2 minutes and the water decanted through a sieve. The water decantations were 

repeated up to 5 times or until the flow was clear. The sediment retained on the sieve was 

again preserved in ethanol. The top 2 cm horizon of six cores and one algae sample were 

used for the final work: Mid-water sediment from Warsash (Sample 3), low (SI7) and high 

shore (S29) sediment and algae (S32) from Weston Shore and marsh top (S40) and mud 

flat (S46) sediment from Hythe. 

ii) Foodbancs/Antarctica: In June 2000, Mega-corer (10 cm diameter) sediment 

cores were taken on the FOODBANCS Cruise NBP 00-04 off the Antarctic Peninsula on 

board the Antarctic research and supply vessel, Nathaniel B Palmer. The top 2 cm of the 

core were sliced off with a metal sheer and the sediment put into a 2-litre measuring 

cylinder. The cylinder was filled with filtered seawater and inverted 5 times to mix the 

sample. The heavy sediment was left to settle for a few minutes and the water containing 

the nematodes decanted over a 45 jUm sieve. The cylinder was re-filled and the procedure 

repeated until the flow was clear. The sediment retained on the sieve was rinsed with 

99.7% molecular grade ethanol and washed into a small glass bottle topped up with ethanol 

for preservation. The only sample from this cruise that was used for the current work came 

from site A, deployment #597, core 11 (65° 10' S, 64° 47 W). 

iii) Whale falls off California/USA: In October 1999, Eckman cores (20cm x 20cm) 

of sediments Irom the vicinity of a whale fall off the coast of California (33° 29.6' N, 119° 

22.0' W) were taken by the submersible Alvin during the Atlantis II Cruise 3/42. Cores 

were taken along several transects running from the side of the whale carcass away from it, 

up to a distance of 30 m. Each core was divided into four 1 0 x 1 0 cm sub-cores and one 

sub-core was preserved for molecular analysis of nematodes. The top 2 cm were treated in 

the same way as the cores from Antarctica. Two samples from dive AD 3483 were 
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examined; they were taken 0 m (E6 B) and Im (El 1 D) away from the cadaver of a 1.5 

year old whale carcass. 

iv) The model nematode Caenorhabditis elegans (strain Bristol N2). This terrestrial 

species can easily be cultured on agar in Petri dishes and animals were kindly supplied by 

Dr. Candida Rogers, School of Biological Sciences, University of Southampton. Animals 

were picked alive from the agar and either DNA was extracted straight away if they were 

used as PGR controls, or they were fixed in alcohol and desiccated in molecular grade 

glycerol for the time series experiment (see Section 2.2.3). 

v) Gilkicker Lagoon, Southeast Hampshire/UK: On 19̂ *̂  October 2000, the author 

took sediment samples from the southern side of Gilkicker Lagoon (1° 08' W, 50° 46' 30" 

N). Surface sediment was scooped up with a little spoon and put into small (75 ml) 

sampling bottles. Five samples were fixed in 95% molecular grade ethanol (Aldrich) and 

three samples left in lagoonal water. Using a stereomicroscope, four nematodes were 

successfully picked out of untreated sediment, placed into individual 0.5 ml PGR tube 

containing Tris-EDTA buffer and stored in the fridge. 

After the initial water decantation animals from sources i), ii) and iii) above were 

treated in the same way. For all stages (including the above), sieves with a mesh size of 45 

fxm were used and any water that came into contact with any sample was sieved 

beforehand. 

After the water decantation the sediment was poured into a sieve and the bottle and 

sample were washed with water. The sieve with the retained sediment was rinsed 

thoroughly with LUDOX™ 50 to get rid of all the water. The LUDOX™ 50 was mixed 

with sieved tap water to a specific gravity 1.15 which is similar to that of nematodes. The 

sediment was washed into a bottle that was subsequently filled up with LUDOX™ 50, 

inverted to mix the sample and left settling for a minimum of 4 hours. During this time 

particles of higher gravity sink to the bottom of the bottle but the nematodes (and other 

lighter particles) remain in suspension. After 4 hours the liquid containing the nematodes 

was decanted through a sieve, the LUDOX™ 50 rinsed off with water and the retained 

sediment washed into a petri dish. This technique is a modification of the LUDOX 

flotation technique of Piatt & Warwick (1983). The number of nematodes retained was 

checked under a stereomicroscope and the LUDOX™ 50 extraction repeated if a higher 

number of nematodes was required. When enough nematodes were extracted, the 

remaining sediment was washed through a sieve, rinsed with water and again fixed in 
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ethanol. During the extraction procedure nematodes were kept in LUDOX™ 50 or water 

for no more than nine hours (two decantations). 

Individual nematodes were picked out of the petri dish and put into a cavity block 

containing molecular grade glycerol. The cavity block was covered with a glass lid leaving 

a small gap for evaporation and kept in an airtight desiccator over night. Anhydrous copper 

sulphate crystals were used as the desiccant. The desiccated nematodes were mounted 

individually onto slides (75 x 25 mm with a round cover slip of 19 mm diameter) resting in 

a drop of anhydrous glycerol surrounded by a paraffin wax ring. The slide was placed on a 

hot plate until the wax ring was melted sealing the cover slip onto the shde. Some 

specimens from sources ii) and iii) were desiccated for several days or weeks. 

The nematodes were identified to the highest possible taxonomic level by the staff of 

The Natural History Museum London: Ms Nicola Debenham, Dr John Lambshead and Dr 

Tim Ferrero, using taxonomic keys (Bastian, 1865; Riemann, 1966; Gerlach & Riemann, 

1973/74; Lorenzen, 1977; Piatt, 1983; Piatt & Warwick, 1983, 1988; Warwick e? a/., 

1998). 

2.2 Molecular analysis 

2.2.1 DNA extractions 

Three methods of DNA extraction were compared. Initially, nematodes were placed 

into 0.5 ml PGR tubes containing 15 of Microzone Microlysis and run through the 

following thermal cycle: 5 min at 65°C, 2 min at 96°C, 4 min at 65°C, 1 min at 96°C, 1 

min at 65°C, 30 sec at 96°C and held at 20°C. Amplification of DNA that was extracted 

with this method was very good. Secondly, the microlysis protocol from Thomas et al. 

(1997) was tried out but not followed up for the main part of the study because of 

contamination problems. The extraction method that was finally applied came from 

Stanton et al. (1998) and was adjusted accordingly. In all three methods extraction 

mixtures were used directly for DNA amplification. The method by Stanton et al. (1998) 

was favoured because it was the cheapest and easiest method and gave high quality DNA 

amplifications and sequences. DNA of single worms were extracted in 0.5 ml PGR tubes 

containing 20 pil 0.25 M NaOH and frozen at -20°C for a minimum of one hour. 

Specimens from sources ii) and iii) and time series 1 animals that were incubated for up to 

36 hours were incubated at 25°G straight away without an initial freezing step. After 

freezing, extracts were incubated at 25°G overnight. The next morning, the lysate was 

heated for 3 min at 99°G. When the tubes had cooled to room temperature, 4 jul 1 M HGl, 
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10 fxl 0.5 M Tris/HCl (pH 8.0) and 5 jul 2% Triton X-100 were added. The mix was stirred 

briefly and spun down in a tabletop-centrifuge at 3000g for a few seconds using the touch-

spin function. The lysate was heated again for 3 min at 99"C and the extract used either 

directly for PCR amplification or stored at -20°C. In cases where the extraction digest 

became rather solid an additional 40 fil Tris/HCl buffer were added to re-dissolve the 

sample. 

2.2.2 PCR optimisations 

Five different genes were examined for their suitability for sequence analysis of 

marine nematodes: The large and small subunits of the mitochondrial ribosomal DNA 

genes (16S and 12S), the small subunit of the nuclear ribosomal DNA gene (18S) and the 

internal transcribed spacers of the nuclear ribosomal genes (ITS-I and ITS-II). Table 2.3 

contains a list of all primers tested and used in this study, including their sequence, the 

position at which they align to the respective gene in C. elegans and the reference where 

applicable. The base pair positions are given for 12S and 16S in respect of the whole 

mitochondrial genome (Okimoto et al, 1992; GENBANK Acc. No.X54252) and for IBS 

and the two ITS regions in respect of the nuclear repetitive region containing all ribosomal 

genes and external and internal transcribed spacers (Ellis et al, 1986; GENBANK Acc. 

No. X03680). Primers 16SarM0D and 16SbrM0D are modified versions of the universal 

16S primers (16Sar and 16Sbr). The former two 16S primers and primers 3OOF and 1055R 

were previously developed by a research assistant (Lange) at the Southampton 

Oceanography Centre and were the starting point of this investigation. Known sequences 

of nematodes retrieved from GENBANK were used to design all other 16S and 12S 

primers. A denotation of "CE" in the name of the 16S primers stands for the exact C. 

elegans sequence, while "D" stands for a primer sequence with ambiguous bases 

accounting for all available nematode sequences. The remaining primer sequences were 

taken from publications. The position for primers rDNAl.SSS and rDNA2.144 (Powers et 

al., 1997) could not be determined. All primers and PCR reaction conditions were tested 

on 3 unidentified nematodes from Gilkicker Lagoon (source v), specimens from Antarctica 

(source ii) and on C. elegans (source iv). 

For each primer pair, annealing temperatures where varied around the melting 

temperatures of the primers to find the optimum temperature. Concentrations of MgCb, 

primers and template DNA were also varied to find the optimum conditions. None of the 

primers for mitochondrial genes resulted in amplified products for marine nematodes while 

the use of 18S primers from Blaxter et al. (1998) and ITS primers from Chilton & Gasser 
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(1999) resulted in successful PCR products from the same individual worms. The ITS 

primers from Power et al. (1997) also failed to amplify marine nematode DNA. 

Table 2.3: Description of primers; region of amplification, sequence, base pair position on 
C. elegans gene and reference (Ref). a = Lange (unpubl.), b = this study, c = 
Blaxter et al, 1998, d = Powers et al., 1997, e = Chilton & Gasser, 1999. 

Primer Name Amplified 
Region 

Sequence (5'-3') Alignment onto 
C. elegans gene 

Ref. 

16SarM0D 16S CGCCTGTTTATCAAAAACAT 10779- 10798 a 
16SbrM0D 16S CCGGTCTGAACTCAGATCACGT 11253- 11232 a 
300F 18S AGGGTTCGACTCCGGAG 1289- 1305 a 
1055R 18S CGGCCATGCACCACC 2179-2165 a 
16SF,CE 16S AATGGCAGTCTTAGCGTGAG 10839- 10858 b 
16SF,D 16S AAWRGCASYYTTAGCGTGAK 10839- 10858 b 
16SR,CE 16S AATTTCCGAAGACTTATCTTTG 11007-10986 b 
16SR,D 16S AATTTCYRAAGACTTWTCTTWG 11007-10986 b 
I6SF2CE 16S ACAAAGATAAGTCTTCGG 10985-11002 b 
I6SF2D 16S ACWAAGAWAAGTCTTYRG 10985- 11002 b 
I6SR2CE 16S GAATTAAACTAATATCACG 11251 - 11233 b 
I6SR2D 16S GAAYTAAACTAATWTCAMG 11251- 11233 b 
12SF, 12s GTTCCAGAATAATCGGCTAG 1027-1046 b 
I2SF2 12s GACTCGTGTATGATCG 1311-1326 b 
12SR, 12s CAACTTACTCCCCTTTGGG 1556- 1538 b 
G18S4 18S GCTTGTCTCAAAGATTAAGCC 963 - 983 c 
22R 18S GCCTGCTGCCTTCCTTGGA 1350- 1332 c 
22F 18S TCCAAGGAAGGCAGCAGGC 1332- 1350 c 
26R 18S CATTCTTGGCAAATGCTTTCG 1861- 1841 c 
24F 18S AGRGGTGAAATYCGTGGACC 1802- 1821 c 
24F, 18S AGAGGTGAAATTCTTGGATC 1802- 1821 c 
13R 18S GGGCATCACAGACCTGTTA 2336-2318 c 
18P 18S TGATCCWKCYGCAGGTTCAC 2790-2771 c 
rDNA2 ITS TTGATTACGTCCCTGCCCTTT 2523-2503 d 
rDNA1.58S ITS ACGAGCCGAGTGATCCACCG d 
rDNA2.144 ITS GTAGGTGAACCTGCAGATGGAT d 
NCI ITS-2 ACGTCTGGTTCAGGGTTGTT 3291 - 3 3 1 0 e 
NC2 ITS-2 TTAGTTTCTTTTCCTCCGCT 3764-3745 e 
NC5 ITS-1 GTAGGTGAACCTGCGGAAGGATCATT 2667 - 2692 e 
NC13R ITS-1 GCTGCGTTCTTCATCGAT 3 2 0 7 - 3 1 9 0 e 

The initially aim of this thesis was to investigate the structures of several different 

nematode populations but the failure of amplification of the mitochondrial genes prevented 

this. However, amplification of the 18S gene proved successful and the presence of three 

studies into the phylogenetic relationships of nematodes using this gene was a good 

starting point to a further investigation of this phylum. This provided the chance of adding 

many, previously under-represented, marine species to the existing database of nematode 

IBS sequences. The final protocol for the amplification of the partial 18S gene is described 

in Section 2.2.4. 

ITS genes have been used successfully in strain detection of parasitic nematodes (e.g. 

Powers et al., 1997; Chilton & Gasser, 1999). In trials with C. elegans and unidentified 

marine nematodes the ITS genes showed high length variations in the amplification 
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products suggesting a high mutation rate. Additionally, the ITS regions also potentially 

exhibit high levels of intragenomic variations. If such variations are present DNA 

amplification may result in multiple products from the same individual and products from 

different individuals may not be from homologous regions. Therefore, the ITS genes were 

not used for phylogenetic reconstructions. 

2.2.3 Time series 

Very low or no DNA yields following PCR were observed for animals that had been 

desiccated in glycerol for several days or weeks or had been on slides for several weeks 

compared to specimens that had been extracted fresh and had not been desiccated in 

glycerol. In order to test the long-term effect of glycerol on the DNA yield, a time series 

using Caenorhabditis elegans was set up: 

Series 1: Live animals were picked into distilled water containing a few drops of 

molecular grade ethanol. Then glycerol was added to the water. At each time interval, three 

worms were taken out of the glycerol and each worm was placed into a 0.5 ml PCR tube 

containing 20 jxl of 0.25 molar NaOH. Worms were taken out after one hour, at two hour 

intervals between two and eight hours, 16 and 32 hours and 40 and 56 hours. All 

specimens between one and 32 hours were fully extracted straight away without freezing. 

All later samples were stored in NaOH at -20°C for a minimum of 24 hours before the 

DNA was fully extracted. Ideally, animals should have been picked straight into glycerol, 

but it proved difficult to place live specimens into glycerol as they curled tightly around 

the needle and could not be scraped off in one piece. When they were picked into water, 

they let go of the needle immediately. Ethanol (99.7%) was used to sedate the worms more 

quickly. 

Series 2: In this series, worms were desiccated in glycerol for up to 14 days. They 

were either placed directly into glycerol as in Series 1 or first fixed in 99.7% molecular 

grade ethanol for two days and then transferred into glycerol. Three animals were taken out 

of the glycerol and placed into NaOH once a day for 14 days and after 28 and 54 days in 

the unfixed and after 38 and 60 days in the fixed experiment. The differences in times for 

the last two points were the results of a miscalculation. As a control, animals were also 

fixed in ethanol for two days and then kept in distilled water instead of glycerol to assess 

the effect of glycerol on DNA degradation as opposed to the effect of a lack of fixing. Due 

to a lack of animals the control was only carried out for up to 14 days and at some time 

intervals (2, 4, 5, 8 and 10 days) only two animals were taken out. All samples were frozen 
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for at least 24 hours before they were fully extracted. The worms were again initially 

picked into distilled water as in Series 1. 

Series 3: The agar of one petri dish full of worms was cut into three segments, two 

segments were transferred onto clean petri dishes and the agar in the three dishes covered 

with 70%, 95% and 99.7% molecular grade ethanol respectively. After two and seven days 

respectively, worms were transferred from ethanol into glycerol. Again, three worms were 

taken out of the glycerol at each time interval and put into PCR tubes containing NaOH. 

The following time intervals were used: one day, four days, one week, two weeks and four 

weeks. Two sets of controls were taken: Before the animals were picked into glycerol, six 

worms were picked out of the ethanol, three of those were put straight into NaOH and a 

further three worms were quickly washed in distilled water before they were put into 

NaOH. Controls were taken separately for all three ethanol concentrations. All samples 

were frozen for a minimum of 24 hours before they were fully extracted. 

The results were compared by PCR amplification of the first 400 bp of the 18S gene 

(primers G18S4 and 22R). Ideally, the increase in DNA concentration before and after 

PCR would have been measured. However, it is not possible to quantify the DNA 

concentration of single-worm-extraction and although care was taken that all worms were 

relatively the same size there were differences that may also have led to differences in the 

of DNA yield of the extraction. Therefore, the results were only scored as ranks of 

amplification success. A negative score (-) was given for unsuccessful amplifications, a 

positive score (+) was given for yields sufficient for direct D N A sequencing and a neutral 

score (0) was given for positive yields that were insufficient for direct sequencing. 

No regression analysis for changes in DNA yield over time can be performed 

because only ranks were scored. However, changes between treatments in Series 2 and 3 

were analysed using the Spearman Rank Correlation Coefficient. Initially, all three 

replicates per time were ranked individually. Then the three ranks for each time interval 

were averaged and the average ranks were re-ranked to provide a single rank for each time 

interval and treatment. The Spearman Rank Correlation Coefficient for ties was applied 

because ties occurred frequently in the data. 
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The correlation coefficient, r̂ , is calculated as: 

1%" + l y ' -
, where 

= and 7 = 
12 12 12 

and is the sum of squares of the differences between the ranks for each pair of 

observations, N is the number of values in each sample and t is the number of observations 

tied at a given rank. 

The significance of the correlation coefficient for samples with less than ten 

observations (Series 3) is taken straight from the one-tailed distribution, for samples with 

more than ten observations it is taken for the Student's t one-tailed distribution where 

A^-2 
f = rsV with degrees of freedom = N - 2 . 

1 - r ^ 

2.2.4 Final protocol for PCR and DNA sequencing 

The partial 18S gene of 49 specimens was amplified in 3 segments using the 

following primer pairs (all Blaxter et al, 1998): G18S4 and 22R, 22F and 26R and 24F 

and 13R; for a few animals the modified 24F1 primer was used. PCR reactions were 

performed using the following mix: 50 mM KCl (from lOx PCR buffer, Qiagen), 10 mM 

Tris/HCl (from lOx PCR buffer, Qiagen), 2.75 mM MgCb (Qiagen), 0.8 mM dNTP Mix 

(Perkin Elmer), 10 pmol of each primer (lOpm/jul) (Sigma Genosys), I U Taq Polymerase 

(Qiagen), 2 /xl Q-Solution (Sigma) and 1.0 - 2.0 jul DNA digest filled to a total of 10^1 

with ddHaO (Sigma). PCR reactions were run on a Perkin Elmer DNA Thermal Cycler 480 

or a Hybaid PCR Express under the following conditions: initial denaturation for 5 min at 

95°C, followed by 35 cycles of 45 sec at 94°C, 30 sec at 60 - 65°C (dependent on primer 

pair) and 1 min at 72°C, followed by a final extension phase of 10 min at 72°C. The 

ramping time was 1°C per sec. The products were held at 4°C and then stored at - 20°C. 

Products of low DNA yield were re-amplified using 1 [xl of the PCR product as template 

for the new PCR. For some re-amplifications the annealing temperature was lowered by a 

few degrees Celsius but all other conditions were left the same. 1 [il of the PCR product 

was visualised and photographed under UV light on a 1 % agarose (Sigma) gel stained 

with 1 % ethidium bromide (Sigma). The remaining PCR product was purified using the 

QIAquick PCR Purification Kit (Qiagen) and the DNA concentration calculated using the 
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Uvidoc system (Uvidoc 008-XD documentation system with Uvisoft Version 98 gel 

quantification software). 10 - 20 ng of purified DNA were cycle sequenced using BigDye 

Terminators (Perkin Elmer). 25 cycles of 10 sec at 96°C, 5 sec at 50°C and 4 min at 60°C 

were run on the MWG-Biotech Primus 96 The ramping time was 1°C per sec. The 

products were held at 4°C. Cycle sequencing products were cleaned up using the Dye-Ex 

Spin Kit (Qiagen) and dried on a hotblock at 70°C. The clean DNA was re-suspended in 2 

fil of red Microstop denaturing buffer (Microzone). For all animals, all 3 segments were 

sequenced in both directions on the ABI Prism 377 automated DNA sequencer (Perkin 

Elmer). 0.7 -1.0/^1 of denatured DNA were loaded onto the sequencing gel. 

2.3 Analyses 

2.3.1 Sequencing analysis 

2.3.1.1 Alignment 

For all animals, the forward and reverse sequences of each segment were compared 

using Chromas version 1.45 (McCarthy, 1997); ambiguous bases were compared to its 

complementary strand and adjusted accordingly. The three segments were nested and the 

complete sequence of the partial 18S rDNA gene edited into Fasta format. 

Additional sequences were obtained from three sources: 

a) The European Ribosomal RNA Database, an online server that contains all 

published rRNA sequences in aligned format based on the estimated secondary structure 

(Wuyts, et al., 2002, http://rma.uia.ac.be/ssu/list/Eucaryota.html). 

b) Dr. Mark Blaxter, University of Edinburgh, gave access to a large database of 

unpublished nematode rRNA sequences which he kindly supplied for analysis. The 

sequences were all treated in the same way in the following alignment steps. 

c) Peter Mullin, University of Nebraska, kindly provided rRNA sequences of six 

species of the Dorylaimia. The sequences were treated in the same way as those from b). 

All available nematode sequences from the European R N A Database were 

downloaded. This alignment was used as first profile in the profile alignment mode of 

CLUSTAL_X version 1.81 (Thompson et al., 1997) and the remaining unaligned 

sequences added as second profile. The default parameter settings were used. The resulting 

alignment contained many positions in which CLUSTAL misaligned an obviously 

conservative region of nucleotides following a very variable section. Such areas were 

http://rma.uia.ac.be/ssu/list/Eucaryota.html
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edited by hand in BioEdit version 5.0.9 (Hall, 2001) preserving the secondary structure as 

indicated in the sequences from the RNA database. The first 191 characters and all 

characters after position 2479 constitute variable terminal end positions and were excluded, 

as well as all-gap positions resulting from the above manipulations. Therefore, 1769 

characters remained for the NEXUS file that was used for all subsequent analyses. The 

final alignment can be found in the NEXUS file in Appendix VI (file <molecular.nex> on 

CD). 

2.3.1.2 Phylogenetic analysis tools 

Parsimony and distance analyses were performed with PAUP* version 4.0betal0 

(Phylogenetics Analysis Using Parsimony; Swofford, 2002). Bayesian inferences were 

calculated with MrBayes version 3.OB (Huelsenbeck & Ronquist, 2001). Likelihood 

setting parameters were calculated with Modeltest version 3.06 (Posada & Crandall, 1998). 

Phylogenetic trees were visualised using Treeview version 1.6.6 (Page, 1996). All PAUP* 

and MrBayes calculations were conducted on Solaris Sun Blade 2000 UNIX workstations 

with an UltraSPARC III 900MHz processor and 1024 Mb RAM. 

2.3.1.3 Outgroup analysis 

The outgroup analysis was performed with a smaller dataset to reduce computational 

time. 40 representatives of all major nematode clades were selected on the basis of an 

initial parsimony reconstruction of 214 nematode sequences (final data set, see below). 

Where possible, sequences of shorter branch length were used to reduce the problem of 

long-branch attraction. Table A2.1 in Appendix II (file <TableA2_l.rtf> on CD) gives the 

accession numbers for all sequences used in this study and Table A2.2 (file 

<TableA2_2.rtf> on CD) shows which sequences were included in the outgroup analysis. 

Outgroups were selected according to Peterson & Eemisses's (2002) phylogenetic 

reconstruction of the metazoa. The European RNA Database was searched for all 

sequences of the Chaetognatha (3), Gastrotricha (3), Kinorhyncha (1), Nematomorpha (5), 

Priapulida (3) and Tardigrada (7) as these phyla appeared in the same clade as the 

Nematoda in at least one of the analyses of Peterson & Eemisse (2002) (numbers in 

parentheses correspond to the number of sequences found). 

The parameter settings for all analyses were kept constant: parsimony was chosen as 

the optimal!ty criterion and a heuristic search was conducted using ten repetitions of 

random sequence additions with TBR branch swapping. All other parameters were kept as 

default in PAUP*. All positions with gaps were excluded from all outgroup analyses to 
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reduce the chances of long-branch attraction because of homoplasy in ambiguously aligned 

regions. 

At first the phylogenies of all 40 ingroup taxa alone and all 40 ingroup taxa plus 22 

outgroup sequences were constructed. Then, separate analyses were carried out with all 

representatives of one phylum each plus the 40 nematode sequences. The three sequences 

of Priapulus caudatus Lamarck, 1816, were virtually identical and the four Gordius 

species were also very similar. From both of these genera only one sequence each was 

selected for any further analyses. A maximum of two representatives each were selected 

from all six outgroup phyla to give a total of ten outgroup sequences whose relationships to 

the nematodes were reconstructed (see Table A2.2, file <TableA2_2.rtf> on CD). In the 

following analyses representatives of two to five of the six phyla were selected and 

analysed with the ingroup in all possible combinations (Table A3 in Appendix III). 

No arthropod sequences were included as outgroups because the choice is so large 

that there was the danger of effectively choosing a random sequence and introducing long-

branch attraction without adding any value to the analysis. In order to test the effects of a 

distantly related outgroup, the sequence of Sagitta crassa Tokioka, 1938, was shifted by 

two positions in the alignment making it a random outgroup. The resulting topology was 

not markedly different to any of the other topologies found (Figure not shown). 

All topologies were compared to (a) the ingroup topology analysed on its own, and 

(b) the outgroup topology using all outgroup taxa. A large number of trees were 

reconstructed (see Table A3), and therefore only an overview of the variation in the 

recovered topologies was taken for both in- and outgroup taxa. Instead of comparing the 

recovery of all individual nodes, the number of most parsimonious trees reconstructed in 

different analyses was analysed (Table A3). First, the number of trees recovered under the 

inclusion of a certain phylum were counted and compared for the six phyla. Secondly, 

comparisons were made between including a tax on in a certain combination of outgroups 

to simply excluding this taxon and leaving all other taxa the same. In this second analysis, 

the number of instances of an increase or decrease in the number of recovered MP trees 

was recorded. If the exclusion of a taxon increased the number of trees this taxon was 

likely to be critical to the reconstruction of the phylogeny. If it reduced the number of trees 

it was likely to be a problematic taxon introducing many homoplasies (Kitching et al, 

1998). 

For the actual reconstruction of the phylogeny of the phylum Nematoda all possible 

outgroup phyla were used in order to reduce the effects of long-branch attraction. 
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However, those sequences that were virtually the same were omitted apart from one 

representative leaving 16 outgroup sequences for all further analyses. 

2.3.1.4 Phylogenetic analysis of molecular sequences 

Table A2.1 in Appendix II (file <TableA2_l .rtf> on CD) gives the source for each 

sequence used in this study by either GENBANK accession number and/or name of the 

Principal Investigator of any sequences used in this study. 

An initial analysis was conducted with 278 sequences including 16 outgroup taxa. 

The remaining 6 outgroup sequences were so similar to other outgroups that they did not 

include any more information. No characters were excluded for these analyses. The 

heuristic parsimony search was run with simple addition sequence of taxa and the tree limit 

was set to 500. A second heuristic search was conducted under the LogDet distance 

criterion with the neighbour-joining tree as starting tree. Only one shortest tree was found. 

In both analyses tree-bisecting-and-regrafting (TBR) was used as the branch-swapping 

algorithm. The positions of species of the same genus were analysed and if they formed 

one clade in all trees only one sequence per genus (the one with the shortest branch length) 

was retained in further analyses. Table A2.2 (file <TableA2_2.rtf> on CD) lists all 

sequences used with information on which sequences were included in each analysis. 48 

nematode sequences were excluded from the initial analysis for all subsequent analyses. 

Table 2.4 summarises all information on all analyses run under the parsimony, LogDet 

distance and maximum likelihood distance criteria. 

Four different character sets were used for parsimony analyses; all 1769 characters, 

excluding all positions with gaps (690 characters remaining), excluding all uninformative 

characters (constant characters and apomorphies, 989 characters remaining) and excluding 

all positions with gaps and uninformative characters (393 characters remaining). In all 

cases, the sequences were added by stepwise addition, and 10 replicates of random 

sequence addition were performed. Branch swapping was performed under TBR. The 

number of rearrangements per replicate was limited to 2 x 10^ because a search without 

any limitations proved too time-consuming. Multistate taxa were interpreted as 

uncertainties. The limit was hit in each replicate and in the analysis with all characters the 

shortest tree was found only in the tenth replicate; therefore, a new analysis was run with 

20 random addition replicates and a shorter tree was found in the 15̂ ^ replicate. 

All four parsimony analyses were repeated with characters weighted under the 

rescaled consistency index. The most parsimonious trees from the unweighted analysis 
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were used as first reference for the weighting scheme. After a first heuristic search under 

the same settings as before the characters were weighted on the resulting most 

parsimonious trees of the weighted search. The weighting process was repeated until no 

shorter trees were found. In all four cases the second weighting (on the first set of weighted 

most parsimonious trees) was the best result. A third weighting run never improved the 

score. Maximum weights were used when different trees gave varying weights for one 

character (default option in PAUP*). 

The consistency (CI), retention (RI), rescaled consistency (RC) and homoplasy 

indices (HI) were calculated for all trees under both, unweighted and weighted parsimony 

using the d e s c r i b e t r e e s command in PAUP*. The Goloboff-Fit (G-Fit) was 

calculated for all parsimony trees using the p s c o r e s command in PAUP*. 

A test of base frequency homogeneity with 687 degrees of freedom resulted in 

insignificant heterogeneity when all characters were included = 708.74, p = 0.27) and 

when positions with gaps were excluded (%̂  = 176.93, p = 1.00) and when both, positions 

with gaps and parsimony-uninformative characters were excluded = 296.31, p = 1.00), 

but it resulted in significant base frequency heterogeneity when only parsimoniously 

uninformative sites were excluded = 1013.97, p = 0.00). A heuristic search under the 

LogDet distance criterion was performed with all four data sets as under the parsimony 

criterion (see above). Although simply excluding uninformative characters is thought to be 

a drastic measure under the LogDet criterion there was no alternative because of the 

limitation in the option settings in PAUP*. Again, ten random replicates of stepwise 

addition of sequences and TBR branch swapping were chosen. The limit of rearrangements 

per replicate was set to 5 x 10® and hit each time but no shortest tree was found in the tenth 

replicate. The limit was set higher initially but the score never improved after the first few 

10,000 rearrangements. 

A full maximum likelihood search was too time-consuming because the data set is 

very large. Therefore, two alternatives were used. Firstly, a heuristic search under the 

likelihood distances criterion was performed. The likelihood parameter settings (base 

frequencies, number of substitution types, substitution rate matrix, F rate distribution and 

shape and proportion of invariant sites) were determined using Modeltest and no further 

adjustment was made as the search would have taken too long with a data set of this size. 

When all characters were included the general time reversible model with a F rate 

distribution and proportion of invariant sites was chosen. Under the exclusion of positions 

with gaps the Tamura-Nei Model (Tamura & Nei, 1993) with a F rate distribution and 
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proportion of invariant sites was chosen. The heuristic search parameter settings were the 

same as above, but with different limits to the number of rearrangements. When including 

all characters, the limit was set to 1 x 10^ and was never hit. Only one shortest tree was 

found, in replicates 1 and 10 respectively. However, using the same rearrangement settings 

excluding positions with gaps brought no improvement as under the LogDet criterion and 

the limit was again reduced to 5 x 10^. The limit was hit each time and the shortest tree 

found in replicates 1, 6 and 9. Uninformative characters were not excluded in either 

likelihood approach because they have considerable effect on the recovery of the correct 

topology under the likelihood criterion. 

The second alternative to a full likelihood search that was performed was a Bayesian 

analysis. The model was chosen based on the Modeltest results (see above), i.e. using 6 

substitution rates (equating to the GTR model) and assuming a proportion of invariant sites 

and a F distribution for the remaining sites. The priors were set to the default uniform 

values, i.e. the substitution rate matrix parameters between 0.00 and 50.00, dirichlet state 

frequencies, a F shape parameter between 0.00 and 100.00, the proportion of invariable 

sites between 0.00 and 1.00, unconstrained branch lengths varying between 0.0 and 10.0 

and all topologies were assumed equally probable. Four rate categories were used for the F 

distribution, and five categories for the (3 distribution. The analysis was performed again 

including all characters and excluding positions with gaps. An initial analysis was 

conducted for both character sets running 4 million generations and sampling trees every 

1000 generations. All parameters (log likelihood, tree length, substitution rates, base 

frequencies, the proportion of invariant sites and the a parameter of the F distribution) 

were plotted against the number of generations to ensure the bum-in was set appropriately. 

The bum-in value for the full analyses was set to 250 for the inclusion of all characters and 

150 for the exclusion of positions with gaps which equates to the nearest 50 trees above the 

level at which the log likelihood reaches a stable value. The total number of generations to 

be mn was set ten times higher than the bum-in value, i.e. 2.5 million generations when all 

characters were included and 1.5 million generations when positions with gaps were 

excluded. Four parallel chains were used in all analyses. Each of the two data sets were 

analysed five times. After all five replicate runs were completed the behaviour of all 

parameters were plotted against the number of generation to assess the smoothness of the 

runs. The mn(s) with the best parameter behaviour was selected for the interpretation. 



Table 2.4: Details of phylogenetic reconstmction analyses for the molecular characters alone; ntax — no. of taxa included, pars = parsimony, wpars = weighted parsimony, LogDet 
distances, ML Dist — maximum likelihood distances, bst = bootstrap analysis, excl = character set excluded (gapped = positions with gaps, uninf = uninformative sites), nchar = 
no. of characters remaining, nreps = no. of random addition sequence replicates, reaniimit = rearrangement limit per replicate, maxtrees = maximum tree limit, no. trees = no. 
of shortest trees retained, tree length: no. of steps for parsimony, genetic distance for LogDet or ML distances, limit hit: either rearrangement or tree limit, time: CPU time 

ntax Criterion excl nchar nreps rearrlimit maxtrees No. Trees Tree Length Shortest tree in replicate Limit hit Time (dd:hh;mm) 
278 pars none 1769 1 none 500 500 17662 - yes 00:00:49 
278 LogDet none 1769 1 none 500 1 11.96152 - no 00:00:47 
230 pars none 1769 20 2x10" none 2825 16563 15 in 19 01:01:32 
230 pars gapped 690 10 2xKf none 7925 4148 1,5 aUlO 00:09:16 
230 pars uninf 989 10 %dO* none 5391 15993 4 , 8 all 10 00:10:59 
230 pars gapped uninf 393 10 2%Hf none 17472 4017 5 ,9 all 10 00:07:37 
230 wpars none 1769 10 none none 5 1552.68198 6 no 00:00:32 
230 wpars gapped 690 10 2x10" none 1546 60&18331 10 aUlO 00:00:40 
230 wpars uninf 989 10 2x10" none 3 1278.63349 6 no 00:00:14 
230 wpars gapped uninf 393 10 2x10* none 976 476.68411 2 aUlO 00:00:38 
230 LogDet none 1769 10 5xKf none 1 11.03058 7 no 00:02:51 
230 LogDet gapped 690 10 5x10* none 278 5.68628 2 all 10 00:13:05 
230 LogDet uninf 989 10 5xKf none 1 16.81324 1,2/^8,10 no 00:00:58 
230 LogDet gapped uninf 393 10 5xHf none 471 10.05045 4 , 9 all 10 00:13:04 
230 ML Dist none 1769 10 IxlCf none 1 14.14439 1, 10 no 00:03:32 
230 ML Dist gapped 690 10 1x10* none 720 6.59668 12. 6, 9 aUlO 00:13:12 
230 pars bst none 1769 10 none 100 9 ^ n 7 yes 11:05:20 
230 pars bst gapped 690 10 none 100 100000 yes 05:21:13 
230 pars bst iininf 989 10 none 100 97573 yes 09:10:12 
230 pars bst gapped uninf 393 10 none 100 100000 yes 05:13:40 
230 wpars bst none 1769 1 none 100 53133 yes 02:18:40 
230 wpars bst gapped 690 1 none 100 100000 yes 05:18:02 
230 wpars bst uninf 989 1 none 100 42862 yes 07:20:19 
230 wpars bst gapped uninf 393 1 none 100 100000 yes 06:13:20 
230 LogDet bst none 1769 1 none 100 n 2 8 no 03:16:46 
230 LogDet bst gapped 690 1 500000 100 99723 yes 06:01:41 
230 LogDet bst uninf 989 1 none 100 1119 no 03:15:43 
230 LogDet bst gapped uninf 393 1 500000 100 99950 yes 06:03:30 
230 ML Dist bst none 1769 1 none 100 1245 no 04:06:36 

1 230 1 ML Dist bst gapped 690 1 500000 100 99272 yes 06:04:53 
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Additionally, bootstrap analyses were performed for all four data sets under the 

parsimony, weighted parsimony and LogDet criteria and under the likelihood distance 

criterion including all characters and excluding positions with gaps. For the weighted 

parsimony criterion, characters were weighted on the best trees firom the original heuristic 

search under weighted parsimony. In all bootstrap analyses 1000 replicates were performed 

under heuristic search criteria. Ten random replicates of stepwise sequence additions were 

performed under the unweighted parsimony criterion and one random replicate for all other 

bootstrap analyses to save time. TBR branch swapping was chosen again for all bootstrap 

analyses. 100 trees were saved from each bootstrap replicate. The bootstrap proportions 

were then added to the consensus trees of the full heuristic analysis. 

For all straightforward heuristic searches strict consensus trees of all saved trees 

were constructed. Strict consensus was chosen because it only contains relationships that 

are found in every fundamental tree. PAUP* and MrBayes construct majority-rule 

consensus trees from the fundamental trees found in bootstrap and Bayesian analyses 

respectively. 

2.3.2 Analysis of morphological characters 

2.3.2.1 Data gathering 

Morphological character analysis was conducted for 167 nematode species for which 

18S sequences were available and the specimen was identified to the species level. 

Morphological character data were obtained from specimens in collections and 

descriptions in the literature. 

Drawings were made of all species that could be found in the Freeliving Nematodes 

Collection of the Natural History Museum (NHM), London, and from a selection of 

specimens available in the nematode collections from the Parasitic Worms Collection at 

the NHM and at Rothamstead Research, Harpenden, Hertfordshire. Not all species 

available in the collections at Rothamstead Research and the Parasitic Worm Collection 

(NHM) could be drawn because of time restrictions. Some species investigated were not 

available in UK collections and therefore no drawing was made. Character acquisition for 

those species without drawings was based solely on data in the literature. For all other 

species, literature data were used in addition to the drawings of collection specimens. 

Information from the literature was especially valuable for those species that exhibit 

habitat related morphological variations and for those characters that are not preserved on 

slides but visible on fresh specimens. 
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References for the literature search were mostly obtained from 'The Bremerhaven 

checklist of aquatic nematodes' (Gerlach & Riemann, 1973 & 1974), 'Nomenclatorial 

compilation of plant and soil nematodes' (Tarjan & Hopper, 1974) and the Host-Parasite 

Catalogue of the Parasitic Worm Section (NHM). Additional references have been found 

on the Web of Science and in general internet searches. The full list of references that were 

used in the data acquisition for each species is found in Table A4.3 in Appendix IV (file 

<TableA4_3.rtf> on CD) and the full bibliography in Table A4.4 (file <TableA4_4.rtf> on 

CD). 

2.3.2.2 Justification for the coding of each character 

The author would like to emphasise that the current set of characters and their states 

is based entirely on her own interpretations and that she believes that there is a 

considerable amount of scope for discussion. My criticism about the interpretation by 

previous authors in the Introduction may, therefore, seem patronising in the light of my 

own subjective homology assessment. However, there is one major difference between 

previous approaches using classic cladistics and the current study. In the classic studies, 

the author had to make a conscious decision of the evolutionary history of each character 

whilst in the current analysis this step is left to a clearly defined mathematical algorithm. 

The computer model, rather than the investigator, defines the plesiomorphic and 

apomorphic states of each character. This removes an important source of subjectivity. 

The characters for this analysis were selected from those used by Lorenzen (1981, 

1994), Andrassy (1976) and other classic papers on nematode systematics and taxonomy. 

However, no morphometric information was used, as this would have exceeded the 

timeframe of this work. 

Characters relating to the buccal cavity morphology have been excluded from this 

study because homology assessments for the different parts of the buccal cavity of the 

different groups of nematodes are in their infancy. The assessment is made even more 

difficult by the high potential of convergent evolution as a result of similar feeding 

mechanisms in distantly related groups of nematodes. Therefore, buccal cavity characters 

are highly susceptible to homoplasy. However, a discussion of the current knowledge of 

the buccal cavity homologies is presented in Section 9.2, at the end of this thesis. 

Since morphological character coding without a defined genetic basis for a character 

is intrinsically subjective, special care has to be taken in the definition of homologous 

characters. All potential characters were subjected to a rigorous analysis of homology. A 
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suite of potentially homologous character states was compared across the whole phylum. If 

it seemed very likely that a variety of states were derived from a common, ancestral state, 

the character was coded as a multistate character. If there was any doubt over the 

homology of different states, the suite of character states was reduced to a set of binary 

characters. This way, many traditional multi state characters were reduced to binary 

characters. As explained in the Introduction, binary character coding is more likely to 

avoid problems with homoplasy than complex multistate characters. A full list of all 

morphological characters is given in Appendix IV, Table A4.1. The character matrix can 

be found in Table A4.2 (file <TableA4_2.xls> on CD) and the NEXUS file in 

<morphology.nex> (on CD). The following section provides a discussion of each character 

included in the morphological analysis. The numbers in square brackets refer to the figures 

in the plates in the back of this thesis and depict schematic drawings of many characters. 

2.3.2.3 Descriptions of morphological characters 

# 1 - 4, 7, cephalic sensilla [1-4, 18, 37]: Cephalic sensory organs can either be 

papiUiform (#1 A, 2A, 3 A) or setiform (#1B, 2B, 3B) and are arranged in a particular 

pattern; if the full set of sensilla is present there are six labial, six inner cephalic and four 

outer cephalic sensilla. Each circle has two subdorsal and two subventral sensilla and the 

inner two circles have also one lateral sensillum on each side. Alternatively, the three 

circles are simply called the first (Rl), second (R2) and third circle (R3) (counting from the 

mouth opening to the neck) or the inner and outer labial sensilla and cephalic sensilla. The 

three circles are either at different levels (#4A) or the six inner and four outer cephalic 

sensilla are found at the same level (#4C). In the latter case they usually differ in size and 

are therefore distinguishable (#7). In some cases the inner two circles are found at the same 

level (#4B). In the Rhabditida often not all papillae are observed for a species or only an 

opening in the prestome (anterior mouth end) can be seen instead of labial sensilla 

(Tylenchomorpha partim) (#1C). If the sensory organs are setiform the sensilla in the two 

cephalic circles often vary in length (#7). In few exceptions the lateral sensilla of the inner 

cephalic sensilla are shorter than the submedian sensilla (#8). In some species only the 

nerve ends of the sensilla but not the organs themselves can be observed (#2C, 3C). 

# 5 - 6, jointed nature of cephalic sensilla [2]: In many aquatic species the cephalic 

sensilla are composed of two to four segments. 

# 9 - 11, additional cephalic setae and subcephalic and cervical setae [4]: Many 

aquatic and some freeliving terrestrial species have additional setae along the anterior end 

of the body that are distinct from the remaining body (somatic) setae (#161). If these setae 
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are found at the same level as the outer sensilla circle and appear similar in appearance to 

the cephalic setae, they are accounted for as additional cephalic setae (#9). If the 

additional setae are found distinctly behind the cephalic setae (often near the posteriorly 

placed amphids), they are called subcephalic setae (#10). If setae are found all along the 

oesophageal region they are termed cervical setae (#11). 

# 12, dereids [5]: Many Rhabditida and Plectida possess a pair of lateral papillae at 

around the level of the nerve ring. They are either named cervical papillae or dereids 

depending on the author. 

# 13, 122/123, 154, alae [5, 53-54, 67]: Lateral alae along parts of the body are found 

in many Rhabditida. These can be either restricted to the oesophageal region {cervical 

alae, #13), they may run along most of the length of the body {lateral field with alae, 

#154) or they are found in the anal region of the male where it is homologous to the bursa 

(#122/123). In all cases, lateral alae are extensions of the cuticle. 

# 1 4 - 1 7 , amphids [1-3, 6, 11, 17, 29, 37]; The amphids are anterio-lateral sensory 

organs. All Rhabditida have sm&\\, pore-shaped (#14B) amphids situated very close to the 

mouth opening {labial, #15A). In the other orders, the amphids are larger and found either 

within or behind the outer cephalic sensilla circle (#15B-D). The amphids can have a 

round or slit-like opening with a large inner pocket {pocket-shaped, #14A) or they are 

essentially round with no large internal innervations. In the latter case, they can form a 

simple circle (#14D) or a ventral or dorsal spiral (#14C, D). The spiral can be simple or 

multispiral. In other forms the spiral has been extended into an elongated loop (#14E) or 

reduced to a simple slit (#14F). In some species the amphids are slightly offset to the 

dorsal side of the body (#16) and in many aquatic species the amphids of the male are 

larger than those of the female (relative to the body diameter) (#17). 

# 18, 19, cephalic helmet [7-8]; Some aquatic nematodes possess a cephalic helmet; 

however, this is derived from different organs in the Enoplea and Chromadorea. In the 

Enoplea the helmet is formed by the inner cuticle (#18) while in the Desmodoridae 

(Chromadorea) it is made out of a specific material giving the head the appearance of a 

blocked structure (#19). 

# 20, cephalic framework [9, 31]; The Tylenchomorpha are missing lips and a 

profound buccal cavity, instead they possess a stomatostyle (hollow spear made of the 

buccal cavity walls) and a strong cuticularisation of the inner anterior end. This cephalic 

framework is hexaradiate in accordance with the hexagonal bodyplan of all nematodes. 
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The six arms or blades are situated one each mid-dors ally and mid-ventrally and two each 

sub-dorsally and sub-ventrally. 

#21, cephalic cuticular inflations [10]: Some Plectida have cuticular inflations 

laterally in the head region that are different to the alae described for #13. 

# 22, cephalic organs: Some Enoploidea have additional organs in the head region 

whose functions are yet unknown. 

# 23, lips [11-22, 25, 28-29, 38]: Nematodes exhibit a variety of lip shapes and 

replacements for well-formed lips. The basic structure is thought to be six clearly 

distinguishable lips (#23A, B) [14, 21, 28, 38]. Three (#23 D, E, G, K, M, P, Q) [12-13, 

18] and two (#23H) [16] lips probably arose by merging of two or three adjacent lips. If all 

lips become merged together, they can form a variety of low lip regions and labial discs 

(#23 F, I, J, L) [20, 22, 29]. Finally, there are a number of genera in which no lips are 

observed at all. The amalgamation and reduction of the lips has probably occurred several 

times as there are different types of merged structures; therefore, different types of merged 

structures are coded as separate states. The complete loss of lips has probably also taken 

place several times and is therefore coded as missing data (-). 

# 24, cephalicprobolae [23]: Cephalobidae have exquisite tentacular structures in 

the head region. Some authors have homologised them with the lips but they are probably 

additional structures. They are not homologous to the cephalic sensory organs (#1-8) 

because at least the papillae of the inner and outer cephalic circles are present. 

# 25, striations on lips [24-25]: Some species have longitudinal or transverse 

markings on the inside of the lips that are an extension of the buccal cavity structures. 

# 26, longitudinal striations in vestibule (rugae) [15]: The cheilorhabdia 

(anteriormost buccal cavity cuticularisations) of many aquatic Chromadoria often form 

longitudinal pleated structures that look like a crown, called rugae. 

# 27, transverse striations in vestibule [14]: The anterior end of the buccal cavity 

contains transverse striations in some Mononchida. 

# 28, 29, cephalic sutures [9, 11, 16, 21b, 26]: Many species possess distinct sutures 

on the head, either right behind the lips (#28) or some distance further back roughly level 

with the posterior end of the buccal cavity. In Enoplea with large pocket-shaped amphids 

the opening of the amphids can be mistaken for a suture if the worm lies in dorso-ventral 

orientation. 
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# q / " [ 2 6 - 2 7 ] : In most taxa the buccal cavity and mouth 

opening lie terminally at the anterior end. However, in some taxa the head region is tilted 

to one side because of the ecology of the animals. 

#31, sexual dimorphism of stylet development: In many Tylenchomorpha only the 

females have a well-developed stylet while that of the males and juveniles is reduced or 

even absent. 

# 32, sexual dimorphism in buccal morphology [32]: Female Aduncospiculum halicti 

Giblin & Kaya, 1984, possess a buccal cavity dimorphism dependent on the population. 

They have either stenostomatous or eurostomatous buccal cavities whilst all males have 

stenostomatous buccal cavities. The stenostomatous buccal cavity has got one tooth and 

clearly distinguishable rhabdia while there are three teeth in the eurostomatous buccal 

cavity and the rhabdia are less distinguishable. 

# 33, oesophageal musculature [9, 14-15, 21a, 23-32, 37]: The oesophageal 

musculature is organised in different ways depending on the nature of the buccal cavity 

structure. Since the homology of the fine structure of most buccal cavities is poorly 

understood only rough distinctions can be made. The Tylenchomorpha all have a 

stomatostyle instead of a buccal cavity and the oesophageal tissue commences at the 

posterior end of the spear (#33G) [31]. A similar situation is found in some Dorylaimia 

where the actual oesophageal tissue commences at the posterior end of the odontostyle and 

a different tissue (muscle) surrounds the spear to its anterior end (#33B) [30]. The 

Diphtherophoroidea also possess a spear but they lack distinct oesophageal tissue in the 

anterior region altogether. The spear and buccal cavity are free (#33E) [29]. In many 

Rhabditina and all Cephalobidae the oesophageal tissue reaches up alongside the buccal 

cavity. This is called the pharyngeal sleeve, but investigations into its ultrastructure have 

shown that the marginal cells are not homologous between the two groups (#33 D & F) 

[21a, 23, 26]. In the remaining taxa the buccal cavity carries a variety of dentate armature 

and the oesophageal tissue reaches to varying levels anteriorly. Few ultrastructural 

investigations have so far been undertaken on these groups and therefore no detailed 

homology assessment is possible. However, all these taxa have in common that a distinct 

buccal cavity is present and that the oesophageal tissue reached at least its posterior end 

and might surround it up to its anterior end (#33A) [14-15, 24-26, 32, 37]. 

# 34, cuticularisation of the oesophageal lumen: In most taxa the wall of the 

oesophageal lumen is cuticularised throughout its lengths, but there are a few exceptions 

where there is no distinct cuticularisation in parts of the oesophageal tube. For many taxa 
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the level of cuticularisation could not be determined without investigating actual 

specimens or proper photographs. 

# 35 - 37, cross-section of the oesophagus [35]: In cross-section the lumen of the 

oesophagus can either be simply round or triradiate or triangular (both tripartite). In some 

species the shape might change from the anterior to the posterior end of the oesophagus. 

Therefore this character is split into three characters. 

NB: Nomenclature of the oesophagus (esophagus): There are many different terms 

for the different parts of the oesophagus because of variation in its structures. The 

definition used in this thesis is as following: The procorpus starts at the bottom of the 

buccal cavity and reaches to the median bulb (if this is present). The median bulb or the 

equivalent region is the metacarpus and the postcorpus reaches from the end of 

metacorpus to the end or the oesophagus including the posterior bulb if it is present. Many 

species lack a median bulb but display a distinct constriction near the middle of the 

oesophagus. This region is called the isthmus (#38) and distinguishes the meta- and 

postcorpus. According to Chitwood & Chitwood (1950) the radial and marginal cells also 

change with these regions and therefore it is possible to distinguish the three regions even 

in those taxa that have a uniform oesophagus. 

#39, 40, 43, oesophageal musculature: Each of the three parts of the oesophagus are 

either surrounded by muscle cells (#3 9A, 40A, 43A) or cells from the oesophageal glands 

(#40B, 43B) (see #53). In some taxa there is little tissue around the inner oesophageal tube 

at all (#39B, 40C). 

# 4 1 - 42, 44 - 48, oesophageal bulbs [31-34, 38, 40]: If a median (#41) or posterior 

bulb (#44) is present, this may contain a valvular apparatus (#42, 45) [31-32] whose 

sucking action aids the movement of food from the buccal cavity to the intestine and 

avoids regurgitation. The valvular apparatus is present either in the median or the posterior 

bulb; it is present in the posterior bulb if both bulbs are present (in some Rhabditina). 

Many marine Chromadorea possess plasmic interruptions in the posterior bulb that can 

lead to the duplication of the inner, cuticularised chamber (#46) [34]. In some Plectidae 

and Cephalobidae the inner chamber of the posterior bulb contains strong cuticularisations 

that resemble teeth (#47). Many Rhabditidae possess a specifically cuticularised valve in 

the posterior bulb that is termed the double haustrulum (#48) [33]. In some species no 

posterior bulb but a distinct swelling can be observed (#44C) [38]. 
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# 49, oesophageal tubes [35]; Oesophageal tubes are found if the distal ends of the 

radii of a triradiate oesophagus open up to form another, small lumen. For many taxa no 

data were available because oesophageal tubes can only be observed in cross-section. 

# 50, stichosome [36]: The stichosome is a collection of cells (stichocytes) on the 

outside of the oesophagus without any visible connection to the oesophageal lumen. They 

are thought to play a role in osmotic regulation and nutrition and may have evolved from 

the oesophageal glands. In Mermithida the stichosome and oesophagus are embedded in 

the trophosome (#69). 

#51, sexual dimorphism of the oesophagus: hi many Tylenchina only the females 

have a well-developed median bulb while that of the males and juveniles is reduced or 

even absent. 

# 52, sexual dimorphism of the buccal cavity [37]: In Calyptronema maxweberi de 

Man, 1922, the buccal cavity of the female is well developed, contains teeth and is heavily 

cuticularised whilst the buccal cavity of the male is reduced to a small, unarmed chamber. 

# 53, number of oesophageal glands [38]: All nematodes probably have oesophageal 

glands even if they have not yet been observed in every species. Most commonly there are 

three glands, one dorsal and two subventral ones, their nuclei are found in the posterior end 

of the oesophagus, in the bulb if one is present (#53 A). In a number of Dorylaimia and 

some other taxa a second pair of subventral glands has been observed (#53B) and in the 

Oncholaimidae the subventral glands are dinuclear (#53C). There is the suggestion that in 

fact there are always five oesophageal glands but that the second pair of subventral glands 

has not yet been found in many taxa. In the Spiruromorpha the oesophageal glands are 

polynuclear giving the whole oesophagus a glandular nature (#53D). 

# 54, shape of oesophageal glands [31]: In many Tylenchomorpha the three glands 

are not contained in the oesophageal tissue but extend freely in the body cavity over the 

intestine. 

# 55, 56,position of oesophageal gland openings [31, 38]: The opening positions of 

the oesophageal glands vary extensively between different taxa. The dorsal gland always 

opens further forward than the subventral glands. All glands may open between the 

posterior end of the oesophagus and the bottom of the buccal cavity or even through the 

teeth apart from the second pair of subventral glands, which always opens furthest 

posteriorly in the oesophagus. Homology assessment for the opening position is very 
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difficult and has been examined in relation to the arrangement of the radial and marginal 

cells (Chitwood & Chitwood, 1950). 

# 57, excretory system [32, 37, 39-40]; There are two basic types of excretory 

systems in nematodes; all aquatic nematodes have a single, usually ventrally situated gland 

cell with a more or less long excretory duct leading to a ventrally placed excretory pore 

(unless no gland is observed at all) (#57A). In many Enoplea and in particularly in most 

Dorylaimia no excretory system has yet been discovered. In all Rhabditida where an 

excretory system has been seen it consists of lateral canals that join together before leading 

to the ventrally situated excretory pore (#57B). In contrast to the aquatic system the 

excretory duct is cuticularised. This form can be reduced to a single lateral canal with 

potentially a small gland cell near the junction with the excretory duct (#57E). In other 

Rhabditida two gland cells are joined to the bridging duct between the lateral canals and 

the excretory duct (#57D). In the Plectida there are usually one ventral and two subdorsal 

glands with a cuticularised excretory duct but no lateral canals (#57C). 

# 5%, position of single excretory gland [37, 40]: If there is a single gland, this may 

be found either within the oesophageal region (#58A), near the cardia (#5SB) or extend 

well into the intestinal region (#58C). 

# 59, lateral or central position of excretory glands [37, 40]; Whilst the single gland 

is situated ventrally in most taxa (#5 9A), in some it is found sub-ventrally (#59B) or 

displaced entirely to the right (#59C) or left side of the intestine (#59D). The latter 

situation may be found if the anterior gonad reaches far anterior almost to the posterior end 

of the oesophagus. 

# 60, 61, position of the opening of the excretory pore [37, 40]; The excretory pore is 

most commonly found in the oesophageal region, and here either anterior to (#60B), 

posterior to (#60D) or near the level of the nerve ring (#60C). In some taxa the pore is 

situated in the head region between the lips (#60A) or in the intestinal region (not if only a 

single gland) (#60E, F). In some species it is not certain whether the position anterior or 

posterior to the nerve ring is constant. Therefore, an alternative coding with just three 

states, opening in head region (#61 A), oesophageal region (#6IB) or intestinal region 

(#61C), has also been tested. 

# 62, hemizonoid [31]; The hemizonoid is only found in the Rhabditida and some 

Dorylaimida. It is usually situated near the nerve ring and the excretory pore but often it is 

not observed at all. The hemizonion is observed even more rarely than the hemizonoid and 

therefore the hemizonion is excluded from this analysis. 
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# 63 - 67, [32-33, 38, 40, 42]: The cardia (or oesophageal-intestinal junction) 

is usually found protruding from the oesophagus into the intestine. It can be so small that it 

is not observable (#63B). Similar to the oesophagus the lumen of the cardia can have 

different shapes in cross-section (#64). In some Ascaridoidea a long appendage is observed 

posterior to the cardia (#65 A). In a number of taxa where no valvular apparatus is found in 

the posterior part of the oesophagus there might be one in the cardia (#66). In some taxa 

distinct glands have been observed adjacent to the cardia (#67). There is a possibility that 

these glands have been overlooked in many species. 

# 68, symbiotic gut bacteria: Some nematodes contain symbiotic bacteria in their 

intestine. In this data set the two species with bacteria {Steinernema carpocapsae Weiser, 

1955, Heterorhabditis bacteriophora Poinar, 1975) are both entomopathogenic nematodes 

(endoparasitic parasites of insects) and possess the bacteria to digest their prey. 

# 69, trophosome [36]: The Mermithida lack a distinct intestine and instead possess a 

specialised organ, the trophosome. The trophosome engulfs the oesophagus and 

stichosome (see #50) but there is no obvious connection between these organs. 

# 70, anterior intestinal caecum [42]: In a number of Ascaridoidea the intestine 

continues anterior to the cardia forming an intestinal caecum. The caecum can reach 

alongside the oesophagus as far anterior as the nerve ring. 

# 1\,posterior intestinal caecum [41]: In some Tylenchomorpha the intestine 

continues posterior to the anus/cloaca into the tail region. 

# 72, anus: Some parasitic species have non-feeding life stages in which the anus is 

non-functional and may be absent altogether. 

# 12), pre-rectum [43]: The pre-rectum is only present in the Dorylaimia. It is 

separated from the posterior end of the intestine by a constriction in the lumen of the 

intestine and at its distal end leads into the rectum proper and anus. Some Trichodoridae 

also have a pre-rectum but it is distinct from that of the Dorylaimia. 

# 74, 75, lateral position of gonads: Lorenzen (1981) observed that the position of 

the gonads relative to the intestine is constant in most species, genera and even families. 

They may lie either both on the same side or on opposite sides of the intestine; in some 

taxa they he ventrally. However, the position is only clearly distinguishable in fresh 

specimens and in the current analysis it was difficult to find data from older species for 

which it had not originally been recorded. 
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# 76, number of ovaries [44-48]; In most species there are either two fully developed 

ovaries or only one anterior or one posterior ovary. However, in some taxa one ovary may 

have become reduced to form simply a sac on the opposite side of the vulva. This post- or 

pre-vulval sac may act as a receptulum seminis. 

# 77, structure of ovaries [44-48]: Most ovaries are either entirely outstretched 

(#77 A) or reflexed somewhere along its lengths. If the geminal zone of the ovary lies 

entirely in the reflexed part this is called antidromously reflexed (#77B), if it continues into 

the other part it is called homodromously reflexed (#77C). In the Cephalobidae the reflex 

point is found at the commencement of the oviduct and the spermathecae point forward 

from this point (#77D). In most Spirurina, which have two posterior ovaries, and in the 

Tylenchomorpha where the females become obese the ovaries are coiled in the entire body 

region and may even reach the oesophageal region (for posteriorly situated vulva) (#77E). 

# 78, structure of tip of ovaries [44-48]: The end of the ovary can be folded over in 

some taxa. However, this character is only recorded if the fold is obvious and stable for the 

species. 

# 79, ^0, position of vulva: The vulva lies somewhere around the midbody- region to 

the posterior quarter in most taxa. However, in some taxa it may be found well posterior 

beyond 80% body length or even be terminal with anterior facing ovaries. On the other 

extreme it may be found in the oesophageal region with posterior facing ovaries. Two 

alternative coding strategies have been tested, one that only distinguishes between 

oesophageal, intestinal and terminal position (#80) and the other one distinguished between 

more detailed positions in the intestinal region (#79). 

#81, demanian organ [56]: In some Oncholaimidae a special organ, the demanian 

organ, is found either side of the ovary. There is usually a cormection between this organ 

and the ovaries and the intestine. Its function is uncertain. This organ was discovered by de 

Man and therefore named after him. 

# 82, 83, reproduction: Most nematodes reproduce by laying eggs into the 

environment (soil/sediment or host tissue), the larvae hatch there and grow into adults via 

four larval states and as many moults (#82A, 83A). However, in a considerable number of 

taxa the eggs are retained in the mother's body. They may develop until the first larval 

stage in the uterus, the female still lays the eggs and the larvae hatch just after egg 

deposition (#82B, 83B). In a further development the larvae hatch in the uterus and the 

mother releases first-stage juveniles (#82C, 83B). In some plant parasitic taxa the mother 

never releases the eggs but its body forms a protective cyst in which the young hatch and 
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develop until the infective juvenile stage (usually first or third). The latter case is not 

represented in this data set. It is not certain how the two different ovoviviparous states are 

related and therefore two alternative character codes are tested, once dividing all three 

alternatives (#82) and then only distinguishing between oviparous and ovoviviparous 

reproduction (#83). 

# 84, spermathecae [45-46]; In a considerable number of Dorylaimia and Tylenchina 

and some other taxa a cavity between the oviduct and uterus, the spermathecum, is 

specialised as a receptulum seminis. It is separated by constrictions and there may even be 

a sphincter muscle between the oviduct and the spermathecum. If a spermathecum is 

present the sperm is retained in this cavity and fertilisation of the eggs takes place here. In 

those taxa that lack a specialised spermathecum fertilisation occurs in the uterus. 

# 85, ovijector [48]: In a few taxa a specialised ovijector is present between the 

uterus and the vulva. 

# 86, Z-organ: The Z-organ is only found in the uterus of the genus Xiphinema Cobb, 

1913. Its function is uncertain. 

# 87, vulval papillae: In some taxa distinct papillae are found around the vulva. They 

probably aid in copulation by preventing the two animals to slide apart. 

# 88, vulval flap [48]: In some Trichostrongylidae the vulva is covered with a flap 

that may vary considerably in size within a species. 

# 89, vulval glands: In some taxa glands have been observed in the vulva region. 

These probably secrete a sticky substance that aids in copulation. It is possible that such 

vulval glands are overlooked in many species. 

#90, number and position of testes [49, 55]; The testes are always found anterior to 

the cloaca because the tail commences immediately behind it. However, a testis is 

effectively facing posterior if it bends backwards at the testis - vas deferens junction. 

# 91, reflexion of testes [49, 55]: In most cases the testes lie straight anteriorly or 

posteriorly, but there are many exceptions where one or both testes are reflexed due to the 

space available in the body cavity (#9IB). In some taxa with two opposed testes the 

posterior testis lies anteriorly to the testis - vas deferens junction at first before it bends 

backwards (#91C). 

#92 - 94, spicules [49-55, 57-65]: Almost all nematodes have two, equally sized and 

shaped spicules. However, in a few taxa only one spicule is present (#92A) [51] or the 



Birgit Meldal 2. Materials and Methods 112 

spicules are entirely absent (#92C) [65]. In a number of tax a the spicules are unequal 

(#93B) [74, 76] and/or dissimilar (#94B) [74, 76]. 

NB: The actual shape of the spicules could not be included because it is so variable 

and often difficult to describe. Chitwood & Chitwood (1950) already discussed this 

problem and stated that in most cases instead of a wordy description a detailed drawing is 

much more informative. This concept has not changed and all nematode descriptions show 

a figure of the spicules (if a male specimen has been found). Potentially it would have been 

possible to summarise similar spicule shapes and to code them arbitrarily. However, there 

was a great chance of introducing homoplasies if the exact nature of the spicules was not 

known. Therefore, only the relative size and shape differences are included as characters in 

this study. 

#95, fusion of spicules [49-55, 57-65]: In most nematodes the two spicules are 

separate (#95A) but in some taxa they are either fully fused (#95B) [52] or partially fused 

distally (#95C) [53b]. The latter is commonly observed in the Rhaditidae. 

# 96, spicular alae [50]: In some taxa a fine ala (wing) stretches in the spicule 

curvature from its distal to its proximal end. 

# 97, spicule sheath [51]: In Trichuris muris Schrank, 1788, the spicule is engulfed 

within an eversible sheath that is covered in spines whose arrangement is species specific. 

The spines on the sheath ensure that copulation is not interrupted prematurely. 

# 9 8 - 100, gubernaculum [49, 52-53, 55, 57, 60-61, 63, 65, 74]: Most nematodes 

have a gubemaculum which acts as a guiding piece for the spicules during copulation. The 

gubemacula can take a variety of forms and have a number or different pieces. Since it has 

not yet been established which structures are derived from each other, only the presence or 

absence of the gubemacula has been coded for this study (#98). In the Dorylaimida, the 

gubemaculum has been replaced with two lateral accessory pieces (#99) [58] and in the 

Mononchidae both, gubemacula and two lateral accessory pieces are present [61]. Many 

nematodes have one or two distinct dorsal apophyses on the gubemaculum. The number of 

apophyses depends on the type of gubemaculum present and therefore here only the 

presence or absence has been recorded (#100) [49]. 

#101, rectal glands [56]: In many nematodes, and especially in the Rhabditida, 

which are lacking caudal glands (#176), another set of glands opens into the rectum. 

Sometimes they are only observed in one sex and they may have been overlooked in some 

species. 
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NB: Many species of nematodes possess around 

the male cloaca. They all aid the attachment of the male and female individual to each 

other during copulation. They are mainly papilliform or setiform. Whilst there are great 

differences in the type, position and number of the papillae or setae it is likely that the 

underlying genetic information comes from the same gene for papillae or setae respectively 

in the same region because many species have these organs only in a particular part around 

the anus. 

# 1 0 2 - 111, 121, copulatorypapillae [52-55, 57-62, 74, 76]: Copulatorypapillae are 

found pre-anally (#102-106) [53-55, 57-61, 74, 76], ad-anally (#107) [53-55, 59, 74] or 

post-anally (#108-110) [53-54, 59, 62, 74, 76]. Most commonly they occur either in one 

row on the midventral line (#102-104, 108) [55, 57-58, 60-61] or in two parallel subventral 

rows (#105, 107, 109) [52-54, 58-59, 74]. In some Spirurina the papillae are not arranged 

in distinct rows but in groups pre- and post-anally (#121) [76]. In the Chromadoridae they 

form distinct cups that are most certainly homologous (#103) [57]. In a few species these 

papillae are not restricted to the posterior body but reach into the oesophageal region 

(#104). In Nudora bipapillata Piatt, 1973, these papillae are modified to distinct cones 

(#106) [60]. In some taxa the papillae are also found on the dorsal side (#110). Most of the 

times the papillae sit in the body cuticle and only protrude a little, however in some taxa 

they sit on stalks (#111). 

#112, copulatory tubules [61]: In some taxa, tubules reach deep into the underlying 

tissue and open to the surface through the cuticle. These are usually numerous and quite 

small but may be rather large and less in number. 

#113, shape of the copulatory tubules [62]: In the Enoploidea the tubules may 

become very well developed resembling a trumpet in shape. 

#114, glands of supplements [60]: It is generally thought that the papillae and 

tubules may secrete sticky substances but actual gland openings have only been observed 

in selected taxa. In some taxa, a hint of a canal has been observed in the underlying tissue 

and in other taxa it is thought that a nerve may be present. 

# 1 1 5 - 1 1 8 , copulatory setae [62-65]: Either additionally or instead of papillae or 

tubules many nematodes have specialised setae in their preanal (#115-116) or postanal 

region (#118) or around the anal opening (#117). Pre-anally, these setae may again be 

found in one ventral row (#115) [62-63, 65] or in two subventral rows (#116) [64]. These 

setae are distinguishable from simple somatic setae because they either differ in number 
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(less on the rest of the body or in the female) or shape (stronger or longer than somatic 

setae). 

#119 , 120, copulatory thorns [65]; hi Monoposthia costata (Bastian, 1865) and 

Molgolaimus demani (de Man 1922) Jensen 1978 the setae are very much enhanced and 

form strong thorns, both pre-anally (#119) and post-anally (#120). 

# 122, 123, bursa [52-55, 59]; As already mentioned under #13, many male 

nematodes have specialised posterior alae that form a distinct bursa. The bursa varies from 

a simple cuticular flap either side of the anal region (#122 E, G or H) [55, 59] to distinct 

vela either side (#122 B, C, or D) [53-54] to the large extravagant loops and rays of the 

Strongyloidea (#122F) [52]. If a distinct velum is present, this may reach to the tip of the 

tail ipeloderan bursa, #122B) [53], or the tail may remain free {leptoderan bursa, #122 C 

or D) [54]. Most peroderan bursae are open at the anterior end (#122D) [53b] but in some 

taxa the vela from either side join closing the bursa anteriorly (#122C) [53a]. Many bursae 

contain papillae along its edges [52-54]. It is most likely that these are homologous to the 

subventral rows of papillae in taxa that lack a bursa and the presence of such papillae has 

been included in those characters (#105, 107, 109). Since the homology of the different 

bursae is not entirely certain character 123 provides an alternative test for the simple 

presence and absence of a bursa. 

# 124, genital cone: In some Strongylidae a distinct genital cone is present within the 

centre of the bursa. 

# 125, Cuticular patches: A number of taxa from many groups of nematodes have 

roughened cuticular patches {area rugosa) either anterior or posterior to the cloaca or in 

both positions. They increase traction between the two bodies during copulation. These 

patches can be of many different types and homologies may not be certain. 

# 126, denticular plates: Some taxa contain specific denticular plates in the caudal 

region that also increase traction between the two bodies during copulation (see #125). 

# 127, body shape: Most nematodes have simple elongated, rod-shaped bodies but 

the females of some plant-parasitic Tylenchomorpha become saccate or spindle-shaped 

when mature. 

# 128, crystalline bodies: Some nematodes contain crystalline bodies in their body 

cavity. The exact function of these crystals is unknown. 

# 129 - 133, transverse cuticular striations [11, 22, 66a, b, 67]; The cuticle can have 

a variety of transverse striations. These can be simple annules (#129 A, #13 OA), strong 
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articulations that resemble segments but are entirely cuticular (#129B, #131 A), they can be 

very faint and frequently overlooked (#129C, #132A) or the cuticle may be entirely devoid 

of transverse markings (#129D, #133A). It is uncertain if there is a common genetic cause 

for the different types of transverse markings and therefore this suite of characters has been 

tested as multistate character (#129) and as a set of binary characters (#130-133). 

# 134, longitudinal cuticular striations [66c, 67]; Additionally to the transverse 

markings the cuticle may also show longitudinal markings. These are quite constant in 

structure across the phylum but may form well-marked elevations in the lateral fields (see 

#154). 

# 135 - 137, cuticular patterns'. The cuticular pattern is often not observed along the 

entire length of the body. It may be absent on the head (#135B) or tail (#136B) or absent 

from the mid-body region backwards (#137B). 

# 138, 149, cuticular inflations [70]: Some Trichostrongylidae have particular 

cuticular inflations around the head and neck region (#149A). The inflations are found 

around all sides the body rather than being restricted to the lateral fields in the case of alae. 

In some of these species the cuticular patterns are only found on these inflations (#138A). 

# 139, cuticular spines and scales [16]: In some species the annules are especially 

adorned with backwards facing scales and spines. 

# 1 4 0 - 141, sub-cuticular striations: In some species the sub-cuticle has transverse 

(#141 A) or longitudinal (#140A) striations while the surface appears smooth. 

# 142 - 143, cuticular or sub-cuticular punctations [66d]; The cuticle may also be 

adorned with punctations found either on the surface (#142A) or in the sub-cuticle 

(#143A). 

# 144 - 146, cuticular bosses [68-69]; Some vertebrate-parasitic species have 

specific cuticular bosses along their body that aid in the attachment to their host tissue or to 

their partner during copulation. These are found near the vulva (#144A), along the main 

body (#145 A) or on the tail of the female (#146A). 

# 147, cuticular warts [27]; The Bunonematidae are characterised by the presence of 

warts and complicated 'Kriechleisten' on the right side of the body. The 'Kriechleisten' 

consist of a net-like structure of cuticular material embedded into the cuticle. 

# 148, Ectosymbionts: A number of different freeliving nematodes form ecto-

symbiotic relationships with bacteria or blue-green algae (Cyanobacteria). 
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# 150, bacillary band [79]; hi the genus Trichuris a bacillary band is found along the 

ventral side of the anterior region of the body. It consists of punctiform projections 

penetrating the cuticle; they are the ends of small rod-shaped structures originating in the 

cells of the sub-cuticle. The bacillary band usually reaches the vulva and behind it 

hypodermal gland pores continue in its place. The band may be homologous to the lateral 

alae found in many other nematodes. 

#151, cuticle with V-likeprojections [65]: In the Monoposthiidae the annules may 

form V-shaped projections in regular, longitudinal rows. 

# 152, annules with spiral thickenings [71]: In the genus Onchocerca Diesing, 1841, 

the cuticle is adorned with spiral thickenings instead of regular transverse markings. 

# 153 - 157, lateral field [41, 66d, 67]: The lateral field may have a variety of 

adornments. It may be innervated by longitudinal incisures that are stronger than those 

found around the rest of the body (#153 A). The cuticle of the lateral field may be elevated 

to form lateral alae (#154A). If alae are present and the transverse striations continue 

across the lateral field the field is areolated (#155A). The lateral field may also be marked 

off from the rest of the body by a differentiation in the punctation (#156A) [66d]. In many 

species the lateral field is not marked off specifically. 

#158, hypodermal glands: Many nematodes have hypodermal glands either along 

the whole body around all sides, restricted to the lateral field or restricted to particular 

regions only. However, it has been suggested that all nematodes may have some form of 

hypodermal glands and that these may simply be under-reported. 

# 1 5 9 - 160, ocelli and pigment spots [72-73]: Some freeliving nematodes have some 

form of light sensitive pigments in the oesophageal region. These can be sophisticated 

ocelli (#159A) with or without lenses or simple accumulations of pigments (#160A). 

#161, somatic setae: Many freeliving nematodes have setae along the main part of 

their body either scattered around or in regularly arranged rows. However, the Rhabditida 

are entirely devoid of such organs. 

# 162, glandular setae: In some genera of the Desmodoridae the somatic setae are 

accompanied by secretory gland cells. 

# 163, metanemes: Some Enoplida contain special structures in the cuticle, called 

metanemes. They were discovered by Lorenzen (1978) and have so far only been observed 

in selected species. 
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# \6A,phasmids [41]: Phasmids are found in most Rhabditida and Plectida either 

side of the tail. They are thought to be some form of sensory organs. In some species they 

are found anterior to the anus or vulva. 

# 165, prophasmids: In the Anguinidae a second pair of phasmids, the prophasmids, 

are found in the vulva region. 

# \66,postdereids: In a few selected species, structures similar to the dereids are 

found in the posterior part of the body. They are called the postdereids. 

# 167, caudal pores [58]: Many Dorylaimia species have a number of pores in the 

tail region that resemble hypodermal glands. 

# 168, terminal caudal papillae [74]: In some Spirurina terminal papillae are found 

on the tail, which are differentiated from the copulatory papillae. 

# 1 6 9 - 170, 172, tail [75, 76]: The tail for both sexes can exhibit a variety of forms. 

In most species the tails of both sexes are very similar but especially in the case where the 

mail has a bursa the tails shapes between the sexes varies. Variation can also occur in the 

relative length and thickness of the tail and in some species the form is entirely different. 

Therefore, the tail shape was coded separately for each sex and an additional character 

added to include information whether the tail shape is the same or not (#172). 

#171, terminal setae [63]: Many aquatic nematodes have two to four terminal setae 

on the tip of the tail. 

# 173 - 174, caudal setae [62, 65, 78]: In many aquatic species the setae on the tail 

are distinguishable from the somatic setae and often there are more setae on the tail of the 

male than that of the female. As it is uncertain whether the difference between the number 

of setae on the male and female tail was genetically significant two characters were created 

and tested against each other, one accounting for the difference between the sexes (#173) 

and the other one just accounting for their presence or absence (#174). 

# 175, terminal cuticular flaps [77]: In the genus Trichinella Railliet, 1895, terminal 

cuticular flaps are found on the end of the tail, forming a pseudobursa. 

# 176 - 179, caudal glands [61, 63-65]: Aquatic nematodes do not possess phasmids 

but instead they possess caudal glands in the tail. These glands produce a secretion that 

aids in the attachment of the tip of the tail to the substratum preventing the animals from 

being swept away with the currents. Either two or three glands are reported but sometimes 

the third may simply not be visible and therefore no distinction is made between the 
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numbers. In the Triplonchida caudal glands are often observed but sometimes only the 

opening can be distinguished (#176C). There may be one common opening for all glands 

(#177A) or a separate opening for each gland (#177B). The glands open through a specific 

cuticularised structure, the spinneret, which may be markedly setoff from the tip of the tail 

(#178A) [78]. The caudal glands are usually restricted to the tail (#179A) [61, 64, 65] but 

may extend into the precaudal region, at least in the male (#179B) [64]. 

# 180, reproductive strategy. Most nematodes are dioecious (amphimictic) 

reproducing by copulation of male and female individuals (#180A). However, males are 

often very rare in terrestrial nematodes. In these cases they reproduce either by 

(protandrous) hermaphroditism (#180B), which occurs in some Rhabditomorpha, or by 

parthenogenesis (#180C). In both these cases copulation is optional and may occur when a 

female encounters a male. In hermaphroditism the eggs and sperm are both produced in the 

female while parthenogenesis does not require sperm at all. 

2.3.2.4 Phylogenetic analysis 

All analyses of the morphological characters were performed with PAUP*. No 

outgroups were included in the analysis of morphological characters alone because most 

characters are nematode specific. All 180 characters were divided into four different sets; 

the first set of 145 characters was included in all analysis as the author had confidence in 

the homology assessment. Two other sets contain alternative coding of nine binary (#61, 

80, 83, 123, 130-133, 174) and six multistate characters (# 60, 79, 82, 122, 129, 173) 

respectively. Multistate character 129 replaces the four binary characters 130-133 coding 

the cuticular annulations. Initially, all nine binary characters were analysed together with 

the first set. Then, each binary character was replaced by its alternative multistate coding 

character in individual analyses. In order to assess which alternative coding was more 

homologous the alternative topologies of the strict consensus trees were compared for 

resolution as well as position of problematic taxa (esp. Trichinelloidea being placed with 

the Spirurina) and the consistency indices of the consensus trees were calculated (Table 

2.5). Two binary characters, 83 and 123, were excluded in favour of their multistate 

partners, 82 and 122, resulting in 154 approved characters for any further analyses. 

The final 20 characters were recognised as potentially homoplasious and were tested 

individually against the 145 characters of the first set and the 'binary' set (before the two 

characters were exchanged). As for the multistate characters, the consensus trees were 

compared for resolution and topology and the consistency indices calculated (Table 2.6a). 

Five 'dubious' characters, 14, 23, 33, 137, 169 showed improvement of the data and were 
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included in all following analyses. A further 11 characters were tested against the first set 

including the two multistate characters and five 'dubious' characters but did not show any 

improvement and were therefore excluded from the analysis (Table 2.6b). Therefore, 159 

characters were included in the final character set that was analysed. 

Table 2.5: Tree length (TL), consistency index (CI), CI without uninformative characters, 
retention index (RI), rescaled consistency index (RC), homoplasy index (HI), 
HI without uninformative characters and Goloboff-Fit (G-Fit) for the exchange 
of one binary character with its alternative multistate character. 

TL CI CI excl uninf RI RC HI HI excl uninf G-Fit 
S e t l 911 0/2162 0.1978 0.7210 0.1559 0.7838 0.8022 -68 
Incl 60 942 0.2123 0.1944 0.7143 0.1517 0.7877 0.8056 -68 
Incl 79 945 0.2116 0.1937 0.7155 0.1514 0.7884 0.8063 -67 
Incl 82 913 0.2169 0.1984 0.7205 0.1562 0.7831 0.8016 -68 
Incl 122 919 0.2209 0.2027 0.7195 0.1589 0.7791 0.7973 "68 
Incl 129 885 0.2215 0.2025 0.7230 OJ^Ol 0.7785 0.7975 -68 
Incl 173 927 0.2136 01954 0.7150 0J^27 0.7864 0.8046 -68 

Table 2.6: Tree length (TL), consistency index (CI), CI without uninformative characters, 
retention index (RI), rescaled consistency index (RC), homoplasy index (HI), 
HI without uninformative characters and Goloboff-Fit (G-Fit) for the inclusion 
of individual 'dubious' characters. 

a) Tests of all 20 characters 

TL CI CI excl uninf RI RC HI HI excl uninf G-Fit 
Set 1 911 0.2162 0.1978 0.7210 0.1559 0.7838 0.8022 -68 
Incl 14 929 0.2185 0.2004 0.7248 0.1584 0.7815 0.7996 -68 
Incl 15 940 0.2128 0.1948 0.7205 0.1533 0.7872 0.8052 -68 
Incl 23 943 0.2269 0.2093 0.7205 0.1635 0.7731 0.7907 -69 
Incl 28 930 0.2129 0.1947 0.7163 0.1525 0.7871 0.8053 -68 
Incl 29 936 0.2115 0.1934 0.7155 0.1514 0.7885 0.8066 -68 
Incl 33 931 0.2180 0.2000 0.7231 0.1577 0.7820 0.8000 -69 
Incl 49 919 0.2155 0.1971 0.7226 0.1557 0.7845 O^&W -68 
Incl 55 926 0.2203 0.2022 0.7265 0.1601 0.7797 0.7978 -68 
Incl 56 925 0.2195 0.2013 0.7262 0.1594 0.7805 0.7987 -69 
Incl 57 920 0L2185 0.2002 0.7241 0.1582 0.7815 0.7998 -69 
Incl 74 932 0.2146 0J^65 0.7186 0.1542 0.7854 0.8035 -68 
Incl 75 935 0.2139 01958 0.7172 0.1534 0.7861 0.8042 -68 
Incl 78 921 0.2150 01967 0.7192 01546 0.7850 0.8033 -69 
Incl 125 923 0.2145 01962 0.7180 01540 0.7855 0.8038 -68 
Incl 135 945 0.2095 01916 0.7139 01496 0.7905 0.8084 -68 
Incl 136 926 0.2138 01956 0.7174 01534 0.7862 a 8 0 M -69 
Incl 137 912 0.2171 01978 0.7210 01565 0.7829 0.8022 -69 
Incl 169 969 0.2157 01983 &7111 01534 0.7843 0.8017 -68 
Incl 170 964 0.2189 0.2015 0.7133 01561 0.7811 0.7985 -69 
Incl 172 934 0.2120 01939 0J198 i 01526 0^*880 1 &8061 -69 
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b) Tests of 11 remaining characters 

TL CI CI excl uninf RI RC HI HI excl uninf G-Fit 
a a i + 1050 0.2343 0.2179 0.7151 0.1675 0.7657 0.7821 -69 
Incl 29 1073 0.2302 0L2141 0.7109 0.1636 0.7698 0.7859 -69 
Incl 49 1057 0.2337 0.2174 0.7170 0.1675 0.7663 0.7826 -69 
Incl 55 1065 0.2376 0.2215 0.7203 0.1711 0.7624 0.7785 -69 
Incl 56 1066 0.2364 0.2203 0.7193 0.1700 0.7636 0.7797 -69 
Incl 57 1059 0.2361 0.2199 0.7180 0.1695 0.7639 0.7801 -70 
Incl 74 1071 0.2325 0.2164 0.7130 0.1658 0.7675 0.7836 -70 
Incl 75 1072 0.2323 0L2162 0.7124 0.1655 0.7677 0.7838 -69 
Incl 78 1062 0.2326 0.2163 0.7128 0.1658 0.7674 0.7837 -69 
Incl 125 1063 &23M &2161 0.7121 01655 0.7676 0.7839 -70 
Incl 136 1066 0.2317 0.2155 0.7115 0.1649 0.7683 0.7845 -69 
Incl 170 1097 0.2370 0.2214 0.7103 0J[683 0.7630 0.7786 -69 

The 159 remaining characters were analysed under both, unweighted and weighted 

parsimony. Characters for the weighted analysis were weighted on the resulting trees of the 

unweighted analysis using maximum values of the rescaled consistency index. After the 

first round of weighted parsimony analysis, characters were weighted on the resulting trees 

and the procedure was repeated until no improvement in tree length was recorded. The 

shortest trees were found in the first round of weighting. In a second analysis, 21 

uninformative characters (6, 8, 30, 32, 52, 69, 97, 104, 106, 110, 126, 128, 137, 140, 144 -

147, 150, 152, 175) were excluded and the same analyses were performed as for all 

characters. The shortest trees were found after two rounds of weighting. Table 2.7 gives an 

overview of the parameters from each analysis. 

Table 2.7: Details of phylogenetic reconstruction analyses for the morphological 
characters only; pars = parsimony, wpars = weighted parsimony, bst = 
bootstrap analysis, excl = character set excluded (uninf = uninformative sites), 
nchar = no. of characters remaining, no. trees = no. of shortest trees retained, 
tree length: no. of steps, limit hit: either rearrangement or tree limit, time: CPU 
time required for analysis in days:hours:minutes 

Criterion excl nchar No. trees Tree length Shortest tree 
in replicate 

Limit hit Time 
dd:hh:mm 

pars none 159 9858 1103 8 yes 0:03:23 
pars uninf 138 23707 1029 1,10 yes 0:02:35 
wpars none 159 586 158.50610 5 yes 0:02:38 
wpars uninf 138 10634 142.69416 10 yes 0:02:48 
pars bst none 159 100000 yes 1:22:47 
pars bst uninf 138 100000 yes 1:22:54 
wpars bst none 159 100000 yes 1:20:30 
wpars bst uninf 138 100000 yes 1:21:47 

All analyses were preformed using heuristic searches with 10 replicates of random 

addition of sequences under TBR branch swapping and 10^ rearrangements. Multistate taxa 

were interpreted as uncertainties. Strict consensus trees were constructed for all four 

analyses and the consistency indices were estimated. 
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Bootstrap analyses were performed for all four conditions as described above, 1000 

replicates were performed using heuristic searches with a single replicate of random 

addition of sequences under TBR branch swapping and a maximum of 100 trees was saved 

per replicate. Multistate taxa were interpreted as uncertainties. Majority-rule consensus 

trees were constructed for all analyses as it is the default in PAUP*. 

2.3.3 Phylogenetic analysis of the combined data set 

The combined analysis of molecular and morphological characters was performed in 

PAUP* under the parsimony criterion. Molecular and morphological characters were 

chosen for the 167 nematode species included the morphological analysis and molecular 

characters alone for the 16 outgroup taxa from the molecular analysis; gaps were 

introduced for the morphological characters of the outgroup taxa. The data set originally 

contained all 1769 molecular characters and the 159 morphological characters used in the 

final analyses of the morphological data alone. This data set was analysed including all 

characters, excluding all positions with gaps in the molecular data set, excluding all 

parsimony-uninformative characters and excluding all positions with gaps in the molecular 

data set and all parsimony-uninformative characters. 

The potential character incongruence between the two data sets (partitions) was 

established with the 'Incongruence Length Difference Test' (Farris et al, 1995) as it is 

implemented in PAUP*. 100 random replicates were analysed for each of the four 

character sets. The heuristic searches were conducted using one replicate of random 

additions of sequences each and setting the rearrangement limit to 10^ for each replicate. 

The rearrangement limit was always hit but more liberal settings would have increased the 

run time unfeasibly. The searches took between 8 and 68 hours. For all analyses the total 

tree lengths of the original partitions were significantly shorter (p = 0.01 < 0.05) than any 

tree lengths for random partitions. Therefore, there is no significant incongruence between 

the characters from the two data sets and the performance of a combined analysis was 

justified. 

Characters were first treated as unweighted and subsequently weighted on the 

maximum value of their rescaled consistency index using all fundamental trees from the 

original, unweighted analysis as staring point. Characters were re-weighted until no shorter 

trees could be found. The shortest trees were found after three rounds of re-weighting 

when uninformative characters were excluded and after two rounds for the three other 

characters sets. Table 2.8 gives an overview of the parameters from each analysis. 
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All analyses were performed using heuristic searches with 10 replicates of random 

addition of sequences under TBR branch swapping and 10^ rearrangements. Multistate taxa 

were interpreted as uncertainties. Strict consensus trees were constructed for all eight 

analyses and the consistency indices were estimated. 

Bootstrap analyses were performed for all eight conditions as described above. 1000 

replicates were performed using heuristic searches with a single replicate of random 

addition of sequences under TBR branch swapping and a maximum of 100 trees was saved 

per replicate. Multistate taxa were interpreted as uncertainties. Majority-rule consensus 

trees were constructed for all analyses as it is the default in PAUP*. 

Table 2.8: Details of phylogenetic reconstruction analyses for the combined analyses of 
molecular and morphological characters; ntax = no. of taxa included, pars = 
parsimony, wpars = weighted parsimony, bst = bootstrap analysis, excl = 
character set excluded (gapped = positions with gaps, uninf = uninformative 
sites), nchar = no. of characters remaining, no. trees = no. of shortest trees 
retained, tree length: no. of steps, limit hit: either rearrangement or tree limit, 
time: CPU time required for analysis in days:hours:minutes 

Criterion excl nchar No. 
trees 

Tree length Shortest tree 
in replicate 

Limit hit Time 
dd:hh:mm 

pars none 1928 1294 14331 2 8x, not in 9, 10 0:06:11 
pars gapped 753 8150 4130 1,8 Yes 0:02:48 
pars uninf 1068 2224 14035 1 7x, not in 2, 6, 7 0:05:14 
pars gapped 

uninf 
440 2770 3992 2 yes 0:02:34 

wpars none 1928 1 1624.80339 6 no 0:00:05 
wpars gapped 753 21 647.46516 1 no 0:00:06 
wpars uninf 1068 1 132&53221 1 no 0:00:03 
wpars gapped 

uninf 
440 21 506.75645 3 

(island hit 4x) 
no 0:00:05 

pars bst none 1928 77549 yes 6:14:46 
pars bst gapped 753 100000 yes 2:03:48 
pars bst uninf 1068 74068 yes 3:09:55 
pars bst gapped 

uninf 
440 99949 yes 1:22:04 

wpars bst none 1928 7 8 n in 6 replicates 1:11:54 
wpars bst gapped 753 98838 yes 3:08:36 
wpars bst uninf 1068 8100 in 14 replicates 0:21:41 
wpars bst gapped 

uninf 
440 98998 yes 2:08:40 

2.3.4 Consistency analysis of all morphological characters 

In order to establish the quality of the morphological character coding, all 180 

characters were mapped onto two phylogenetic reconstructions under weighted parsimony; 

one based on the morphological characters alone and one based on all characters excluding 

positions with gaps in the DNA and uninformative characters. The potential evolutionary 

history of each character was analysed based on the most parsimonious character state 
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changes. Assumptions were made about the homology of the individual states based on the 

amount of change that was needed to explain the reconstructions. In some cases alternative 

coding strategies are suggested. 

Additionally, the consistency indices (CIs) and character weights for each character 

were analysed using MINITAB version 12. The Anderson-Darling Test of Normality 

showed that the values of the consistency index and the weights were not normally 

distributed (all p = 0). However, Levene's Test of Homogeneity of Variance for non-

normally distributed but continuous data showed that the shape of the distribution for the 

two sets of consistency indices and weights are equal (CIs: test statistic: 0.615, p = 0.412 > 

0.05; weights: test statistic: 1.152,;? = 0.284 > 0.05). Therefore, the Mann-Whitney U-Test 

of the median was performed to test whether there is a significant difference between the 

medians of the consistency indices and weights between the two sets of data. In both cases, 

the test statistics were greater than the critical value and therefore there was no significant 

difference between the medians of the consistency indices and weights between the two 

different treatments (CIs: W = 31738.0, critical value = 0.4430; weights: W = 31470.5, 

critical value = 0.2986). However, if the non-normality of the data was ignored, a Paired T-

Test resulted in significantly higher means for the CIs and weights when the characters 

were mapped on the morphological tree (CIs: T-Value = -3.26,p = 0.001 < 0.01; weights: 

T-Value = -3.20, = 0.002 < 0.01). 
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3. Time Series Experiments 

In order to establish how quickly the DNA degrades while the animals are desiccated 

in glycerol and mounted on slides for identification, a time series experiment was 

performed. All experiments were conducted with the same strain of Caenorhabditis 

elegans (Bristol N2). In the first series animals were desiccated in glycerol for up to 56 

hours without prior fixation in ethanol. The animals were placed alive straight from the 

agar plate into the glycerol. In a second series animals were either placed into glycerol 

straight from the agar plate or fixed in 99.7% ethanol for two days and then kept either in 

glycerol or water for up to 14 days. In a third series the effect of three different ethanol 

concentrations was tested. Animals were fixed in 70%, 95% and 99.7% ethanol 

respectively for either two days or one week and then desiccated in glycerol for up to four 

weeks. Since it was not possible to determine the DNA concentration in the PGR reaction 

prior to amplification, the results were only scored as ranks. Three levels were used, no 

amplification (-), positive amplification but not enough DNA for direct sequencing (0) and 

positive amplification resulting in sufficient DNA for direct sequencing (+). Tables 3.1 to 

3.3.2 show the scores for each of the three series and all treatments. 

Table 3.1: Series 1: DNA yields for individual C. elegans desiccated in glycerol for up to 
56 hours. DNA yields are indicated as sufficient for direct sequencing (+), 
insufficient for direct sequencing (0) and no yields at all (-). 

Time (hours) DNA Yield 
1 + + -

2 + + + 

4 + + + 

6 -H-0 
8 ++0 
16 +00 
18 +00 
20 000 
22 + + -

24 + + + 

26 000 

Time (hours) DNA Yield 
28 +00 
32 +00 
40 + + + 

42 +00 
44 ++0 
46 + + -

48 +++ 

50 + + -

52 + + + 

54 1 1 1 
56 
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Table 3.1 shows the results for Series 1 when nematodes were not fixed in ethanol at 

all and kept in glycerol for up to 56 hours. The DNA amplification from specimens 

desiccated in glycerol for up to 32 hours was very variable. Specimens desiccated for 40 

hours and longer produced good DNA yields for at least one of the three animals per time 

and in most cases DNA of two or all three animals was amplified very strongly. 

Table 3.2: Series 2: DNA yields for nematodes desiccated in glycerol or kept in water for 
up to 60 days, either unfixed or previously fixed in ethanol for two days. 
Legend as in Table 3.1. 

Time (days) DNA Yield 
in Glycerol in Water 

unfixed fixed fixed 
1 +++ 000 +00 
2 +++ 000 00 
3 ++ +0 - 000 
4 ++0 000 00 
5 +++ 000 00 
6 ++0 000 000 
7 +0 - 000 ++0 
8 +++ 000 +0 
9 +++ +00 +++ 

10 +++ +00 ++ 

11 -H-0 +00 ++0 
12 +00 ++0 +++ 

13 +++ 000 +++ 

14 +++ +++ +++ 

28 +++ 

38 000 
54 ++0 
60 000 

Table 3.2 shows the results of Series 2 when nematodes were either placed into 

glycerol directly from the agar plate or fixed in ethanol for two days and then put into 

glycerol or water. Nematodes that were not fixed in ethanol prior to glycerol treatment 

showed very strong bands in most cases with only one negative result and 7 weak 

amplifications. As for material fixed in ethanol and then kept in glycerol, apart from 12 

and 14 days, at least two of the three animals per time interval showed low DNA yields 

and often the bands were very faint for all three specimens. The control animals, kept in 

water after fixation, gave very weak results for the first six days and then the yields slightly 

increased. There are no data after 14 days because of a lack of animals. 

The Spearman Rank Correlation was applied for a comparison between the three 

treatments for up to 14 days of desiccation. The DNA yields were significantly greater at 

both thep < 0.05 and 0.01 significance levels when animals were not previously fixed in 
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ethanol compared to fixation in ethanol and desiccation (rj = - 0.083, t = -2.781) and 

compared to fixation in ethanol and storage in water = 0.062, t = 0.215). There was no 

significant difference between DNA yields from animals stored in ethanol and then either 

kept in glycerol or water (r^ = 0.635, t = 2.847). 

Table 3.3: Series 3a: DNA yields for nematodes fixed in ethanol for two days and 
desiccated in glycerol for up to four weeks. Legend as in Table 3.1. 

Time in Glycerol Ethanol Concentrations 
(Days) 99.7% 95% 70% 
Control 00- ++0 +00 

Control + Wash +00 +00 ++0 
1 ++0 +++ 000 
4 +++ ++0 +0 -
7 ++0 +++ 000 
14 ++0 +00 000 
28 000 000 00-

Table 3.4: Series 3b; DNA yields for nematodes fixed in ethanol for one week and 
desiccated in glycerol for up to four weeks. Legend as in Table 3.1. 

Time in Glycerol Ethanol Concentrations 
(Days) 99.7% 95% 70% 
Control +++ +0 -

Control + Wash ++0 000 
1 +++ +00 000 
4 +++ 000 000 
7 +00 +00 +0 -
14 +++ +00 00-
28 000 00 -

Tables 3.3 and 3.4 show the results of Series 3 when nematodes were fixed in 70%, 

95% and 99.7% ethanol for 2 and 7 days respectively and then kept in glycerol for 1 ,4 ,7 , 

14 and 28 days. Almost all animals that were fixed in 70% ethanol showed no DNA 

amplifications at all or only very faint bands were visible. Animals fixed in 95% ethanol 

for two days gave good amplifications for up to two weeks in glycerol, but if they were 

kept in ethanol for one week at least two of the three bands per time interval were weak. 

The best results were obtained for animals fixed in 99.7% ethanol; There was no 

significant difference between fixation periods of two days or one week. DNA 

amplifications for animals incubated in glycerol for up to two weeks were very good and 

for at least two of three animals per time interval the DNA yields were high. 

Amplifications were very low for animals desiccated for four weeks in glycerol. The 

control specimens gave very variable results; after two days of fixation, DNA yields from 

animals that were kept in 99.7% ethanol were lower than those from animals from 70% 

and 95% ethanol. However, when animals were fixed for one week, no PCR products 
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could be obtained from specimens kept in 70% ethanol and those that were fixed in 99.7% 

ethanol gave the highest yields. Washing the ethanol off the specimen with distilled water 

did not improve the results. 

The Spearman Rank Correlation showed that there were significantly higher DNA 

yields at both the p < 0.05 and 0.01 significance levels when the animals were kept in 

99.7% ethanol as compared to both other concentration under both incubation periods (2 

days: cf 95%): r̂  = 0.419, cf. 70%: r̂  = - 0.037; 7 days: cf. 95%: = - 0.444, cf. 70%: rg = 

0.154). Fixation of animals in 95% ethanol compared to 70% ethanol did not give 

significantly higher DNA yields after a two-day incubation period (r̂  = 1.685) but there 

was significantly more DNA after a seven-day incubation period (r̂  = 0.203) at both the p 

< 0.05 and 0.01 significance levels. A longer fixation time also had significant effect when 

the DNA yields were compared for the same concentrations. The DNA yields were 

significantly higher at both the p < 0.05 and 0.01 significance levels when animals were 

fixed in 99.7% ethanol for one week (r̂  = - 0.194), and lower when fixed in 95% ethanol 

(rs = 0.344) and 70% ethanol (r̂  = - 0.157) for one week compared to a two-day fixation 

period. 

No regression analysis could be performed on these data and there are no obvious 

visual trends for a change in DNA yield over time. Only after fixation in 99.7% ethanol a 

slight decrease in the DNA yield can be noted after 14 days (Series 3). In all other series 

the change in DNA yield shows no noticeable patterns and yields even increase over time. 

This inconsistency is probably partially a result of the data being only presented in three 

different rank categories and partially related to the size of the animals. Although care was 

taken to use similarly-sized animals, larger animals may have yielded significantly more 

DNA whilst amplification of DNA extracts of small animals may have failed to produce 

sufficient DNA. In the future, the sizes of the animals should be taken into account and the 

same experiments should be performed with different size classes. DNA yields should also 

be measured quantitatively; although no actual increase can be measured before and after 

PCR, quantitative data will at least allow the use of parametric tests and regression 

analyses. It should also be noted that the DNA yields of the same treatments in Series 2 

and 3 (fixed for two days and then desiccated) showed very variable results. This suggests 

that repeated experiments may have large inherent variability. In a future study it would be 

advisable to use at least 10 animals per sampling time to get a better average result for each 

treatment. 
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The Spearman Rank Correlation showed that fixation in 99.7% ethanol resulted in 

significantly higher DNA yields than fixation in 95% or 70% ethanol. However, there was 

no significant difference when animals were fixed in 95% or 70% ethanol for only a short 

period of time. Fixation for a longer period of time only showed an improvement of DNA 

yields when the highest ethanol concentration was used. These results suggest that the use 

of high ethanol concentrations is required to get high quality PGR results and that longer 

fixation periods may also be of an advantage. However, the current data are limited by the 

use of only three animals per sampling time and the non-parametric analysis of the data. 

Significantly higher DNA yields were obtained from animals that were extracted 

alive without any treatment in ethanol. This suggests that already during fixation DNA 

may be lost from the animals. In most practical situations extracting hve animals is not 

possible, especially if they need to be identified prior to DNA analysis. However, a longer 

fixation period in ethanol of the highest molecular grade showed no loss in DNA yields. 

V/hen the real samples were used in PGR they had been stored in ethanol for several weeks 

but the time in glycerol was kept to a minimum of a week and PGR results were generally 

very good. Therefore, it should be safe to store the animals in ethanol for several weeks at 

least. 

With regards to the effect of the glycerol, DNA yields were not significantly 

different whether the animals were desiccated in glycerol or transferred to distilled water 

after fixation in ethanol. This suggests that the glycerol did not have an adverse effect on 

the DNA but that the degradation was related to the animals not being preserved during the 

period of desiccation. It was unlikely that glycerol should cause a loss of DNA because it 

is also frequently used in PGR to improve reactions and to store PGR chemicals such as the 

Qiagen Tag Polymerase and Q-Solution, both reagents that were used in this study. 
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4. Outgroup Analysis 

The reconstruction of evolutionary relationships of any group of taxa is enhanced if it 

can be rooted with an outgroup. The outgroup or outgroup taxa are best chosen from a 

group of closely related organisms that do not form a monophyletic clade with any of the 

ingroup taxa. The theoretical background to rooting with outgroups is discussed in Section 

1.2.5. hi order to determine the best choice of outgroups for the current study the 

phylogenetic relationships of forty nematode sequences were reconstructed using various 

combinations of a total of 22 outgroup taxa. The details of each outgroup combination are 

found in Table A3 of Appendix III and in section 2.3.1.3 (Materials and Methods). 

4.1 Critical and problematic taxa 

The smallest overall number of trees was recovered when the Nematomorpha were 

included in the outgroups, followed by the Chaetognatha and Kinorhyncha. Inclusion of 

Priapulida and Tardigrada recovered the second most trees and the most trees were found 

when including the Gastrotricha (Table 4.1). If individual analyses were compared, 

excluding the Tardigrada or Gastrotricha resulted in more instances of decrease than 

increase of recovered trees, while the exclusion of all other phyla resulted in more 

instances of increase than decrease of recovered trees. The largest increase was found for 

the exclusion of the Nematomorpha. 

Table 4.1: Recovery of most parsimonious (MP) trees under inclusion or exclusion of 
individual phyla. C = Chaetognatha, G = Gastrotricha, K = Kinorhyncha, N= 
Nematomorpha, P =Priapulida, T = Tardigrada 

C G K N P T 

Including Phylum -
No. MP trees recovered 180 241 205 155 235 235 

Including Phylum -
Rank (lowest to highest) 2 6 3 1 4 4 

Excluding Phylum -
No. of instances . . . 

of increase in no. MP 
trees recovered 

16 11 16 18 17 14 
Excluding Phylum -
No. of instances . . . of no change in no. MP 

Trees recovered 
2 6 3 3 2 2 

Excluding Phylum -
No. of instances . . . 

of decrease in no. MP 
trees recovered 

13 14 12 10 12 15 

Excluding Phylum -
No. of instances . . . 

Instances of increase -
instances of decrease 

3 -3 4 8 5 -1 

Excluding Phylum -
No. of instances . . . 

Rank (lowest to highest) 4 6 3 1 2 5 

Comparison of these two analyses shows that the Gastrotricha are the most 

problematic taxon followed by the Tardigrada, and that the Nematomorpha are the most 

critical taxon. The Chaetognatha and Kinorhyncha are intermediate and the Priapulida are 

critical or problematic depending on the analysis. 
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4.2 Topologies 

Figures 4.1 and 4.2 show the topologies of the ingroup (Nematoda) analysis alone 

and the simultaneous analysis of the 40 nematoda and all 22 outgroup taxa respectively. 

There is only one most parsimonious solution for the ingroup analysis, but there are four 

equally parsimonious trees for the simultaneous analysis. All four equally parsimonious 

trees from the simultaneous analysis differ from each other only in the relationships 

amongst the Monhysterida, Araeolaimida, Metachromadora remanei Gerlach, 1951, and 

Isolaimium sp. Cobb, 1920. The relationships of these groups are identical in Tree 4.2.4 

and in the ingroup analysis. The topologies of the simultaneous analysis differ from the 

ingroup topology in the following points: the relative relationships within the Enoplea, 

Chromadorida, Microlaimoidea, Monhysterida and Araeolaimida, and the positions of 

Trichinella spiralis Owen, 1835, Metachromadora remanei and Isolaimium sp. Only the 

relationships of the Rhabditida remain exactly the same amongst all topologies. 

The following ingroup variations occur between the ingroup analysis and the 

topologies of the four equally parsimonious trees of the simultaneous analysis and those of 

the analyses with different outgroup combinations. 

Adding outgroups to the analysis always changes the relationships within the 

Enoplea. Virtually all possible topologies were found during the analyses and none was 

reconstructed particularly frequently. However, in most cases, the Enoplea formed a 

monophyletic clade within the clade of the Nematoda. In some cases, Adoncholaimus 

fuscus (Bastian, 1865) is found more basal on the tree than all other nematode taxa. One 

could argue that this is long-branch attraction, but an examination of the initial alignment 

and a comparison of the branch lengths shows that Adoncholaimus fuscus does not form a 

particularly long branch compared to the remaining sequences and it is not very divergent 

from other Enoplea. Therefore, the first conclusion from the outgroup analysis can be that 

the Enoplea are the most basal nematode group and probably contain the most ancient taxa. 

Secondly, outgroups seem to have the strongest effect on ingroup topology in the clade 

closest to them. 

A more complicated situation unfolds when examining the position of Trichinella 

spiralis. Trichinella spiralis was grouped traditionally within the Enoplea and in the 

ingroup analysis alone and in almost all analyses of the whole data set (see Chapter 5) it is 

also found there. During outgroup analysis however, it tends to group within the 

Chromadorida or Microlaimoidea, more particularly as sister taxon to either Nudora 

bipapillata or in come cases Metachromadora remanei. In the analysis of the full data set 
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in Chapter 5, Trichinella spiralis is the sister taxon to Trichuris muris. Both species belong 

to the order Trichinellida. This relationship of Trichinella spiralis with the Chromadorida 

or Microlaimoidea may result from long-branch attraction, which would be more 

pronounced in a small data set like this one (see Section 1.2.4.3.3). A more detailed 

analysis of the position of the Trichinellida is given in Chapter 8. 

Metachromadora remanei (Desmodoridae, Chromadorida) is found either as the 

sister taxon to the Monhysterida (as in ingroup analysis alone) or intermediate between the 

Chromadorida and the Monhysterida. On a very few occasions it is found in other positions 

altogether. 

Isolaimium sp. is either found between the Monhysterida clade and Axonolaimus 

spinosus (Biitschli, 1874) and Desmolaimus zeelandicus de Man, 1880 (ingroup alone), in 

one clade with the latter two species or as sister taxon to the Monhysterida in their clade. 

Occasionally, the Isolaimium-Axonolaimus-Desmolaimus clade is found closer to the 

chromadorids, between Metachromadora and the Monhysterida clade. 

In the ingroup analysis alone, the Monhysterida clade contains two sub-clades, 

Sabatieria punctata Kreis, 1924 plus Terschellingia longicaudata de Man, 1907, and 

Daptonema normandicum (de Man, 1890) plus Sphaerolaimus hirsutus Bastian, 1865 with 

Geomonhystera disjuncta (Bastian, 1865). In many alternative trees, the two-clade 

topology is broken off into simply staggered branches of subsequently more distantly 

related species (see simultaneous analysis Tree 4.2.4). The latter case occurs whenever 

Isolaimium sp. groups with this clade. 

The Chromadorida and Microlaimoidea are either found in two separate clades, the 

Microlaimoidea being more distantly related to the Monhysterida than to the 

Chromadorida, or they are all grouped in one clade, usually also containing Trichinella 

spiralis (see above, simultaneous analysis). 

Apart from the expected variation of the ingroup topology, the outgroup topology 

also varies with the different combinations. The closest sister taxon to the Nematoda are 

the Tardigrada. Only in two cases (3 trees, see below) where the Tardigrada and Priapulus 

(Priapulida) are included in the analysis, the latter forms the closest sister group to the 

Nematoda. The Chaetognatha always represent the most distantly related phylum to the 

Nematoda. The Gastrotricha do not form a monophyletic clade. In all most parsimonious 

trees of the simultaneous analysis and also in the analyses of the whole data set, 

Chaetonotus sp. Ehrenberg, 1830, d.nd Lepidodermella squammata Dujardin, 1841, form 

one clade and Turbanella cornuta Remane, 1924, is more distantly related. In the 
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following summary of the variations within the outgroup relationships this paraphyletic 

relationship becomes more evident: 

Pycnophyes kielensis Zelinka, 1928, (Kinorhyncha) shows an unstable position in the 

outgroup topology in the absence of Priapulus caudatus (Priapulida). It is normally found 

as the closest sister taxon to Priapulus caudatus, but in its absence it sometimes splits the 

two Gastrotricha species, Lepidodermella squammata and Turbanella cornuta, or in one 

case (Gastrotricha, Kinorhyncha, Nematomorpha, Tardigrada), it was found to split the 

Nematomorpha. In another case (Chaetognatha, Gastrotricha, Kinorhyncha, 

Nematomorpha), Pycnophyes kielensis split the Gastrotricha and Lepidodermella 

squammata was found within the Nematomorpha. These findings suggest that Pycnophyes 

kielensis only shares significant synapomorphies with Priapulus caudatus and that 

Priapulus caudatus thereby stabilises its position. 

Priapulus caudatus is found to be more closely related to the ingroup (Nematoda) 

than Pycnophyes kielensis when the Nematomorpha, or in one case the Gastrotricha, are 

excluded. Similarly, Priapulus caudatus has been found to be the closest sister taxon to the 

Nematoda even in the presence of the Tardigrada, which in all other cases are the closest 

sister taxon; this situation occurred in the absence oiPycnophyes kielensis and the 

Nematomorpha for two combinations of outgroup phyla ([Chaetognatha, Priapulida, 

Tardigrada] and [Gastrotricha, Priapulida, Tardigrada]). It seems that the Nematomorpha 

keep Priapulus caudatus in a stable position within the outgroup as they are one of the 

closely related tax a. 

In the absence of Pycnophyes kielensis, Turbanella cornuta is sometimes more 

closely related to the Nematoda than Lepidodermella squammata (both Gastrotricha). 

There was one combination (Chaetognatha, Gastrotricha, Nematomorpha) where the 

Nematomorpha were found to split the Gastrotricha. 

Overall it shows that including more outgroups stabilises at least the outgroup 

relationships. This comes as no surprise as few distantly related taxa will increase the 

possibility of long-branch attraction. As the choice of outgroups does not seem to influence 

the ingroup topology particularly, it was most appropriate to include all possible outgroups 

to the analysis of the nematode relationships. 
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Figure 4.1: Single most parsimonious tree of the analysis of the ingroup taxa 
(nematodes) alone; dotted lines depict non-monophyletic taxa 
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Figure 4.2: Four most parsimonious trees of the simultaneous analysis of 40 
ingroup taxa (nematodes) and 22 outgroup taxa; colour coordination as 
in Figure 4.1, outgroups in black 
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5. Analysis of Molecular Sequence Data 

The evolutionary history of 214 rRNA sequences from nematodes and 16 outgroup 

sequences were modelled using four different algorithms: parsimony (unweighted and 

weighted), LogDet transformation, maximum likelihood distances and Bayesian inference 

based on MCMCMC. The characters were divided into four different sets: using all 1769 

characters, excluding 1079 positions with gaps in one or more sequences, excluding 780 

parsimony-uninformative characters and excluding both, 1376 positions with gaps and 

parsimony-uninformative characters. Under the maximum likelihood distance model and 

the Bayesian inference parsimony-uninformative characters were never excluded. 

Figures 5.1 to 5.5 show the strict consensus tree of the consensus trees of the four 

analyses using different character sets under unweighted and weighted parsimony, the 

LogDet distance and maximum likelihood distance criteria and under the Bayesian 

inference respectively. The bootstrap proportions and posterior probabilities for each 

analysis are superimposed on the branches leading to the relevant nodes. The differences 

between the individual analyses under the same algorithm are discussed in Section 5.1 and 

the support values are discussed for all algorithms together in Section 5.2. Variations to 

traditional classifications are summarised in Section 5.3 and interpreted in Chapter 8. 

5.1 Differences based on the choice of model and character inclusion 

5.1.1 Parsimony 

Table 5.1 shows the summary of all indices for all eight parsimony analyses. The 

consistency index (CI), retention index (RI), rescaled consistency index (RC) and 

homoplasy index (HI) are identical for all fundamental trees of an individual analysis and 

so is the Goloboff-Fit under the weighted parsimony criterion. The values for the 

Goloboff-Fit vary in the value of the decimal places for the fundamental trees under all 

unweighted parsimony analyses. The pattern of change in the homoplasy content is similar 

for unweighted and weighted parsimony. The CI, RI and RC all decrease when 

uninformative characters are excluded. Accordingly, the HI increases with the exclusion of 

these characters. Although uninformative characters do not actually add any homoplasy to 

the data (they are either constant or apomorphic) the consistency index is dependent on the 

number of characters in the data set. It is this stochastic quality of the CI that results in its 

decrease and the increase of the HI with the inclusion of uninformative characters. The 

exclusion of positions with gaps on the other hand increases the consistency indices. Since 



Birgit Meldal 5. Molecular Analysis 136 

most gaps are found where the alignment is thought to be more ambiguous, it is no surprise 

that the homoplasy content decreases with the exclusion of the gapped positions. Clearly, a 

lot of the homoplasy is contained in those characters that contain gaps for certain taxa. 

Overall, character weighting increases all consistency indices by down-weighting those 

characters with high homoplasy content. 

Table 5.1: Tree length (TL), consistency index (CI), CI without uninformative characters 
(excl uninf), retention index (RI), rescaled consistency index (RC), homoplasy 
index (HI), HI without uninformative characters and Goloboff-Fit (G-Fit) for 
all parsimony models (unweighted and weighted) including all characters (incl 
all), excluding positions with gaps (excl gapped), excluding uninformative 
characters and excluding positions with gaps and uninformative characters. 

Unweighted Parsimony Weighted Parsimony 
Incl all Excl Excl Excl Incl all Excl Excl Excl 

gapped uninf gapped & 
uninf 

gapped uninf gapped & 
uninf 

TL 16263 4148 15993 4017 1553 606 1279 477 

CI 0.1607 0.2300 0.1464 0.2051 0.4109 0.4832 0.2858 0.3386 
CI excl 0JU64 0.2051 0.1464 0.2051 0.2852 0.3421 0.2858 0.3386 
uninf 
RI 0.6396 0.7266 0.6395 0.7267 0.7539 0.8325 0.7547 0.8302 
RC 0J1028 0.1671 0.0936 0.1491 0.3097 0.4022 0.2157 0.2811 
HI 0.8393 0.7700 0.8536 0.7949 0.5891 0.5168 0.7142 0.6614 
HI excl 0.8536 0.7949 0.8536 0.7949 0.7148 0.6579 0.7142 0.6614 
uninf 
G-Fit ^158 -171 -357 -171 -110 -52 -110 -50 

The exclusion of positions with gaps under the unweighted parsimony results in less 

resolution of all major clades (Enoplia, Monhysterida, Rhabditida, Spirurina and 

Rhabditina). When parsimony-uninformative characters are excluded, resolution is also 

reduced in all major clades and most markedly, the Monliysteridae plus Comesomatidae 

form the sister group to the Desmodoridae, a relationship otherwise not observed. 

Excluding both, positions with gaps and uninformative characters, results in httle loss of 

resolution. The best overall resolution is achieved with all characters included or excluding 

all potentially ambiguous and uninformative positions. The benefit of excluding both sets 

of characters is also mirrored in the improvement of the consistency indices. Gapped 

positions potentially introduce many homoplasies and uninformative characters inflate the 

consistency index. Therefore, a combination of excluding all of these potentially 

misleading characters gives the best results under the unweighted parsimony criterion. 

In contrast to unweighted parsimony, under weighted parsimony the exclusion of 

gapped or uninformative characters does not reduce the resolution of the consensus trees. 

The consistency indices increase with the exclusion of positions with gaps but excluding 

both character sets results in a lower consistency index than including all character (but 
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still higher than only excluding uninformative characters). This shows that character 

weighting has already reduced the amount of homoplasy by down-weighting more 

homoplasious characters in the whole data set. However, considering the effect of positions 

with gaps and uninformative characters these are probably best excluded under weighted 

parsimony as well. 

5.1.2 LogDet distances 

The consensus trees for all four data sets are well resolved under the LogDet 

criterion. Including all characters and excluding parsimony-uninformative characters even 

resulted in one best tree only in contrast to other analyses that produced hundreds or even 

tens of thousands of best trees. Nevertheless, there is still considerable conflict in the 

relationships of the different orders and suborders between the four consensus trees. 

The exclusion of both character sets, positions with gaps and parsimony-

uninformative characters, results is an uncertain position of the Trichinelloidea which can 

be found most closely related to the outgroup taxon Tardigrada. The exclusion of such a 

number of characters may have resulted in the exclusion of informative characters for the 

positioning of the Trichinelloidea. On the other hand, the topology of the Enoplida, most 

contentious in many other analyses, is almost constant across all four character sets. In the 

light of the potentially misleading consequences of excluding both sets of ambiguous 

characters there is the suggestion of retaining uninformative characters. However, the 

results of all four analyses are considered in the phylogenetic interpretation in Section 5.3. 

5.1.3 Maximum likelihood distances 

Under the maximum likelihood distance criterion only one best tree was found when 

all characters were included but several hundred when gapped positions were excluded 

from the reconstruction. Nevertheless, in the second analysis only few polytomies are 

found, restricted to the position of Rhabditoides inermiformis (Osche, 1952), Steinernema 

carpocapsae and the internal relationships of the Rhabditidae. A comparison of the two 

analyses results in conflicts of relationships of families within the Enoplida, Dorylaimida 

and Monhysterida and between species in the Desmodoridae, Panagrolaimidae, 

Spiruromorpha, Ascaridomorpha, Tylenchomorpha, Rhabditidae and Strongylidae. As can 

be seen in Section 5.3 below these are groups where conflicts occur under most other 

criteria, too. Since there are no particularly dubious relationships in either analysis both 

topologies are retained for further analysis. One might favour the exclusion of positions 

with gaps because it is expected to reduce homoplasy. 
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5.1.4 Bayesian inference 

Two character sets were analysed under the Bayesian criterion, including all 

characters and excluding gapped positions. Both analyses where repeated five times under 

the same conditions. For all ten analyses the development of all parameters, log-likelihood, 

tree length, substitution rates, base frequencies, a shape parameter and the proportion of 

invariant sites, were plotted against the number of generations to establish whether the 

analyses reached a constant level for each. 

Under the inclusion of all characters two analyses showed constant levels for all 

parameters after the initial bum-in phase. In two cases a constant level for the tree length 

was only achieved after the preset bum-in phase of 250,000 generations. In one other 

analysis a sudden change occurred between 1.8 - 2.0 million generations with an increase 

in tree length, change in base frequencies and change in value of the a shape parameter for 

these 200,000 generations only. Additionally, in this analysis the outgroup sequences of 

Paraspadella gotoi (Casanova, 1990) (Chaetognatha) is found within the Rhabditida. The 

two analyses for which all parameters reach a constant level within the bum-in phase differ 

in two general details; firstly, in one of the analyses Diplolaimella sp. Allgen, 1929, is 

found with the Enoplida instead of the other Monhysteridae, and secondly, in the other of 

the two analyses there is no resolution between the three suborders of the Rhabditida. 

Therefore, the results from the analysis with the more likely position of Diplolaimella sp. 

will be used for any further comparison despite the fact that this is the analysis with the 

lack of resolution between the rhabditid suborders. 

When positions with gaps were excluded the topologies and parameter behaviours 

were less constant. In three analyses one or two chaetognath sequences were found within 

the Nematoda, once with the Monhysteridae and twice with the Rhabditina respectively. In 

all five analyses the tree length never reached a constant level but kept increasing 

throughout the analysis. In one analysis with dubious outgroup topology the a shape 

parameter only reached a constant level after the pre-determined bum-in phase of 150,000 

generations. In all five analyses the substitution rates between cytosine and thymine were 

much more variable than the rates for all other changes but the variation was restricted to a 

constant range after the bum-in phase. The two analyses with the best parameter behaviour 

(only the tree length remained unstable) differ in the level of resolution of the Enoplida, the 

internal topology of the Dorylaimida, the level of resolution in the Monhysterida and the 

lack of resolution in the Rhabditida, especially the resolution in the Cephalobidae, 

Tylenchomorpha and Rhabditina, and the positions for the Plectida, Teratocephalus lirellus 
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Anderson, 1969, and Steinernema carpocapsae. Since the lack of resolution was not 

restricted to only one of the two analyses both topologies were retained for further 

analyses. 

Of the four different algorithms the phylogenetic reconstructions under Bayesian 

inference result in the best resolution of the consensus trees. On the one hand, this is 

probably due to the fact that the consensus trees of the Bayesian analyses are majority-rule 

consensus trees and the others are strict consensus trees. On the other hand, the steady 

search of the likelihood surface aided by the use of heated chains that allow the traversal of 

valleys under the Bayesian criterion may be significantly more efficient in finding global 

optima than any other heuristic search. 

5.2 Bootstrap support and posterior probabilities 

The significance of the bootstrap support is interpreted according to Hillis & Bull 

(1993). Clades with over 85% bootstrap support are very likely to be monophyletic. Clades 

with support between 65% and 85% are estimated to have moderate support for their 

monophyly and clades with less than 65% bootstrap support are discounted as 

monophyletic. The minimum and maximum values of the bootstrap support for 

monophyletic clades are recorded in Tables 5.2 to 5.4 below. 

The bootstrap support was usually very similar for clades in common for the two 

analyses either including positions with gaps or excluding them respectively. Most clades 

that are found in the majority of reconstructions and that are traditionally thought of as 

monophyletic (see Section 5.3) are well supported, the majority having over 90% bootstrap 

support. However, some of the clades with generally significant bootstrap support have 

insignificant support when positions with gaps are excluded. The lack of support when 

positions with gaps are excluded is more significant under the unweighted parsimony, 

LogDet and maximum likelihood distance criteria than when characters have been 

weighted prior to parsimony analysis. There are a few occasions when the bootstrap 

support is higher when positions with gaps are excluded; these clades correspond to 

traditional monophyletic groups for the Triplonchida (excluding Trischistoma monohystera 

[de Man, 1880]) under all criteria but weighted parsimony, for the Axonolaimidae under 

unweighted parsimony including all characters and for the Spiruromorpha under maximum 

likelihood distances. 

The posterior probabilities of the Bayesian analyses behave rather similarly to the 

bootstrap proportions. They are generally higher than or at the higher end of the range of 
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the bootstrap values with the exception of the support for the Monhysteridae and Spirurina 

where the posterior probabilities are lower then the bootstrap values when positions with 

gaps are excluded from the analysis. Generally, as in the case of the bootstrap proportions, 

the posterior probabilities are lower under the exclusion of positions with gaps than when 

those characters remain in the analysis. 

Since positions with gaps potentially contain a lot of homoplasy (see increase of CI 

in Section 5.1.1 above), the high bootstrap proportions and posterior probabilities are an 

indication that these positions contain a lot of consistent but phylogenetically misleading 

information. Additionally, there is less loss of bootstrap support when positions with gaps 

are excluded if characters have been weighted according to their rescaled consistency 

index. This indicates that there may be significant character conflict in the remaining, 

parsimony-informative characters and that down-weighting potentially homoplastic 

characters reduces this conflict and therefore increases the bootstrap values and thereby the 

confidence in the phylogenetic reconstruction. 

5.3 Consistency of current model results with previous classifications 

This section contains an in-depth discussion of the phylogenetic reconstructions 

under the different models and characters sets. Table 5.2 lists those relationships that are 

consistently found under all models. Table 5.3 lists those relationships that are also 

consistently found in all analyses but do not form a monophyletic group according to 

previous interpretation of data. Table 5.4 lists those taxa with conflicting phylogenetic 

relationships based on previous data but which have been found consistently in the same 

relationships in the present study. The minimum and maximum bootstrap proportions (in 

percentage) and posterior probabilities (as proportions) are given in parenthesis in the 

tables or in the text for those groups not included in the tables. The taxa in each table are 

ordered according to Table A2.3 in Appendix II which gives the most recent classification 

of the phylum Nematoda according to de Ley & Blaxter (2002). 

The monophyly of the Nematoda is well supported when positions with gaps are 

included (90 - 96%, 1.00) but there is insignificant support when such positions are 

excluded (26 - 61%, 0.82 - 0.96). Under the LogDet criterion when positions with gaps 

and uninformative characters are excluded the placement of the Trichinelloidea becomes 

uncertain (closer to the outgroup Tardigrada than the remaining Dorylaimia) but under all 

other conditions the Trichinelloidea are found in one clade with the Dorylaimia unless the 

Dorylaimia are entirely unresolved (unweighted parsimony excluding uninformative 

characters). 
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Table 5.2: Monophyletic groups that are found consistently in all analyses. Bootstrap 
proportions and posterior probabilities in parenthesis. 

Phylum Nematoda (26 - 96%, 0.82 - 1.00) 
Oncholaimoidea / Oncholaimina (100%, 1.00) 
Tripyloididae / Tripyloidoidea / Tripyloidina (100%, 1.00) 
Trichodoridae (96 - 100%, 1.00) 
Diphtherophoroidea/Diphtherophorina (93 - 100%, 1.00) 
Triplonchida excluding Tripylina (72 - 99%, 1.00) 
Qudsianematidae (58 - 100%, 1.00) 
Dorylaimina/Dorylaimida excluding Campydora demonstrans (96 - 100%, 1.00) 
Mononchina / Mononchida (54 - 100%), 1.00 
Trichinelloidea / Trichinellida (90 - 100%, 0.95 - 1.00) 
Chromadorea (30 - 78%, 0.80 - 1.00) 
Chromadoridae (95 - 100%, 1.00) 
Cyatholaimidae (51 - 100%, 0.91 - 1.00) 
Chromadoroidea / Chromadorina / Chromadorida (37 - 95%, 0.89 - 1.00) 
Desmodoridae including sp. (99 - 100%, 1.00) 
Microlaimidae (93 - 100%, 0.99 - 1.00) 
Monoposthiidae (54 - 100%, 0.75 - 1.00) 
Monhysteridae / Monhysteroidea (98 - 100%, 0.54 - 1.00) 
Axonolaimidae (78 - 100%, 1.00) 
Comesomatidae (89 - 100%, 1.00) 
Plectidae / Plectoidea / Plectida including Tripyla sp. (66 - 100%, 0.96 - 1.00) 
Filarioidea including Setaria digitata (29 - 100%, 1.00) 
Spiruromorpha including Setaria digitata (58 - 89%, 0.99 - 1.00) 
Spirurina (91 - 99%, 0.80 - 1.00) 
Panagrolaimidae / Panagrolaimoidea (94 - 100%, 0.97 - 1.00) 
Cephalobidae / Cephaloboidea / Cephalobomorpha (100%, 1.00) 
Criconematoidea mclvLding Paratylenchus dianthus (98 - 100 %, 1.00) 
Hoplolaimidae including Globodera pallida (57 - 100%, 1.00) 
Diplogasteroidea / Diplogasteromorpha (56 - 100%, 0.77 - 1.00) 
Strongyloidea (84 - 99%, 0.95 - 1.00) 

Table 5.3: Relationships that are consistently found in all analyses but do not form a 
monophyletic group according to previous interpretation of data. Bootstrap 
proportions and posterior probabilities in parenthesis. 

Campydora demonstrans and Syringolaimus striatacaudatus (68 - 96%, 1.00) 
Qudsianematidae and Pungentus sp. (67 - 100%, 1.00) 
Mermis nigrescens as sister taxon to Mononchina (100%, 1.00) 
Xyzzors sp. as part of Desmodoridae (99 - 100%, 1.00) 
Cyartonema elegans and Terschellingia longicaudata (93 — 100%, 1.00) 
Rhabditophanes sp. and Strongyloides ratti (100%, 1.00) 
Globodera pallida within or as sister taxon to Hoplolaimidae (57 - 100%, 1.00) 
Paratylenchus dianthus within or as sister taxon to Criconematoidea (98 - 100 %, 1.00) 
Tripyla sp. with Plectida (66 - 100%, 0.96 - 1.00) 
Diploscapter sp. and Protorhabditis sp. (94 - 100%, 1.00) 
Setaria digitata with Filarioidea (29 - 100%, 1.00) 
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Table 5.4: Taxa with conflicting phylogenetic relationships based on previous data but 
which have been found consistently in the same relationships in the present 
study. Bootstrap proportions and posterior probabilities in parenthesis. 

Cyartonema elegans with Terschellingia longicaudata (93 — 100%, 1.00) 
Comesomatidae in Monhysterida (67 - 85%, 0.52 - 1.00) 
Plectidae as closest sister taxon to the Rhabditida 
Teratocephalus lirellus as closest sister taxon to the Plectida or Rhabditida 
Setaria digitata with the Filarioidea (29 - 100%, 1.00) 
Paratylenchus dianthus within or as sister taxon to Criconematoidea (98 - 100%, 1.00) 
Globodera pallida within or as sister taxon to Hoplolaimidae (57 - 100%, 1.00) 
Rhabditophanes sp. with Strongyloides ratti (100%, 1.00) 

Many of the traditional monophyletic groups, mainly the families and superfamilies, 

are recovered with the current character sets and models. However, there are a number of 

major groups that are not recovered under all models. The relationship between the Enoplia 

and Dorylaimia is uncertain. Of those consensus trees that are resolved at this level, the 

Dorylaimia are the most primitive of the three nematode subclasses under unweighted 

parsimony excluding positions with gaps and uninformative characters, under weighted 

parsimony excluding positions with gaps and excluding positions with gaps and 

uninformative characters and under Bayesian inference excluding positions with gaps; the 

Enoplia are the most primitive subclass under unweighted parsimony excluding positions 

with gaps, under weighted parsimony including all characters and excluding uninformative 

characters, under LogDet distances including all characters and excluding positions with 

gaps and uninformative characters, under maximum likelihood distances excluding 

positions with gaps and under Bayesian inference including all characters. The class 

Enoplea is monophyletic (19 - 48%), forming a sister group to the class Chromadorea, 

under unweighted parsimony and maximum likelihood distances including all characters 

and under LogDet distances including all characters and excluding uninformative 

characters. Under unweighted parsimony excluding uninformative characters the three 

subclasses are unresolved. The Chromadorea are always monophyletic unless they are 

unresolved at that level (unweighted parsimony excluding uninformative characters). 

Within the Enoplea, the Enoplia (3 - 48%, 0.72 - 0.99) and Dorylaimia ( 1 8 - 8 0 % , 

0.79 - 1.00) are usually monophyletic if they are resolved at that level. Within the Enoplia, 

the order Enoplida is usually not fully resolved and many different combinations of 

relationships exist depending on the model and character set used. Two groups, the 

Oncholaimoidea and the Tripyloididae, are always monophyletic and supported 100%. The 

Enoploidea are usually paraphyletic or unresolved but can have moderate support when 
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they are monophyletic (33 - 87%, 0.57). The two species of the Ironidae are always found 

with the other Enoplida but are never closely related to each other. The position of Ironus 

(Argo & Heyns, 1972) is very variable and de 

Man, 1888, is always found as the sister taxon to Cobb, 1920, 

which was previously though to belong to the Dorylaimida. 

The two species of the Tripylina {Trischistoma monohystera and Tripyla sp. Bastian, 

1865) are never part of the clade of the remaining Triplonchida, which are usually fully 

resolved. The Trichodoridae and Diphtherophorina are always monophyletic and strongly 

supported and the Tobrilina form their sister taxa. Trischistoma monohystera is found 

within the Enoplida, often as the sister group to Alaimus sp. de Man, 1880, but never with 

the other species of the Triplonchida. Tripyla sp. likewise is never found with the other 

Triplonchida species but consistently with the Plectida. 

Within the Dorylaimia the four orders Dorylaimida, Mononchida, Mermithida and 

Trichinellida are all monophyletic. Mermis nigrescens Dujardin, 1842, the only 

representative of the Mermithida, is always the sister taxon to the Mononchida with 100% 

support. The Trichinellida are either found as sister taxon to the Mermithida plus 

Mononchida or as sister taxon to the remaining Dorylaimia if the Mermithida, Mononchida 

and Dorylaimida form one clade. Campydora demonstrans and Isolaimium sp. are never 

found with the remaining Dorylaimia. Campydora demonstrans is always found as the 

sister taxon to Syringolaimus striatocaudatus in the Enoplida and Isolaimium sp. is usually 

found as sister taxon to the Axonolaimidae or to the Axonolaimidae plus Desmolaimus 

zeelandicus in the Chromadorea. 

Within the Dorylaimida most families are paraphyletic; the Longidoridae are always 

monophyletic and the Qudsianematidae are monophyletic apart from one of the two 

alternative topologies under Bayesian inference excluding positions with gaps when 

Pungentus sp. Thome & Swanger, 1936, is part of this family. Otherwise, Pungentus sp. is 

found as the nearest sister taxon to the Qudsianematidae. The inter-relationships between 

the representative species of the Mononchida are variable and therefore the Mononchoidea 

and Mononchidae are probably paraphyletic. 

Only two of the six proposed orders of the Chromadorea, the Chromadorida and 

Plectida, are monophyletic. Within the Chromadorida the Chromadoridae and 

Cyatholaimidae are also always monophyletic apart from one case (weighted parsimony 

excluding gapped positions) when the Cyatholaimidae are unresolved. Either the 

Chromadorida or the Microlaimoidea are the most basal taxon of the Chromadorea. 
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The Desmodorida are polyphyletic because the Microlaimidae and Monoposthiidae 

never form a monophyletic group with the Desmodoridae. The Microlaimidae and 

Monoposthiidae are always monophyletic. These two families also tend to form the 

monophyletic superfamily Microlaimoidea (not under weighted parsimony excluding 

positions with gaps and LogDet including all characters) but it is only weakly supported. 

Both families are usually found as sister groups to the Chromadorida or at least closely 

related to this order. They are sometimes found closely related to the Desmodoridae but 

never as their direct sister taxon. Xyzzors sp. higlis, 1966, is always included in the 

Desmodoridae despite being previously placed in the Cyatholaimidae (Chromadorida) 

rendering this family potentially paraphyletic; the internal relationships of the 

Desmodoridae are variable and often unresolved. 

The orders Monhysterida and Araeolaimida are both paraphyletic. The 

Comesomatidae are always included in the Monhysterida and not in the Araeolaimida as 

previously suggested. The Linhomoeidae are polyphyletic because Desmolaimus 

zeelandicus is always found closely related to the Axonolaimidae (Araeolaimida) whilst 

Terschellingia longicaudata is always found in the Monhysterida. The Monhysteridae are 

always monophyletic. The Xyalidae (42 - 95%, 0.95) and Sphaerolaimoidea (39 - 82%, 

1.00) are either monophyletic, paraphyletic or unresolved. The extended Monhysterida are 

consistently reconstructed and moderately to well supported (69 - 85%, 0.52 - 1.00). The 

Axonolaimidae are always monophyletic and together with Desmolaimus zeelandicus and 

Isolaimium sp. form the closest sister group to the Plectida. Cyartonema elegans Jayasree 

& Warwick, 1977, is always found as the sister taxon to Terschellingia longicaudata and 

therefore belongs most likely to the Monhysterida. 

The Plectida are always monophyletic and usually well supported. They are the sister 

taxon to the Rhabditida under unweighted and weighted parsimony including all characters 

and excluding uninformative characters and under Bayesian inference including all 

characters. The Plectida form the sister taxon to the Rhabditina under weighted parsimony 

excluding positions with gaps and excluding positions with gaps and uninformative 

characters and under Bayesian inference excluding positions with gaps. They are the sister 

taxon to the Spirurina under LogDet and maximum likelihood distances for all character 

sets. Under unweighted parsimony excluding positions with gaps and excluding positions 

with gaps and uninformative characters the Plectida are found unresolved in the 

Rhabditida. 
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The Rhabditida are either monophyletic (75 - 81%, 0.65) or paraphyletic including 

the Plectida. Of the three suborders Spirurina, Tylenchina and Rhabditina only the 

Spirurina are always monophyletic, however, for the other two suborders at least the 

majority of species are usually found in one clade. Under unweighted parsimony including 

all characters and excluding uninformative characters and under weighted parsimony 

including all characters and excluding positions with gaps and uninformative characters the 

Rhabditina and Tylenchina form one clade and are sister taxa to the Spirurina. Under 

unweighted parsimony excluding positions with gaps and excluding positions with gaps 

and uninformative characters and under Bayesian inference the relationships between the 

subclasses are uncertain. Under weighted parsimony excluding positions with gaps the 

Plectida, Spirurina and Rhabditina form one clade and are the sister taxon to the 

Tylenchina. Under weighted parsimony excluding uninformative characters the Spirurina 

and Tylenchina form one clade and are the sister taxon to the Rhabditina. Under the 

LogDet and maximum likelihood distances the Tylenchina and Rhabditina form one clade 

and are the sister taxon to the Spirurina and Plectida. 

Teratocephalus lirellus is the sister taxon to the Plectida under unweighted 

parsimony excluding positions with gaps, weighted parsimony excluding positions with 

gaps and uninformative characters and under LogDet and maximum likelihood distances; it 

is the sister taxon of the Rhabditida under unweighted and weighted parsimony including 

all characters and excluding uninformative characters and under Bayesian inferences 

including all characters; under all other conditions its position in the Rhabditida is 

unresolved. 

The position of Brevibucca sp. Goddey, 1935, remains uncertain; under Bayesian 

inference including all characters it is the most basal taxon of the Tylenchina. Under 

unweighted parsimony and under maximum likelihood distance criterion including all 

characters and under weighted parsimony and LogDet distances including all characters 

and excluding uninformative characters it is found as sister taxon to the 

Panagrolaimomorpha (Tylenchina). In all other cases its position in the Rhabditida is 

unresolved. 

The Spirurina and Spiruromorpha are always monophyletic and the Ascaridomorpha 

are either monophyletic with little support or, more often, unresolved. Setaria digitata 

(Linstow, 1906), of previously uncertain position, is always found within the Filarioidea or 

Onchocercidae. The Onchocercidae also include Loa loa (Guyot, 1778) of the Filariidae. 

Therefore, at least the Onchocercidae are paraphyletic. Ascarophis arctica Poljansky, 
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1952, is always found as the most basal taxon of the Spiruromorpha. The families and 

superfamilies of the Ascaridomorpha are either paraphyletic or unresolved altogether. Four 

intraorders are represented by only a single species in this data set. Gnathostoma turgidum 

Stossich, 1902, is always found as the most basal species within the Spirurina. Philonema 

sp. Kuitunen-Ekbaum, 1933, and Dentostomella sp. are found close to the base of the 

Spirurina but their precise relationships vary with different algorithms and data sets. 

Brumptaemilius justini Adamson & Anderson, 1985, is usually found basal to the 

Ascaridomorpha but its position is unresolved in the Spirurina in many cases. 

The position of Myolaimus sp. Cobb, 1920, remains uncertain. It is either found as 

the most basal taxon of the Spirurina (all analyses including all characters, unweighted and 

weighted parsimony and LogDet distances excluding uninformative characters and 

weighted parsimony excluding gapped positions) or its position in the Rhabditida is 

unresolved. 

The Tylenchina are usually monophyletic but weakly supported (8 - 56%, 0.58 -

1.00). They include Brevibucca sp. as sister taxon to the Panagrolaimomorpha under all 

algorithms including all characters apart from Bayesian inferences and under weighted 

parsimony and LogDet distances excluding uninformative characters. Under unweighted 

parsimony excluding uninformative characters and under LogDet distances excluding 

positions with gaps and uninformative characters the position of Steinernema carpocapsae 

is uncertain in the Rhabditida. The relationships between the three infraorders, 

Panagrolaimomorpha, Cephalobomorpha and Tylenchomorpha are unresolved under 

Bayesian inference including all characters and unweighted parsimony excluding 

uninformative characters. Otherwise the Cephalobomorpha and Tylenchomorpha are sister 

taxa and the sister taxon to the Panagrolaimomorpha. 

The internal relationships within the Panagrolaimomorpha vary substantially. The 

Panagrolaimidae are always monophyletic. The Strongyloidoidea are at least paraphyletic 

because Strongyloides ratti Sandground, 1925, and Rhabditophanes sp. Fuchs, 1930, 

(Rhabditina) are always sister taxa. Steinernema carpocapsae is usually found as their 

sister taxon under parsimony models. Under weighted parsimony excluding positions with 

gaps and under Bayesian inference including all characters it is the most basal taxon of the 

Tylenchina. Under LogDet distances including all characters and excluding uninformative 

characters and under maximum likelihood distances Steinernema carpocapsae is the most 

basal taxon of the Panagrolaimomorpha. Its position is unresolved within the 

Panagrolaimomorpha under LogDet distances excluding positions with gaps and under one 
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of the two options of Bayesian inference excluding positions with gaps and unresolved 

within the Rhabditida under LogDet distances excluding positions with gaps and 

uninformative characters and under the other of the two options of Bayesian inference 

excluding positions with gaps. Aphelenchoides fragariae (Ritzema Bos, 1890) 

(Tylenchomorpha) is often, but not always, part of the clade of Panagrolaimomorpha (see 

below). The Cephalobomorpha are always monophyletic but the internal relationships vary 

between models. 

The Tylenchomorpha are only monophyletic under Bayesian inference (0.63 - 0.97). 

The Tylenchomorpha excluding the Aphelenchoidea (see below) are monophyletic and 

moderately to well supported (45 - 90%, 0.97 - 1.00) under all other models apart from 

unweighted parsimony excluding uninformative characters in which case they are 

unresolved. Aphelenchus avenae Bastian, 1865, is the sister group to the remaining 

Tylenchomorpha under all unweighted parsimony models apart from excluding 

uninformative characters, under weighted parsimony including all characters and excluding 

uninformative characters, LogDet transformation excluding gapped positions and 

excluding gapped and uninformative characters and under maximum hkehhood distance 

excluding gapped positions. It is the sister group to the Cephalobomorpha and the 

remaining Tylenchomorpha under weighted parsimony excluding gapped positions and 

excluding gapped and uninformative characters and the sister taxon to the 

Cephalobomorpha under LogDet distances including all characters and excluding 

uninformative characters and under maximum likelihood distances including all characters. 

Aphelenchoides fragariae is the sister taxon to the Panagrolaimidae under all unweighted 

parsimony models and all weighted parsimony models apart from excluding gapped 

positions, or the sister group to the Cephalobomorpha and remaining Tylenchomorpha 

including Aphelenchus avenae under weighted parsimony excluding gapped positions. It is 

found within the Panagrolaimomorpha under all LogDet distance models apart from 

excluding gapped positions and under both maximum likelihood distance models. It is 

found with the Rhabditidae partim under LogDet distances excluding gapped positions. 

The Criconematoidea are mostly monophyletic (52 - 71%, 0.83 - 1.00) with 

Paratylenchus dianthus Jenkins & Taylor, 1956, as their direct sister taxon; under 

unweighted parsimony and weighted parsimony including all characters and excluding 

uninformative characters Paratylenchus dianthus is part of this superfamily. The 

Anguinidae are either paraphyletic mclvLdrng Deladenus sp. Thome, 1941, and the 

Tylenchid from the seaweed or unresolved. The Hoplolaimidae are monophyletic (33 -
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92%, 0.75 - 1.00) with Globodera pallida Stone, 1972, as their sister taxon under 

unweighted parsimony and under weighted parsimony including all characters and 

excluding uninformative characters. In all other cases Globodera pallida is part of this 

family. Meloidogyne incognita (Kofoid & White, 1919) is found with Nacobbus aberrans 

(Thome, 1935), Pratylenchus goodeyi Sher & Allen, 1953, Radopholus similis (Sher & 

Allen, 1953) or Zygotylenchus guevarai (Tobar Jimenez, 1963) or its position is unresolved 

within the Tylenchoidea. The Belonolaimidae and Pratylenchidae are always paraphyletic 

or unresolved. 

The Rhabditina are either monophyletic (12 - 45%, 1.00) or unresolved. Bunonema 

franzi Andrassy, 1971, is usually the sister taxon to the Diplogasteroidea or very closely 

related to them; under unweighted parsimony excluding positions with gaps, uninformative 

characters or both its position in the Rhabditina is unresolved. The Diplogasteroidea are 

always monophyletic but the Diplogasteridae are never monophyletic because Diplogaster 

Iheritieri Maupas, 1919 is more closely related to Pristionchus pacificus Sommer et al, 

1996 (Neodiplogasteridae) than Aduncospiculum halicti. The Rhabditidae, Rhabditoidea 

and Rhabditomorpha are never monophyletic because Cuticularia sp. Linde, 1938, and 

Poikilolaimus regenfussi Sudhaus, 1980, are found more basal to the Rhabditina than the 

Diplogasteroidea and Rhabditoides inermiformis is often unresolved within the Rhabditida. 

There is a deep split between the remaining Rhabditomorpha; Crustorhabditis scanica 

(Allgen, 1949), Distolabrellus veechi Anderson, 1983, Mesorhabditis anisomorpha 

Sudhaus, 1978, Parasitorhabditis sp. Fuchs, 1937, Pelodera teres (Schneider, 1866), 

Rhabditoides regina Schulte & Poinar, 1991, and Teratorhabditis synpapillata Sudhaus, 

1985, form one consistent group and Caenorhabditis elegans, Choriorhabditis dudichi 

Andrassy, 1970, Cruznema tripartitum Linstow, 1906, Diploscapter sp. Cobb, 1913, 

Dolichorhabditis sp. Andrassy, 1983, Oscheius insectivora (Komer, 1954), Pellioditis 

marina (Bastian, 1865), Protorhabditis sp. Osche, 1952, Rhabditella axei (Cobbold, 1884), 

Rhabditis blumi Sudhaus, 1974, Rhabditis myriophila Poinar, 1986, and the Strongyloidea 

form the other group. The Strongyloidea are always monophyletic. The Trichostrongylidae 

are monophyletic (32 - 66%, 1.00) under unweighted parsimony excluding positions with 

gaps and excluding positions with gaps and uninformative characters, under weighted 

parsimony and LogDet distances including all characters and excluding uninformative 

characters and under Bayesian inference, under the other models they are paraphyletic 

including Strongylus equinus (Miiller, 1780) and Syngamus trachea (Montague, 1811). 
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In most respects, the molecular data set of the 18S rRNA gene agrees with recent 

phylogenetic reconstructions (de Ley & Blaxter, 2002). It firmly establishes the 

monophyly of the Nematoda and the existence of three main clades therein, the Enoplia, 

Dorylaimia and Chromadoria. However, there is no resolution for the relative relationships 

between these three subclasses other than that it is most likely that either the Enoplia or 

Dorylaimia are most primitive and that the Chromadorea are derived from one of those two 

taxa. There is also proof for the establishment of the Rhabditida as an order of the 

Chromadorea as opposed to its status as an independent clade of a higher rank. On a more 

specific level, the molecular data provide good estimates of the phylogenetic position of 

some taxa for which the closest relationships were previously either unknown or debatable. 
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100/98 L f — Chcnju'imi sd 

T— lienncvchoplioro coiiu 

aimidac : 

loplolaimidac : 

(.'riconcmalnidca 

Tylcnchomorpha 

Figure 5.2: Strict consensus tree of the molecular character analyses under 
weighted parsimony; BP and legend as in Figure 5.1 
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Figure 5.3: Strict consensus tree of the molecular character analyses under 

LogDet t ransformation; BP and legend as in Figure 5.1 
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Figure 5.4: Strict consensus tree of the molecular character analyses under the 

maximum likelihood distance criterion; BP and legend as in Figure 5.1, 

but only for 'a l l ' and 'excluding gaps ' 
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Figure 5.5: Strict consensus tree of the molecular character analyses under 

Bayesian inference; posterior probabilities (PP) of <0.65 only given 

for major clades, no PP given for clades in monophylet ic families; 

dotted lines depict polyphyletic or unresolved taxa 
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6. Analysis of Morphological Characters 

After an initial analysis of 180 characters, a suite of 159 characters was analysed for 

167 nematode species. The analysis was performed only under the parsimony criterion 

because software for an analysis under the likelihood or Bayesian criterion is still under 

development. In the first analysis all 159 characters were included and in a second analysis 

21 parsimonious-uninformative characters were excluded. Subsequently, both character 

sets were re-weighted under the rescaled consistency index (RC). The following 

interpretations are made using the strict consensus trees of all fundamental trees per 

analysis. 

6.1 Differences based on the choice of model, character inclusion and bootstrap 

support 

Figures 6.1 to 6.4 show the strict consensus trees for the four analyses of the 

morphological characters with the exception of Figure 6.2 which is the Adam consensus of 

the fundamental trees recovered analysing only parsimony-informative characters under 

equal character weights because the strict consensus tree gave little resolution. The 

numbers along the branches are the respective bootstrap values. 

There is a lack of resolution in the analysis of informative characters alone under 

unweighted parsimony. This is possibly a result of the inclusion of uninformative 

characters increasing branch length for taxa with apomorphic characters. The exclusion of 

these characters results in a collapse of zero-length branches and a lack of resolution. 

However, weighting of informative characters increases resolution again, probably as a 

result of reduction in homoplasy (see Table 6.1). 

Comparing the phylogenetic relationships between the four consensus trees shows 

that there is a lot of similarity between the results from the two analyses under character 

weighting and the two analyses excluding uninformative characters but less similarity 

between the topologies of the two trees under unweighted parsimony and the two including 

all characters. The major difference lies in the position of the Dorylaimia. They are only 

found as sister groups to the Enoplia under unweighted parsimony including all characters. 

In the other three cases they are found within the Chromadorea as sister group to the 

Rhabditida. A detailed discussion of the taxonomic differences between the four analyses 

is given in Section 6.2. 
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Table 6.1 summarises the total consistency and homoplasy content of the data as 

measured on the strict consensus trees of all fundamental trees for the four analyses of the 

morphological data. Under both weighting schemes the trees are slightly shorter and the 

three consistency indices lower after the 21 parsimony-uninformative characters are 

excluded from the data set. Fewer characters almost always produce shorter trees because 

the maximum number of character changes is lower and uninformative characters inflate 

the consistency index. The tree lengths and homoplasy content are both drastically reduced 

after characters are weighted on their rescaled consistency index because the weighting 

process reduces the weight assigned to characters that introduce homoplasy and the 

maximum possible number of character changes. 

Table 6,1: Tree length (TL), consistency index (CI), CI without uninformative characters, 
retention index (RI), rescaled consistency index (RC), homoplasy index (HI), 
HI without uninformative characters and Goloboff-Fit (G-Fit) for all four 
analyses of the morphological data set, including all characters (all), excluding 
parsimony-uninformative characters (excl uninf), under unweighted (upars) 
and weighted (wpars) parsimony. 

TL CI CI excl 
uninf 

RI RC HI HI excl 
uninf 

G-Fit 

all, upars 1050 0.2343 0.2179 0.7151 0.1675 0.7657 0.7821 -69 
all, wpars 158.51 0.5160 0.4380 0.8418 0.4343 0.4840 0.5620 -29 
excl uninf, upars 1029 0.2177 0.2177 0.7147 0.1556 0.7823 0.7823 -69 
excl uninf, wpars 142.69 0.4748 0.4748 0.8660 0.4112 0.5252 0.5252 -31 

The significance of the bootstrap support is interpreted according to Hillis & Bull 

(1993). Clades with over 85% bootstrap support are very likely to be monophyletic. Clades 

with support between 65% and 85% are estimated to have moderate support for their 

monophyly and clades with less than 65% bootstrap support are discounted as 

monophyletic. 

The bootstrap proportions are generally relatively similar for the two analyses under 

unweighted and weighted parsimony respectively. Although exclusion of uninformative 

characters increases homoplasy and reduces the resolution of the consensus tree under 

unweighted analyses the commonly reconstructed clades have similar support. Where there 

is a difference between the bootstrap supports, the value for the exclusion of uninformative 

characters is usually higher under unweighted parsimony; under weighted parsimony there 

is no pattern. Under most circumstances the difference is less than 5% and when the 

difference is higher the actual bootstrap proportions are below 65% and therefore the 

support is insignificant altogether. For the same character set, the bootstrap support is 

generally higher under weighted parsimony. If the support is higher under unweighted 
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parsimony, the difference is usually below 5% or the bootstrap support is below 65% and 

therefore insignificant. 

There are only four exceptions to the above findings where the support for the 

alternative condition is significantly higher with over 65%: Under weighted parsimony the 

support for the {Nacobbus aberrans (Globodera pallida plus Meloidogyne incognita)) 

clade is significantly higher under the inclusion of all characters. Under the inclusion of all 

characters the support for the monophyly of Sphaerolaimus Bastian, 1865, is significantly 

higher under unweighted parsimony. Under the exclusion of uninformative characters the 

support for the Cyatholaimidae and for the Chromadora nudicapitata Bastian, 1865, plus 

Chromadorina germanica (Biitschli, 1874) clade is higher under unweighted parsimony. 

6.2 Consistency of current model results with previous classifications 

Contrary to the molecular analysis, the two classes and three subclasses of the 

Nematoda are never recovered as monophyletic groups using the 159 characters of the 

present analysis. However, many other relationships are still found in the majority of 

analyses including many families. Tables 6.2 and 6.3 list those groups that have been 

recovered consistently in all analyses; Table 6.2 contains traditional monophyletic taxa and 

Table 6.3 contains groups that do not belong to traditional monophyletic taxa or only form 

part of monophyletic groups. The taxa in each table are ordered according to Table A2.3 in 

Appendix II which gives the most recent classification of the phylum Nematoda according 

to de Ley & Blaxter (2002). 

In the following discussion of the internal relationships of the Nematoda bootstrap 

values are only given for those groups that are not consistently recovered or where the 

support varies highly between the two weighting schemes because the values for 

consistently recovered taxa are already given in Tables 6.2 and 6.3. 

The genus Enoplus Dujardin, 1845, is a monophyletic group. Enoploides hrunettii 

Gerlach, 1953, is always the sister taxon to Enoplus and Anoplostoma vivipara (Bastian, 

1865) is their sister taxon. Therefore, the Enoplina/Enoploidea are also a monophyletic 

group using the current taxa and characters. The Oncholaimidae are probably the sister 

taxon to the Enoploidea. Adoncholaimus fuscus and Viscosia viscosa (Bastian, 1865) are 

always sister taxa and Pontonema vulgare (Bastian, 1865) is closely related but they never 

form a monophyletic group. However, Calyptronema maxweberi, the other 

Oncholaimoidea taxon, is found more closely related to the Dorylaimia and therefore the 

Oncholaimina/Oncholaimoidea are paraphyletic. The two taxa of the Ironidae, Ironus 
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dentifurcatus and Syringolaimus striatocaudatus, also do not form a sister group 

relationship. Ironus is almost always found with other Dorylaimia, most often as sister 

taxon to Isolaimium papillatum Cobb, 1920, Mermis nigrescens and the Trichinelloidea. 

Under weighted parsimony Syringolaimus striatocaudatus is found as the sister taxon to 

Metachromadora remanei (12 - 18% support) situated closely to the Dorylaimia; under 

unweighted parsimony it is closely related to the Rhabditida. The Tripyloididae are always 

monophyletic and found closely related to the Enoploidea and Oncholaimidae but not 

directly as their sister taxon. Therefore, the order Enoplida is non-monophyletic in all 

analyses. 

Table 6.2: Classic monophyletic groups consistently recovered in at least three of the four 
analyses of the morphological character sets. Range in values of bootstrap 
proportions in parenthesis. 

Enoplidae (single genus Enoplus) (39 - 59%) 
Enoplina / Enoploidea (70 - 92%) 
Tripyloidina / Tripyloidoidea / Tripyloididae (95 - 99%) 
Trichodoridae (84 - 98%) 
Dorylaimida (excluding Campydora demonstrans) (39 - 62%) 
Dorylaimina (39 - 62%) 
Longidoridae ( 6 1 - 65%) 
Xiphinematidae (single germs Xiphinema) (89 - 98%) 
Mononchidae (74 - 92%) 
Trichinellida/Trichinelloidea (95 - 97%) 
Chromadoridae (45 - 68%) 
Cyatholaimidae (paraphyletic including all characters, weighted) (39 - 67%) 

(97 - 99%) 
Microlaimidae (unresolved excluding uninformative characters, unweighted) (10 - 19%) 
Monoposthiidae (91 - 98%) 
Sphaerolaimoidea (44 - 69%) 
Sphaerolaimidae (63 - 78%) 
Comesomatidae (58 - 61%) 
Sabatieria (92 - 94%) 
Axonolaimus (68 - 84%) 
Plectida (92 - 98%) 
Rhabditida (3 - 20%) 
Spiruromorpha (38- 61%) 
Filarioidea (including Setaria digitata) (48 - 84%) 
Cephalobomorpha / Cephaloboidea / Cephalobidae (78 - 92%) 
Tylenchomorpha (83 - 98%) 
Criconematoidea (67 - 79%) 
Sphaerularioidea/Anguinidae (76 - 91%) 

The Trichodoridae are always monophyletic and tend to form a sister taxon to the 

majority of the Dorylaimia. Tylolaimophorus minor (Thome, 1939) is the sister taxon to 

the Trichodoridae in the two analyses under weighted parsimony (48 - 58% support). 
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Under weighted parsimony Tylolaimophorus minor is found more closely related to the 

Dorylaimia making the Diphtherophoroidea polyphyletic. The two species of the Tobrilina, 

Tobrilus gracilis (Bastian, 1865) &n6. Prismatolaimus intermedius (Butschli, 1873), are 

never sister taxa. Tobrilus gracilis is usually found closely related to the Oncholaimidae 

while Prismatolaimus intermedius is found as the sister taxon to the Cyatholaimidae 

(Chromadorea!) in the analyses of all characters (47% support under weighted parsimony). 

Excluding uninformative characters leaves the relationships of Prismatolaimus intermedius 

unresolved. The position of Trischistoma monohystera (Tripylina) is entirely inconsistent. 

It is found in different positions in the Enoplea and in the analysis of all characters under 

weighted parsimony it is found with the non-rhabditid Chromadorea. Therefore, the order 

Triplonchida, like the Enoplida, is non-monophyletic, rendering the subclass Enopha also 

non-monophyletic. 

Table 6.3: Relationships that do not form traditional monophyletic groups but have been 
recovered consistently in the four analysis of the morphological data set. 

{E. meridionalis (E. communis and & anisospiculum)) (43 — 71%) 
Enoploides brunettii and Enoplidae (81 - 85%) 
Adoncholaimus fuscus and Viscosia viscosa (25 - 64%) 
Chromadora nudicapitata and Chromadorina germanica (52 — 68%) 
Chromadoropsis vivipara and Desmodora communis (37 - 50%) 
Eubostrichus topiarus and Laxus (41 - 60%) 
Eubostrichus parasiticus, E. topiarus &n6.Laxus (51 - 63%) 
Daptonema setosum and Theristus acer (38 - 44%) 
Plectus acuminatus and P. aquatilis (85 - 89%) 
Tylocephalus auriculatus and Wilsonema schuurmansstekhoveni (85 - 90%) 
Gnathostoma turgidum and Goezia pelagia (50 - 99%) 
Acanthocheilonema viteae and Brugia malayi (53 - 74%) 
Baylisascaris procyonis and Toxascaris leonine (57 - 61%) 
Tylenchomorpha without Aphelenchoidea (58 - 63%) 
Criconematoidea including Paratylenchus dianthus (52 - 75%) 
Globodera pallida and Meloidogyne incognita (55 - 74%) 
Nacobbus aberrans and (Globodera pallida and Meloidogyne incognita) (46 - 68%) 
Pratylenchoides ritteri and Radopholus similes (38 - 48%) 
Haemonchus contortus and Ostertagia ostertagi (59 - 86%) 
Nematodirus battus and Nippostrongylus brasiliensis (77 — 83%) 

In the Dorylaimia relationships are a little more stable but the subclass is also non-

monophyletic. Campydora demonstrans (Campydorina) is found in different positions but 

always near the base of the Rhabditida. The remaining Dorylaimina/Dorylaimida form a 

monophyletic clade but with insignificant support. The Longidoridae and the genus 

Xiphinema are always monophyletic. Mesodorylaimus bastiani (Butschli, 1873) and 

Paractinolaimus macrolaimus (de Man, 1880) (47% support under unweighted, 71 - 72% 
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support under weighted parsimony) and the Longidoridae are sister taxa respectively. 

(Bastian, 1865), ca/fgn (Bastian, 1865) and 

Belondira apitica Thorene, 1939, are found in different positions but always within the 

same clade as the aforementioned species. The Dorylaimoidea are monophyletic including 

all unweighted characters and paraphyletic in all other analyses as they contain Belondira 

apitica (Belondiroidea). 

The Mononchidae are always monophyletic. They are the sister taxon to 

Mylonchulus arenicolus Clark, 1961, (34% support) and together the sister taxon to all 

other Dorylaimia when the characters are treated as unweighted. Weighting of all 

characters leaves the Mononchidae as sister taxon to the Dorylaimida (54% support) and 

Mylonchulus more basal to the Dorylaimia plus Rhabditida while character weighting 

under the exclusion of uninformative characters renders both families as sister taxa to the 

Dorylaimida but the Mononchidae slightly more closely related to the latter (61% and 28% 

support respectively). Isolaimium papillatum (Isolaimida) and Mermis nigrescens are 

always found within the Dorylaimia but in different sister relationships in the four analyses 

and with little support for the various relationships. The Trichinellida are always 

monophyletic and also always found within the Dorylaimia but in different sister 

relationships in the four analyses. 

The subclass Enoplea is only recovered as a monophyletic clade but with little 

support when all characters are included and treated as unweighted with the exclusion of 

Syringolaimus striatocaudatus and Campydora demonstrans. In all other analyses the 

Dorylaimia are found as a sister taxon to the Rhabditida or at least part of the Dorylaimia 

are closest related to the Rhabditida. The findings also show that the other class, the 

Chromadorea, are non-monophyletic apart from the analysis of all characters under 

unweighted parsimony. 

The Chromadoridae are always monophyletic and the Cyatholaimidae are 

monophyletic with the exception of weighting all characters. However, the 

Chromadoroidea are always polyphyletic because its two families are found in different 

relationships amongst the majority of freeliving Chromadorea. Cyartonema elegans, 

previously of uncertain relationship, is found either basal to the Rhabditida together with 

Metachromadora remanei, Syringolaimus striatocaudatus and Campydora demonstrans 

(all characters unweighted) or as sister taxon to the Monhysterida (both analyses with 

weighted characters). Excluding uninformative characters leaves this species in an 

uncertain position. The Desmodoridae are polyphyletic. Metachromadora remanei is 
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always found more closely related to the Rhabditida, either close to Syringolaimus 

striatocaudatus (including all characters) or as its sister taxon (weighted characters, 12 -

18% support). The remaining representatives of the Desmodoridae form a monophyletic 

clade apart from the analysis of weighted informative characters only when they are split 

into three groups amongst the majority of freeliving Chromadorea. This also renders the 

Desmodorida polyphyletic. The Microlaimidae are always monophyletic except when 

uninformative characters are excluded under weighted parsimony (10 - 19% support); in 

this case their internal relationships are unresolved. The Microlaimidae are the sister taxon 

to the Monhysterida plus Araeolaimida under unweighted parsimony and they are the sister 

taxon to the Araeolaimida under weighted parsimony. However, there is little support for 

these relationships. The Monoposthiidae are always monophyletic. They are the sister 

taxon to the Monhysterida (excluding the Monhysteridae) under weighted parsimony. 

Under unweighted parsimony including all characters they are the nearest taxon to the 

Plectida plus Rhabditida. When uninformative characters are excluded under unweighted 

parsimony the position of the Monoposthiidae is unresolved within a clade containing the 

majority of the freeliving Chromadorea. 

The Sphaerolaimidae and Sphaerolaimoidea are always monophyletic. The genus 

Daptonema Cobb, 1920 is paraphyletic as Daptonema setosum (Biitschli, 1874) is most 

closely related to Theristus acer Bastian, 1865. Under unweighted parsimony Daptonema 

hirsuitum (Vitiello, 1967) is unresolved within the Sphaerolaimoidea leaving the Xyalidae 

also unresolved under these conditions. Under weighted parsimony the Xyalidae are 

monophyletic (45 - 46% support). The Linhomoeidae are the sister taxon to the 

Sphaerolaimoidea but only monophyletic when all characters are treated as unweighted 

(35% support); in all other cases they are paraphyletic. The Monhysteridae are never 

closely related to the remaining Monhysterida and the latter is therefore polyphyletic. The 

Monhysteridae are always found more closely related to the Dorylaimia but in varying 

positions. Diplolaimella stagnosa Lorenzen, 1966, and Geomonhystera disjuncta are sister 

taxa (61 - 65% support) except under weighted parsimony excluding uninformative 

characters; in this case Diplolaimella stagnosa is more closely related to Diplolaimelloides 

meyli Timm, 1961. Diplolaimelloides meyli only forms a sister relationship with the other 

two taxa when the characters are weighted (66 - 70% support). 

The Comesomatidae and the genus Sabatieria Rouville, 1903, are always 

monophyletic. They are the sister taxon to the monophyletic Axonolaimidae when the 

characters are weighted rendering the Araeolaimida also monophyletic (14 - 20% support). 
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In these cases the Araeolaimida are the sister taxon to the Monoposthiidae which together 

form the sister taxon to the Monhysterida and Microlaimidae, however, none of these 

relationships are significantly well supported. Otherwise the Axonolaimidae are unresolved 

forming an unresolved clade with the Comesomatidae plus Monhysterida (not including 

the Microlaimidae and Monoposthiidae). 

The Plectida / Plectoidea / Plectidae are always monophyletic. They are either the 

closest sister taxon to the Rhabditida (all characters unweighted) or the sister taxon to the 

Chromadoridae (weighting of characters). Under unweighted parsimony excluding 

uninformative characters the position of the Plectida is unresolved. None of the 

relationships of the Plectida are well supported. 

The order Rhabditida is always monophyletic and either the sister taxon to the 

Plectida (all characters unweighted) or to the Dorylaimia. Within the Rhabditida, however, 

the relationships vary as much as in the non-Rhabditida taxa. Of the higher tax a, only the 

Spiruromorpha, Cephalobomorpha and Tylenchomorpha are always monophyletic. 

Teratocephalus lirellus is found near the base of the Rhabditida (including all characters), 

usually as sister taxon to Panagrellus redivivus (Linnaeus, 1767) (15 - 19% support, not if 

all characters are weighted) and closely related to the remaining Panagrolaimidae. When 

uninformative characters are excluded (under both weighting schemes) Teratocephalus 

lirellus and the Panagrolaimidae form the sister taxa to the Cephalobidae. 

The Spiruromorpha are always monophyletic. They always form one clade with the 

Ascaridoidea and Strongyloidea but the relationships between these groups vary between 

all analyses. None of the clades are significantly supported either. Within the 

Spiruromorpha, Ascarophis arctica is always the most basal taxon. The remaining 

Spiruromorpha are only insignificantly supported under unweighted parsimony (48 - 49%) 

but moderately-well supported under weighted parsimony (82 -84%). The Filarioidea and 

Onchocercidae are paraphyletic as they include the taxon of uncertain position, Setaria 

digitata (Setariidae). Loa loa (Filariidae) is also part of the Onchocercidae. 

The Ascaridomorpha are polyphyletic as Cruzia americana Rudolphi, 1819, is 

usually found at the base of the Spirurina and not in the same clade as the Ascaridoidea 

except under weighted parsimony excluding uninformative characters. In the latter case, 

Cruzia americana is found as the sister taxon to the Ascaridoidea. In both analyses with 

unweighted characters, Cruzia americana is found as the sister taxon to Steinernema 

carpocapsae. The Ascaridoidea themselves are paraphyletic as Gnathostoma turgidum 

(Gnathostomatomorpha) is always found as the sister taxon to Goezia pelagia Deardorff & 
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Overstreet, 1980. None of the families of the Ascaridoidea represented in this study 

(Anisakidae, Ascarididae, Rhaphidascaridae) are monophyletic. The variable position of 

Cruzia americana and the possible inclusion of the Strongyloidea make the suborder 

Spirurina paraphyletic. 

The Tylenchina are always paraphyletic because the Panagrolaimomorpha are always 

polyphyletic. Panagrobelus stammeri Riihm, 1956, is always the sister taxon to the 

Cephalobidae. Panagrellus redivivus is the sister taxon to Teratocephalus lirellus (15 -

19% support) except under weighted parsimony including all characters; they are always 

found close to the base of the Rhabditida. Both these taxa together with Turbatrix aceti 

(Miiller, 1783) form one clade with Panagrobelus stammeri and the Cephalobidae when 

uninformative characters are excluded (under both weighting schemes). Steinernema 

carpocapsae and Strongyloides stercoralis are only sister taxa under weighted parsimony 

excluding uninformative characters (45% support) rendering the Strongyloidoidea 

polyphyletic. When all characters are included (under both weighting schemes) the two 

species are found basal to the Spirurina. Halicephalobus gingivalis (Stefanksi, 1954) is 

found in various positions amongst the Rhabditina. The Cephalobidae are always 

monophyletic. They are found either closely related to the Rhabditidae (under unweighted 

parsimony including all characters) or more basally to the Rhabditida amongst some of the 

Panagrolaimidae. 

The Tylenchomorpha are always monophyletic but they are found in varying 

positions within the Rhabditida. The Aphenchoidea are always the most basal taxon of the 

Tylenchomorpha. They are paraphyletic if the characters are unweighted and monophyletic 

when the characters are weighted (52 - 58% support). The Criconematoidea, 

Sphaerularioidea and Tylenchoidea are always monophyletic with the exception of the 

Tylenchoidea under unweighted parsimony; in the latter case they are paraphyletic 

including the other two superfamilies. The Criconematoidea are always the sister taxon to 

Paratylenchus dianthus\ together they are the sister taxa to the Tylenchoidea when 

characters have been weighted (28 - 29% support). Under unweighted parsimony 

including all characters the Criconematoidea and Paratylenchus dianthus are the sister 

taxon to the Sphaerularioidea but with insignificant support. The Sphaerularioidea are the 

sister taxon to the other two superfamilies under weighted parsimony (38 - 63% support) 

and they are the sister taxon to the Criconematoidea plus Paratylenchus dianthus if all 

characters are included and unweighted. The Tylenchoidea are monophyletic and the sister 

taxon to the Criconematoidea plus Paratylenchus dianthus when characters have been 
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weighted (28 - 29% support). When characters are treated as unweighted they are mixed 

with the other superfamilies. The taxa of the Hoplolaimidae and Pratylenchidae are always 

mixed together rendering these families paraphyletic. The Belonolaimidae are 

monophyletic when characters are treated as unweighted (64 - 65%) and paraphyletic as 

the basal taxa of the Tylenchoidea when characters are weighted. Globodera pallida and 

Meloidogyne incognita are always sister taxa and together the sister taxa to Nacobbus 

aberrans. These three taxa are always found within the clade of the Hoplolaimidae and 

Pratylenchidae. 

The Rhabditina are always polyphyletic. Bunonema franzi (Bunonematomorpha) is 

always found with the Rhabditidae except under unweighted parsimony excluding 

uninformative characters when its position in the Rhabditida is unresolved. The 

Diplogasteroidea (Diplogasteromorpha) are always paraphyletic. They are the sister taxa to 

the Tylenchomorpha in all cases apart from when all characters are included and 

unweighted; in this case Pristionchus pacificus (Neodiplogasteridae) is the basal taxon to a 

clade of Rhabditidae and Cephalobidae Aduncospiculum halicti (Diplogasteridae) is 

basal to a clade containing the aforementioned clade plus the Tylenchomorpha. 

The Rhabditoidea are always at least paraphyletic including Heterorhabditis 

bacteriophora (Strongyloidea). When all characters are included and unweighted they also 

include the Cephalobidae and if uninformative characters are excluded and the remaining 

characters weighted they also include Bunonema franzi. The intra-relationships of the 

Rhabditidae are highly variable as well as their position within the Rhabditida. The clades 

also find little bootstrap support. The Strongyloidea are never monophyletic because 

Heterorhabditis bacteriophora is always found with the Rhabditidae. The remaining 

Strongyloidea are always found most closely related to the Spirurina and therefore the 

Rhabditomorpha are polyphyletic. The Strongyloidea (excluding Heterorhabditis 

bacteriophora) form a single clade as sister taxon to the Spiruromorpha or Spirurina when 

characters are weighted but they have little support (< 31%). Within the 

Trichostrongylidae, Haemonchus contortus (Rudolphi, 1803) and Ostertagia ostertagi 

(Stiles, 1892) as well as Nematodirus battus Croften & Thomas, 1951, and 

Nippostrongylus brasiliensis (Travassos, 1914) respectively form sister taxa relationships 

but the family is never monophyletic. If all characters are included and unweighted 

Syngamus trachea, Nematodirus battus and Nippostrongylus brasiliensis are the sister 

clade to the Ascaridoidea and Strongylus equinus, Haemonchus contortus and Ostertagia 

ostertagi the sister clade to the Spirurina. If uninformative characters are excluded and 
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characters treated as unweighted, these six species of the Strongyloidea are found in 

unresolved positions in one clade with the Spirurina. 

In summary, many of the classic relationships of the Nematoda are not reconstructed 

with the current data set despite the use of the same characters in both the classic, intuitive 

analysis and mathematical modelling. In fact, some relationships resemble more closely 

the biology of the species. For example, in all analyses but the one including all characters 

without weighting a cut can be made between mostly aquatic species and mostly terrestrial 

and parasitic species. Similarly, the close relationship of the Strongyloidea with the 

Spirurina reflects the common habitat as internal vertebrate parasites. In some preliminary 

analyses when individual characters were tested by respectively including or excluding 

them, the Trichinelloidea were also found in one group with the Spirurina. 

These results are particularly interesting because an objective, mathematical system 

is expected to reflect the true evolutionary history more truthfully. However, the failure to 

recover so many established groups highlights the problem of homology estimations 

during character coding. Although characters with dubious homology were tested and 

excluded, a more thorough analysis of characters will have to be undertaken in a future 

analysis. 
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Figure 6.1: Strict consensus tree of the morphological character analysis under unweighted 
parsimony including all characters; BP of < 65% support only given for major clades; 
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Figure 6.2: Adam consensus tree of the morphological character analysis under unweighted 
parsimony excluding all uninformative characters; BP and lines as in Fig. 6.1 
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Figure 6.3: Strict consensus tree of the morphological character analysis under weighted 
parsimony including all characters; BP and lines as in Fig. 6.1 
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Figure 6.4: Strict consensus tree of the morphological character analysis under weighted parsimony 
excluding all uninformative characters; BP and lines as in Fig. 6.1 
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7. Analysis of the Combined Character Set 

All characters from the molecular and morphological analyses where combined in 

one single data set and analysed under unweighted and weighted parsimony (on the 

rescaled consistency index, RC). Providing both sets of data are compatible (see below) the 

simultaneous analysis of all characters presents the possibility of a more refined analysis. 

The combined analysis can increase the phylogenetic signal if the characters from the 

different independent data sets provide evidence for different parts of the phytogeny. A 

detailed discussion of the advantages of a combined analysis is given in the Introduction 

(see Section 1.2.7.2). 

Four character sets were created: using all 1928 characters, excluding all positions 

with gaps in the molecular data (752 characters remaining), excluding all parsimony-

uninformative characters (1068 characters remaining) and excluding all positions with gaps 

in the molecular data and all parsimony-uninformative characters (440 characters 

remaining). The same 16 outgroup taxa were included as in the analysis of the molecular 

data, however, no morphological characters were available and gaps were included instead. 

A combined analysis was justified because no significant incongruence was found between 

the two character sets using the 'Incongruence Length Difference Test' (Farris et al, 

1995). The interpretations are made on the strict consensus trees of all fundamental trees 

recovered in each analysis. 

7.1 Differences based on the choice of model, character inclusion and bootstrap 

support 

Figures 7.1 to 7.8 show the strict consensus trees for the eight different analyses. All 

consensus trees are very well resolved apart from Figure 7.2 constructed under unweighted 

parsimony excluding positions with gaps where the relationships amongst the families of 

the Enoplea are unresolved. A comparison between the tree topologies shows a high degree 

of congruence. The Nematoda are consistently recovered as a monophyletic taxon. The 

class Enoplea and its two subclasses, Enoplia and Dorylaimia, are never recovered as a 

monophyletic clade but the other class, Chromadorea, is always monophyletic. Major 

differences are only found amongst the relationships of the different orders of the Enoplea, 

the families of the Enoplida, the position of the Plectida relative to the Rhabditida and the 

position of the Strongyloidoidea amongst the Rhabditida. The internal relationships of the 

Monhysterida are identical in all analyses. Overall, the phylogenetic reconstructions are 

more similar to those using molecular characters alone but some aspects of the 
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morphological topologies are also recovered. A detailed analysis of the topologies is found 

in Section 7,2. 

Table 7.1 shows the details of the consistency and homoplasy indices for the strict 

consensus trees of the eight analyses of the combined data set. The behaviour of the indices 

is comparable to the findings for the analysis of both data sets separately. The trees are 

shorter when fewer characters are included and when characters are weighted on their 

rescaled consistency index because both actions reduce the homoplasy of the data and 

therefore also reduced the maximum possible tree length. The consistency indices increase 

- and the homoplasy index decreases - after character weighting because homoplastic 

characters are given less weight. The exclusion of parsimony-uninformative characters 

decreases the consistency index slightly as the inclusion of such characters inflates this 

index because it is dependent on the number of characters in the data set. The exclusion of 

positions with gaps in the molecular data set increased the consistency indices and reduced 

the homoplasy index because at such positions levels of homoplasy tend to be high as a 

result of difficulties in alignment. The highest consistency index is found when only 

positions with gaps are excluded but because uninformative characters inflate the index the 

best possible analysis might be the one excluding both sets of potentially ambiguous 

characters. 

Table 7.1: Tree length (TL), consistency index (CI), CI without uninformative characters, 
retention index (RI), rescaled consistency index (RC), homoplasy index (HI), 
HI without uninformative characters and Goloboff-Fit (G-Fit) for all four 
analyses of the combined data set, including all characters (all), excluding 
positions with gaps in molecular data (excl gaps), excluding parsimony-
uninformative characters (excl uninf) and excluding positions with gaps and 
uninformative characters, under unweighted (upars) and weighted (wpars) 
parsimony. 

TL CI CI excl 
uninf 

RI RC HI HI excl 
uninf 

G-Fit 

all, upars 14331 0.1875 0.1702 0.6398 0.1200 0.8125 0.8298 -414 
all, wpars 1624.80 0.4381 0.3049 0.7542 0.3289 0.5639 0.6906 -132 
Excl gaps, upars 4130 0.2412 0.2149 0.7130 0.1720 0.7588 0.7851 -199 
Excl gaps, rpars 647.47 0.5064 0.3726 0.8278 0.4192 0.4936 0.6274 -67 

Excl uninf, upars 14035 0.1702 0.1702 0.6397 0.1089 0.8298 0.8298 -141 
Excl uninf, wpars 1326.53 0.3098 0.3098 0.7544 0.2337 0.6902 0.6902 -132 
excl gaps uninf, upars 3992 0.2149 0.2149 0.7130 0.1533 0.7851 0.7851 -199 
excl gaps uninf, wpars 506.76 0.3699 0.3699 0.8286 0.3065 0.6301 0.6301 -67 

The significance of the bootstrap support is interpreted according to Hillis & Bull 

(1993). Clades with over 85% bootstrap support are very likely to be monophyletic. Clades 

with support between 65% and 85% are estimated to have moderate support for their 
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monophyly and clades with less than 65% bootstrap support are discounted as 

monophyletic. 

The bootstrap support is generally higher in the analyses under weighted parsimony 

compared to unweighted parsimony under the same character inclusions. This might be a 

consequence of the reduction of homoplasy in the data resulting in a more consistent 

analysis. As in the separate analyses of the two data sets the bootstrap proportions are very 

similar between the two analyses including positions with gaps and excluding such 

positions. Under unweighted parsimony the bootstrap support is more than 5% higher 

amongst the alternative conditions at a level above 65% for the following groups: the 

Nematoda and {Syringolaimus striatocaudatus plus Campydora demonstrans) when 

uninformative characters are excluded compared to when all characters are included; 

Rhabditidae plus Strongyloidea when all characters are included compared to excluding 

uninformative characters; and Hoplolaimidae plus Globodera pallida when positions with 

gaps are excluded compared to when positions with gaps and uninformative characters are 

excluded. Under weighted parsimony the support for the genus Daptonema is significantly 

higher when uninformative characters are excluded compared to when all characters are 

included. 

Table 7.2: Taxa and groups that have higher bootstrap support when positions with gaps 
are excluded. Significant = support above 65%, insignificant = support below 
65%, blank = support higher when positions with gaps included, inapplicable = 
clade does not exist in this analysis. 

Taxon Unweighted 
Parsimony 

Weighted 
Parsimony 

Enoploidea Insignificant Significant 
Diphtherophoroidea + Prismatolaimus intermedius Inapplicable Significant 
Mononchidae Significant Significant 
Monhysterida + Comesomatidae Significant Significant 
Monhysterida Insignificant Significant 
Monhysteridae + Sphaerolaimoidea + Desmolaimus zeelandicus Insignificant Significant 
Sphaerolaimoidea + Desmolaimus zeelandicus Significant Significant 
Sphaerolaimidae + Desmolaimus zeelandicus Significant Significant 
Xyalidae Significant 
Filarioidea Significant 
Ascaridomorpha Insignificant 
Halicephalobus ^in^ivalis + Turbatrix aceti Significant 
Tylenchomorpha Inapplicable Significant 
Aphelenchoidea Inapplicable Significant 
Criconematoidea Significant Significant 
Hoplolaimidae + Globodera pallida Significant 
Strongyloidea Significant Significant 
Trichostrongylidae Significant 
Haemonchus contortus + Ostertagia ostertagi Significant 

Significant 
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The exclusion of positions with gaps generally reduces the bootstrap support. Table 

7.2 lists those groups that have more support at a level above 65% under the exclusion of 

positions with gaps. As explained in Chapter 5 for the separate analysis of the molecular 

data the exclusion of positions with gaps reduces the amount of homoplasy in the data and 

one would also expect an increase in support (cf increase after character weighting). 

However, the higher support under the inclusion of those characters with potential 

homoplasies indicates that these characters contain a lot of consistent but potentially 

misleading phylogenetic information. Therefore, the high bootstrap support under the 

inclusion of positions with gaps should be interpreted with care. 

7.2 Consistency of current model results with previous classifications 

The phylogenetic reconstructions using both data sets results in topologies that are 

more similar to those recovered using only molecular data. However, some relationships 

from the morphological data are recovered, especially some of those that were suggested as 

dubious in the molecular analysis. A detailed analysis is given below. 

Table 7.3 lists classic monophyletic taxa that are consistently found under all models 

and Table 7.4 lists those relationships that are also consistently found in all analyses but do 

not form a monophyletic group according to previous interpretation of data. The minimum 

and maximum bootstrap proportions (in percentage) are given in parenthesis in the tables. 

The taxa in each table are ordered according to Table A2,3 in Appendix II which gives the 

most recent classification of the phylum Nematoda according to de Ley & Blaxter (2002). 

The phylum Nematoda is always monophyletic. However, it is only weakly 

supported under unweighted parsimony ( 3 6 - 4 2 % ) with the exception when parsimony-

uninformative characters are excluded (96%) but it is moderately to well-supported after 

the characters are weighted on their RC (64 - 99%). In the following discussion of the 

internal relationships of the Nematoda bootstrap values are only given for those groups that 

are not consistently recovered or where the support varies highly between the two 

weighting schemes because the values for consistently recovered taxa are already given in 

Tables 7.3 and 7.4. 
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Table 7.3: Monophyletic groups that are found consistently in all analyses. Bootstrap 
proportions are in parenthesis. 

Phylum Nematoda (35 - 99%) 
Enoplidae (single genus Enoplus) (93 - 100%) 
Oncholaimina / Oncholaimoidea (99 - 100%) 
Tripyloidina / Tripyloidoidea / Tripyloididae (100%) 
Diphtherophorina / Diphtherophoroidea (98 - 100%) 
Trichodoridae (99 - 100%) 
Dorylaimida / Dorylaimoidea (excl. Campy dor a demonstrans) (100%) 
Longidoridae (76 - 100%) 
Xiphinematidae (single genus Xiphinema) (92 - 99%) 
Mononchida / Mononchoidea (81 - 100%) 
Mononchidae (46 - 95%) 
Trichinelloidea (96 - 100%) 
Chromadorea / Chromadoria (36 - 88%) 
Chromadorida / Chromadorina / Chromadoroidea (69 - 96%) 
Chromadoridae (99 - 100%) 
Cyatholaimidae (80 - 100%) 
Desmodoroidea / Desmodoridae (99 - 100%) 
Laxus (98 - 100%) 
Microlaimidae (97 - 100%) 
Monoposthiidae (100%) 
Monhysteroidea / Monhysteridae (100%) 
Xyalidae (79 - 95%) 
Daptonema (83 - 95%) 
Sphaerolaimidae (single genus Sphaerolaimus) (100%) 
Axonolaimidae (90 - 100%) 
Comesomatidae (98 - 100%) 
Plectida / Plectoidea / Plectidae (97 - 100%) 
Spirurina (96 - 100%) 
Spiruromorpha (96 - 100%) 
Filarioidea ( 8 5 - 100%) 
Ascaridomorpha (49 - 78%) 
Panagrolaimoidea / Panagrolaimidae (82 - 100%) 
Strongyloidoidea (53 - 96%) 
Cephalobomorpha / Cephaloboidea / Cephalobidae (95 - 100%) 
Criconematoidea (69 - 90%) 
Sphaemlarioidea / Anguinidae (67 - 98%) 
Diplogasteroidea (73 - 100%) 
Strongyloidea (69 - 83%) 
Trichostrongylidae (54 - 77%) 

The genus Enoplus is always monophyletic and is the sister taxon to Enoploides 

brunettii. Both relationships are well supported. The Enoploidea are only monophyletic 

when positions with gaps (and uninformative characters) are excluded in which case they 

are moderately-well supported (55 - 79%). When all characters are included and when 

uninformative characters are excluded Anoplostoma vivipara is the sister taxon to the 
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Oncholaimoidea rendering the Enoploidea paraphyletic. The Oncholaimoidea are always 

monophyletic and very well supported. The Oncholaimidae are the monophyletic sister 

taxon to Calyptronema maxweberi only under weighted parsimony when positions with 

gaps (and uninformative characters) are excluded in which case they are well supported 

(93%). In all other six cases Calyptronema maxweberi is found within the Oncholaimidae 

rendering this family paraphyletic. The Enoploidea and Oncholaimoidea are found in one 

single clade when all characters are included and when uninformative characters are 

excluded under unweighted parsimony. Under all other conditions they are found in 

different clades in the Enoplea or their relationships are unresolved. The two 

representatives of the Ironidae never form a monophyletic clade. Syringolaimus 

striatocaudatus is always the sister taxon to Campydora demonstrans (formerly of the 

Dorylaimida). They are either closely related to the Dorylaimia and Triplonchida or their 

position in the Enoplea is unresolved. Ironus dentifurcatus is usually found closely related 

to the Dorylaimia and under weighted parsimony excluding positions with gaps (and 

uninformative characters) it is the sister taxon to the Enoploidea. The Tripyloididae are 

always monophyletic and supported 100%. Under weighted parsimony and under 

unweighted parsimony excluding uninformative characters they are found as the closest 

sister taxon to the Chromadorea, under all other conditions under unweighted parsimony 

they are either closely related to the Enoploidea, Oncholaimoidea and Trischistoma 

monohystera. Therefore, the Enoplida and Enoplia are never recovered as a monophyletic 

group. However, with the exception of Isolaimium sp. and the Trichinelloidea the 

remaining Enoplea form a single clade, however, with httle support (16%) when all 

characters are included under unweighted parsimony. 

The Trichodoridae and Diphtherophoroidea are always monophyletic and well 

supported. When all characters are included the Tobrilina are monophyletic (89% support 

under unweighted, 47% support under weighted parsimony) and the sister taxon to the 

Diphtherophoroidea (42% support under unweighted, 96% support under weighted 

parsimony). Under unweighted parsimony excluding positions with gaps and 

uninformative characters Tobrilus gracilis is the sister taxon to the Diphtherophoroidea 

and Prismatolaimus intermedius their sister taxon (50% support). Under weighted 

parsimony with the exception when all characters are included, Prismatolaimus 

intermedius is the sister taxon to the Diphtherophoroidea (67 — 86% support) and Tobrilus 

gracilis their sister taxon (95 - 97% support). Under unweighted parsimony excluding 

uninformative characters the Tobrilina (88% support) form a different clade to the 
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Diphtherophoroidea (100% support). Trischistoma monohystera is never found in the same 

clade rendering the Triplonchida paraphyletic. 

Table 7.4: Relationships that are consistently found in all analyses but do not form a 
monophyletic group according to previous interpretation of data. Bootstrap 
proportions are in parenthesis. 

Enoploides brunettii and Enoplidae (83 - 100%) 
Syringolaimus striatocaudatus and Campydora demonstrans (38 - 99%) 
Mononchida and Mermis nigrescens (97 - 100%) 
Monhysterida including Cyartonema elegans (23 - 90%) 
Monhysterida (including Cyartonema elegans) and Comesomatidae (32 - 86%) 
Terschellingia longicaudata and Cyartonema elegans (77 — 100%) 
Sphaerolaimidae and Desmolaimus zeelandicus (5 - 78%) 
Sphaerolaimoidea including Desmolaimus zeelandicus (47 — 70%) 
Sphaerolaimoidea (including Desmolaimus zeelandicus) and Monhysteridae (52 - 90%) 
Plectus acuminatus and P. aquatilis (92 - 99%) 
Rhabditida including Plectida (95 - 100%) 
Spiruromorpha and Ascaridomorpha (80 - 100%) 
Setaria digitata and Filarioidea (85 - 100%) 
Filariidae including Loa loa (38 - 68%) 
Tylenchomorpha excluding Aphelenchoidea (40 - 99%) 
Criconematoidea and Paratylenchus dianthus (99 - 100%) 
Hoplolaimidae including Globodera pallida (40 - 93%) 
Bunonema franzi and Diplogasteroidea (39 - 84%) 
Strongyloidea excluding Heterorhabditis bacteriophora (98 - 100%) 
Haemonchus contortus and Ostertagia ostertagi (39 - 85%) 
Nematodirus battus and Nippostrongylus brasiliensis (36 — 87%) 

As mentioned above, Campydora demonstrans is never found with the remaining 

Dorylaimida but as sister taxon to Syringolaimus striatocaudatus in the Enoplia. The 

remaining Dorylaimida always form one clade and are 100% supported. The internal 

relationships vary but the Longidoridae and Xiphinematidae are always monophyletic and 

moderately to well supported. The Dorylaimoidea are only recovered as monophyletic 

group and as sister taxon to Belondira apitica (Belonolaimoidea) under unweighted 

parsimony excluding positions with gaps (and uninformative characters). However, the 

Dorylaimoidea are still only weakly supported (40% support) in this case. The 

Mononchidae are moderately to well supported and they are the sister taxon to 

Mylonchulus arenicolus (Mylonchulidae). Therefore, the Mononchida are also always 

monophyletic and they are the sister taxon to Mermis nigrescens. This clade is almost 

always the sister taxon to the Dorylaimida (36 - 77% support) except under weighted 

parsimony excluding uninformative characters (and positions with gaps). The 

Trichinelloidea are also always monophyletic and well supported. Excluding uninformative 

characters (under both weighting schemes) and under unweighted parsimony including all 
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characters they are the most basal taxon of the Nematoda. Under unweighted parsimony 

excluding positions with gaps and uninformative characters and under weighted parsimony 

including all characters they are the sister taxon to the Dorylaimida but with weak support 

(< 51% support). Under weighted parsimony excluding positions with gaps they are the 

sister taxon to the Mermithida and Mononchida (34% support) and excluding positions 

with gaps and uninformative characters they are the sister taxon to the remaining 

Dorylaimia (67% support). Isolaimium sp. is never found with the remaining Dorylaimia 

but it is always closely related to the Axonolaimidae (Chromadorea). If the majority of the 

Dorylaimia (Dorylaimida, Mononchida, Mermithida and Trichinellida) are reconstructed as 

a monophyletic clade this clade is moderately-well supported (30% under unweighted 

parsimony, 64 - 78% under weighted parsimony). 

The Chromadorea are always monophyletic. They are weakly supported under 

unweighted parsimony (36 - 56%) and moderately-well supported after character 

weighting (79 - 88%). The Chromadorida as well as their two families, the Chromadoridae 

and Cyatholaimidae, are also always monophyletic and well supported. The internal 

relationships in the two families vary between different analyses. The Desmodoridae are 

also always monophyletic and 100% supported but their internal relationships vary among 

analyses. The genus Laxus Cobb, 1894, is always monophyletic and very well supported. 

The genus Eubostrichus Greeff, 1869, is usually monophyletic and moderately-well 

supported (68 - 84%) except under weighted parsimony excluding gaps (and 

uninformative characters) when it is paraphyletic including the genus Laxus (88 - 90%). 

The Desmodorida are polyphyletic because the other two potential famihes never form a 

monophyletic clade with the Desmodoridae. The Microlaimidae and Monoposthiidae are 

always monophyletic. Under weighted parsimony they are sister taxa forming the 

Microlaimoidea. They are weakly supported (42 - 43%) when positions with gaps (and 

uninformative characters) are excluded, and moderately-well supported when all characters 

are included and only uninformative characters are excluded (80 - 81 %). Under 

unweighted parsimony the Microlaimoidea are monophyletic when all characters are 

included and when uninformative characters are excluded but they are only weakly 

supported (36 - 37%). When positions with gaps are excluded their relationships to each 

other and to the other Chromadorea are unresolved. When positions with gaps and 

uninformative characters are excluded the Monoposthiidae are the sister taxon to the 

Chromadorida and the Microlaimidae are the most basal taxon of the Chromadorea. 
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The Monhysterida are almost monophyletic; they always include Cyartonema 

elegans as the sister taxon to Terschellingia longicaudata. The relationships within the 

Monhysteridae are constant across all eight analyses: Cyartonema elegans and 

Terschellingia longicaudata are well supported and form the sister taxon to the remaining 

Monhysterida, which are only weakly to moderately-well supported. The Monhysteridae 

are 100% supported and form the sister group to the Sphaerolaimoidea including 

Desmolaimus zeelandicus. This clade is also only weakly to moderately-well supported. 

Desmolaimus zeelandicus is found as the sister taxon to the Sphaerolaimidae (genus 

Sphaerolaimus) and they are weakly to moderately-well supported; they are the sister 

taxon to the Xyalidae. The Xyalidae and the genus Daptonema are monophyletic and 

moderately to well-supported. 

The Araeolaimida are never monophyletic. The Comesomatidae are always well 

supported and form the sister taxon to the Monhysterida. The Axonolaimidae are also well 

supported and they are the closest taxon to the Plectida. Isolaimium sp. (Dorylaimia) is the 

direct sister taxon to the Axonolaimidae when all characters are included and when 

uninformative characters are excluded (23 - 26% support under unweighted parsimony, 61 

- 65% under weighted parsimony); otherwise it is the closest taxon to the Plectida and 

Rhabditida (70 - 72% support under weighted parsimony). 

The Plectida are always monophyletic and very well supported but the genus Plectus 

(Bastian, 1865) is only monophyletic when positions with gaps are included. When all 

characters are included and when uninformative characters are excluded (under both 

weighting schemes), the Plectida are the sister taxon to the Rhabditida and Teratocephalus 

lirellus is the most basal taxon of the Rhabditida. When positions with gaps (and 

uninformative characters) are excluded Teratocephalus lirellus and the Plectidae are sister 

taxa (45 - 66% support). Under unweighted parsimony their relationships to the other 

orders of the Rhabditida are unresolved. Under weighted parsimony they are the sister 

taxon to the Spirurina when only positions with gaps are excluded (38% support) and the 

sister taxon to the Rhabditina and Tylenchina when positions with gaps and uninformative 

characters are excluded. 

The clade of Rhabditida and Plectida is always well supported (95 - 100%). When 

the Rhabditida are monophyletic under the inclusion of all characters and under the 

exclusion of uninformative characters they are also well supported (91 - 92%). The 

relationships of the suborders of the Rhabditida are always constant. The Tylenchina and 

Rhabditina form one clade and the Spirurina are their sister taxon. Only the Spirurina are 
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always monophyletic. The Strongyloidoidea are usually found with the Rhabditina rather 

than the Tylenchina and Rhabditoides inermiformis, Poikilolaimus regenfussi, Bunonema 

franzi and the Diplogasteroidea are usually most basal to the Rhabditina and Tylenchina. 

The Spirurina, Spiruromorpha and Filarioidea are always monophyletic and well 

supported and the Ascaridomorpha are also monophyletic but only moderately-well 

supported. The Spiruromorpha and Ascaridomorpha are always sister taxa and their 

relationship is well supported. Gnathostoma turgidum is always the sister taxon to those 

two infraorders. Within the Spiruromorpha, Loa loa (Filariidae) is always part of the 

Onchocercidae rendering this family paraphyletic. The Filarioidea are always 

monophyletic and well supported and Setaria digitata is always their sister taxon. The 

internal relationships of the Filarioidea and Ascaridomorpha vary amongst analyses. None 

of the families of the Ascaridomorpha are recovered in any of the analyses. 

The Tylenchina are only monophyletic under weighted parsimony excluding 

positions with gaps and uninformative characters (47% support). In all other cases the 

Strongyloidoidea are the sister taxon to the Rhabditomorpha except under weighted 

parsimony excluding only positions with gaps when they are the most basal taxon of the 

Rhabditida. Hence, the Panagrolaimomorpha are also only monophyletic under weighted 

parsimony excluding positions with gaps and uninformative characters. On the other hand, 

the two superfamilies, Panagrolaimoidea and Strongyloidea are always monophyletic and 

moderately to well supported. The Panagrolaimidae are the sister taxon to either one of the 

other infraorders or the relationships of the infraorders and superfamilies are unresolved in 

the Tylenchina. 

The Cephalobomorpha are always monophyletic and well supported. The 

Tylenchomorpha and Aphelenchoidea are monophyletic and the Aphelenchoidea are the 

sister taxon to the remaining Tylenchomorpha when positions with gaps (and 

uninformative characters) are excluded (65 - 92% support). However, the Aphelenchoidea 

find little support under unweighted parsimony and they are only moderately-well 

supported under weighted parsimony (66%). When all characters are included and when 

uninformative characters are excluded Aphelenchoides fragariae is the sister taxon to the 

Panagrolaimidae (44 - 64% support) and Aphelenchus avenae is the most basal taxon of 

the remaining Tylenchomorpha (62 - 79% support). 

The Criconematoidea are always monophyletic and moderately to well supported. 

Paratylenchus dianthus is always the sister taxon to the Criconematoidea and this 

relationships is very well supported. They are the sister taxon to the Tylenchoidea when all 
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characters are included and when uninformative characters are excluded ( 3 0 - 32% support 

under unweighted parsimony, 78 - 79% support under weighted parsimony). Under all 

other conditions their relationship to the Tylenchoidea is unresolved. The Sphaerularioidea 

are always the sister taxon to the Criconematoidea and Tylenchoidea (40 - 67% support 

under unweighted parsimony, 90 - 99% support under weighted parsimony) except under 

unweighted parsimony when positions with gaps are excluded; in this case their position in 

the Tylenchomorpha is unresolved. 

The Tylenchoidea are monophyletic and the sister taxon to the Criconematoidea 

when all characters are included and when uninformative characters are excluded. They are 

weakly supported under unweighted parsimony (25 - 32%) but moderately-well supported 

under weighted parsimony (70%). The internal relationships of the Tylenchoidea vary. 

Under most conditions Globodera pallida is the sister taxon to the Hoplolaimidae which 

are monophyletic but weakly to moderately-well supported ( 3 1 - 68% under unweighted 

parsimony, 82 - 88% under weighted parsimony). Under weighted parsimony excluding 

positions with gaps (and uninformative characters) Globodera pallida is part of the 

Hoplolaimidae and this clade is weakly to well-supported. The Belonolaimidae and 

Pratylenchidae are never monophyletic. 

The Rhabditina are never monophyletic. Bunonema franzi is always the sister taxon 

to the monophyletic Diplogasteroidea. Under all conditions except unweighted parsimony 

including all characters and excluding uninformative characters Poikilolaimus regenfussi is 

their sister taxon. Together with Rhabditoides inermiformis these taxa are always found 

most basal to the Rhabditina plus Tylenchina clade except under weighted parsimony 

excluding positions with gaps when they form the direct sister clade to the remaining 

Rhabditomorpha (except Rhabditoides inermiformis which is still most basal). Therefore, 

the Rhabditidae and Rhabditomorpha are paraphyletic. The Strongyloidea form a 

monophyletic clade of moderate support amongst the majority of the Rhabditidae. 

However, the clade of the Rhabditidae and Strongyloidea is only weakly to moderately-

well supported (45 - 88%). It is spht into two distinct and well supported clades (88 - 99% 

and 100% support respectively). Heterorhabditis bacteriophora is always the most basal 

taxon to the Strongyloidea. Strongylus equinus and Syngamus trachea are the sister taxa to 

the monophyletic Trichostrongylidae forming a very well supported clade. However, 

eg'wmwf and are sister taxa to each other only under 

unweighted parsimony including all characters and excluding positions with gaps (67 -

69% support). 
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In conclusion, it can be said that the reconstructed phylogenies using the combined 

data set are more similar to those found using only the molecular data. However, there are 

some relationships that resemble more closely the phylogenies resulting from the 

morphological characters. Contrary to the analysis of the molecular characters alone but in 

tune with the analysis of the morphological characters, the Enoplea and Enoplia are never 

recovered as monophyletic taxa. The Dorylaimia are only tentatively monophyletic 

because they never contain Campydora demonstrans and Isolaimium sp. and often the 

Trichinelloidea are also missing from the clade. The Monhysterida are as good as 

monophyletic (including Cyartonema elegans). They include Desmolaimus zeelandicus, 

which were found with the Axonolaimidae using only molecular data. A closer similarity 

to the molecular analysis is found in the relationship of Isolaimium sp. with the 

Axonolaimidae rather than with the Dorylaimia where it was most frequently found in the 

morphological analysis. Within the Rhabditida the relationships of the suborders are much 

clearer in the combined analysis with the exception of the Panagrolaimomorpha that are 

almost always polyphyletic. hi the molecular analysis the latter taxon is always found in 

one clade but may be paraphyletic including Aphelenchoides fragariae whilst they are 

never monophyletic using only morphological characters. Furthermore, the combined 

analysis clarifies the relationship between the Spiruromorpha and Ascaridomorpha, 

rendering both infraorders monophyletic and as sister taxa to each other. 

Since elements from both separate analyses are found in the combined analysis, it is 

very unlikely that the higher number of molecular characters overpowers the effect of the 

morphological characters. As discussed above, some relationships only become clear after 

combining all available data. 
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Figure 7.2: Strict consensus tree of the combined character analysis under unweighted parsimony 
excluding all molecular characters with positions with gaps; BP and lines as in Figure 7.1 
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parsimony excluding all uninformative characters; BP and lines as in Figure 7.1 



Birgit Meldal 7. Combined Character Analysis 185 

a cornuia Outgroups 

HiiK Hi/rnMn/wj: 

I nplonchicl 
/ n r / w A f n u nnmtfii'Mf 

IJiphthcroplioixmleii 

Nematodu 

am [•.nopkiuie 

I TripyldiilicI 

^'mf^l&una^^.rhrn 
:iNiple: 

Oiu 'ho atiiioidca 

» (iivpirotit'nui iiu 
UUHngffM 

MniioMchid 

i(-hii)o1li(lii 

iJoiylaiiniii 

Dorv kninidii 

LoMiiidorK ai 

I Micnt la i in idac 

Monopostl i i id 

I Cvath«»laiiiiiiluc «fWonf/#Mc7u*.T fgrrw 

Mien) airnoK ea 

M/rnnrr/iMf 
wMCfiu.T fgrrwf 

C m)inad(in;a 
ChroiiiaiUM'Kia Tf m w y / o w w M 

ffnrrrwMMM rhmiiuKkmuK 

immaattrii .SP ,. 

Dc^modond; 

.. 
Cmik-SMixilkl daiinula 

'(Jlll'llil ntOK KIUI I 
Monlwster iuae 

Monliystendii 

A n r r r w p r o r r n o 

\ KoDoliiiiliid XnkxiluiiiiMl 

rt/W7lf71f McrtidK - PkciKia 

fNrKMfMm? 

Spii-inonioipha 

' nun ay I 
r e n v (//i 

•I anoidca 

f/frrnoioiTf KhahdUida 

Plec'lidac 

l.MXfnX MHHfl 
rVlifmMYfnx Klinnorplt 

yffrru//f\Y* ffWf /orfo/iCiM 

Khabdilid 'fWlMW ! 
MfH /m/i 

I Diploj jaslei tnde 
i inmevkiklnklca 

Rhahditi iu Siniicnuvm 
f/fffrrr f m 

1— I .nisloriia/x/iiis scanica . , 
Rhahditidae 

roniffw/f/ i: /wYcrif fn/wm 

JT fltu'iiionclnis conliirltis 
hosiiDUgylidae 77 

pwffomnk WfHiM 
rdiiavrohclii 

W f k m M rfWiWcm 

I yloiK-Miii 

C f p h a l o l n d i - Ccpli!iU)honu)mha 

'"^''Snlii'lciclioiflcs friivdiiiic I AplioloiU'lmidi. 

vWcMVlM r & :..LI.. . 
fFH.v Aiiuuiiud homi' ipl i 

tcinilikulhi'j^k 

Spirurinu 

Sinmgykiiile^ 

'iiw / nwiif/fi 

I loplokninidiH-
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Figure 7.8: Strict consensus tree of the combined character analysis under weighted parsimony 
excluding all molecular characters with positions with gaps & all uninformative 
characters; BP and lines as in Figure 7.1. 
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8. Discussion of the Revised Phylogeny of the Nematoda 

8.1 Fundamental differences and similarities between the analyses of the new data 

sets 

In most respects, the phylogenetic reconstructions using the molecular characters on 

their own and in combination with the 159 morphological characters agree with recent 

phylogenetic reconstructions. The monophyly of the Nematoda is firmly established and 

the phylum is often highly supported by both bootstrap proportions and posterior 

probabilities. Of the major clades, the Chromadorea and the Rhabditida plus Plectida are 

also always recovered. The Enoplia and Dorylaimia, however, are only monophyletic when 

molecular characters are analysed on their own. In the combined analysis, the internal 

relationships within the Enoplea vary according to the state of character inclusion and 

character weighting. The phylogenetic reconstruction of the morphological characters only 

provides a very different picture. None of the three major clades are monophyletic but the 

phylogeny resembles much more the ecological relationships of the species than the 

proposed phylogenetic relationships. Dorchin et al. (2004) also recovered an eco-

morphological cladogram in an analysis of morphological characters for gall-midges. 

In this study, the analysis of the same morphological characters that have been used 

for over a century to assess the evolutionary relationships of the Nematoda resulted in a 

system with little similarity to traditional classifications or phylogenetic reconstructions 

using molecular characters. This came as a bit of a surprise but also opens a very 

interesting discussion. The homology assessment of morphological characters is inherently 

difficult and inundated with problems. As long as the true underlying genetic origin is 

unknown the homology of any morphological character is open to debate. As already 

mentioned in the Introduction (Section 1.2.1) and in the discussion of the character coding 

in Materials and Methods (Section 2.3.2.3), many morphological characters exhibit strong 

convergence because they are subject to natural selection and similar environmental factors 

cause the selection of similar phenotypes. Additionally, a number of coding mistakes were 

discovered during the character interpretation (see Section 9.1). Therefore, relying on 

morphological characters alone can be grossly misleading when trying to infer 

phylogenetic relationships (Whiting, 1998; Alvarez et al., 2000; Radford et al, 2001; 

deBry, 2003). 

Why should, therefore, the classical and molecular phylogenies be preferred over the 

alternative system that results from the empirical analysis of the morphological characters? 
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Many molecular biologists would argue that the molecular phylogeny is the most robust 

one because it is based on the real genetic information and because the mathematical 

models of the evolutionary history of molecular characters have become very 

sophisticated. However, this does not explain the striking similarities found between the 

molecular reconstruction and the classical phylogenies. For the last decade taxonomists 

using morphological characters have been under heavy criticism from the molecular 

community because there are no clear models and algorithms that can explain their 

experience and intuition in making inferences about the relationships between species. 

However, molecular analysis has proven them right for much of the time. To answer this 

conundrum we need to answer a second question: Why do the empirical and intuitive 

analyses of morphological characters lead to such drastically different phylogenies? 

Classic phylogeneticists did not apply empirical mathematical systems to reconstruct 

phylogenies but relied on their experience and instinct as to which character states were 

homologous and which homoplastic, hi the rigorous empirical analysis of this study, each 

state that was seemingly of the same evolutionary origin was treated as a single, 

homologous character state amongst all species that had this state. In a classic, intuitive 

analysis however, this distinction did not have to be made a priori. A state could have been 

described in the same way in several groups and served as symplesiomorphy for each 

group but the character could then be ignored for the reconstruction of the phylum if it was 

thought to have had several independent evolutionary origins. In the empirical analysis, 

each independent origin would have to be coded as a separate character and in those 

species that did not acquire the character at all it would have to be coded either as absent or 

as missing data. In either case, the empirical analysis then runs into the problem of how to 

treat missing data and any solution will introduce misleading information (see Section 

1.2.1.5). The only way out of this dilemma in an empirical analysis is to go through a 

series of coding, analysis and re-coding of homoplastic characters. Many characters will be 

lost in the final data set for the analysis of the phylum because they will introduce 

misleading relationships. In a second scenario, however, the same character state in two 

distantly related clades may in fact be of the same evolutionary origin because this state is 

plesiomorphic for a much larger clade. In this larger clade, the character has undergone 

many changes including two independent reversals to the ancestral state. In this case, no 

iterative coding approach can prevent a mathematical algorithm from inferring that the 

same states originate from the same change in evolutionary time. Algorithms are not yet 

able to distinguish between a recent and ancient common evolutionary history unless the 

ancestral states are defined a priori. In this analysis, it was not possible to define ancestral 
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states a priori because they were unknown. An iterative analysis has not been performed 

because the aim was to show what happens when morphological characters are treated in 

an empirical analysis. The last chapter (Chapter 9) however contains a detailed discussion 

of each morphological character, including its possible homoplasies and suggestions for 

alternative coding. 

Now, we can answer our initial question in two parts. Firstly, the results from an 

intuitive analysis of morphological characters should be preferred over an empirical 

analysis of the same data because today's mathematical models cannot yet handle all the 

information on the evolutionary history of morphological characters that we already have 

from experience. The current study is a prime example where apparent empirical and 

objective mathematical algorithms are misleading and intuitive human assessments provide 

a better understanding of the evolutionary history of a set of characters (see also Barriel et 

al, 1993; Cantrell & Hanlin, 1997; Whiting, 1998; Meier & Wiegmann, 2002; Gamica et 

al, 2003). Secondly, molecular characters (a) carry a lot of fundamental information, (b) 

their homology assessment is much easier than that for the morphological characters and 

(c) the mode of molecular evolution is much better understood than that of morphological 

characters. Therefore, the phylogenetic reconstruction of molecular characters is more 

robust than that of morphological characters when empirical methods are employed. 

The above observations also lead to the following conclusions about the similarities 

between the empirical reconstructions of the phylogenetic systematics of the Nematoda 

using molecular characters and traditional classifications based on morphology. The 

straightforward answer is that intuition and experience are very good methods of inferring 

phylogenies based on morphological characters. The human mind is able to grasp complex 

issues of evolutionary change reasonably accurately and many of the intuitive decisions 

carmot be replicated even in the most sophisticated mathematical models. Some molecular 

phylogeneticists may argue against this observation but there is no denying the fact that 

this and other studies have demonstrated significant similarities between classic and 

molecular phylogenies (e.g. Shoshani et al., 1998; Bradford, 2002; Perez-Lozada et al, 

2002). And there is another advantage to using traditional inferences in the analysis of 

morphological characters: Many molecular phylogenies - this one included - are based 

solely on a single gene. A single gene is a very small representation of the total genetic 

information contained in the genome of any species. On the other hand, any analysis using 

morphological characters takes into account a wide variety of features and therefore a wide 

range of underlying genetic material. However, this is not saying that genetic evidence has 
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not got its advantages. However, as can be seen in the remaining part of this chapter, 

molecular evidence can be of great use in the resolution of conflicting hypothesis from the 

evidence of morphological characters. 

In this study, the combined data resulted in a phylogeny that resembled that from the 

molecular data alone but morphological characters nevertheless left their fingerprints. 

Here, while reducing the clarity of the relationships in the Enoplea, they produced some 

strong relationships for taxa that seemed potentially misplaced in the molecular phylogeny. 

Other studies also found that adding morphological characters to a molecular phylogeny 

increases resolution and support in areas where the molecular phylogeny was weak (e.g. 

Tehler, 1995; McDowell & Bremer, 1998; Doyle & Endress, 2000; Thompson et al., 2001; 

Winterton et al., 2001, Won et al, 2001). 

In accordance with the above discussion the reconstructions using the molecular 

characters alone and those using the combined data set are used in the following sections 

for the revision of the phylogenetic systematics of the Nematoda. 

8.2 Comparison of the phylogenies from the different analyses and a partial 

revision of the phylogenetic systematics of the Nematoda 

Despite the numerous agreements between the reconstructions using molecular 

characters alone, combining these with morphological characters and with traditional 

classifications, there are a number of significant differences. The differences are based on 

character conflict within and between data sets as well as violations of model assumptions. 

The following section discusses the differences in the phylogenetic reconstructions 

together with the potential changes to the phylogenetic systematics of the Nematoda. With 

respect of the above discussion the reconstructions using only the morphological characters 

are not included in this discussion. However, the reconstructions using the combined data 

set will be considered because the morphological characters provide interesting additional 

information when analysed in combination with the molecular characters. Tables 8.1 and 

8.2 list all those taxa that are in common between the molecular and combined analyses. 

The first table contains those taxa that are also traditional monophyletic groups and the 

second contains other consistent relationships. Figure 8.1 displays a partial revision of the 

phylogenetic systematics of the Nematoda based on the taxa included in this study. 

From the discussion in the individual analyses chapters (Chapters 5 - 7) it became 

apparent that the best analysis is probably the one excluding both sets of potentially 

ambiguous characters. Furthermore, under the parsimony criterion, character weighting is 
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preferred to unweighted characters. Therefore, in the following discussion about the 

potential relationships of species and taxa of variable phylogenetic position the results 

under the analyses of potentially higher quality (excluding ambiguous characters, weighted 

vs. unweighted parsimony) are regarded as more likely. 

Table 8.1: Traditional monophyletic groups also recovered in the analyses of the 
molecular characters and the combined data set. 

Phylum Nematoda 
Enoplidae 
Oncholaimoidea 
Tripyloididae 
Trichodoridae 
Diphtherophoroidea 
Dorylaimida (excluding Campydora) 
Longidoridae 
Xiphinematidae 
Mononchida 
Trichinelloidea 
Chromadoridae 
Cyatholaimidae 
Desmodoridae 

Microlaimidae 

Monoposthiidae 
Monhysteridae 
Sphaerolaimidae 
Axonolaimidae 
Comesomatidae 
Plectidae 
Spirurina 
Spiruromorpha 
Panagrolaimidae 
Cephalobomorpha 
Tylenchomorpha 
Criconematoidea (incl. Paratylenchus) 
Anguinidae 
Diplogasteroidea 
Strongyloidea 

Table 8.2: Groups that have been recovered consistently in the analyses of the molecular 
characters and the combined data set but that do not form traditional 
monophyletic groups 

Syringolaimus striatocaudatus and Campydora demonstrans 
Triplonchida excluding Tripylina 
Mononchida and Mermis nigrescens 
Cyartonema elegans and Terschellingia longicaudata 
Comesomatidae as sister taxon to or in same clade as Monhysterida 
Teratocephalus lirellus as closest sister taxon to the Plectida or Rhabditida 
Spiruromorpha and Ascaridomorpha as sister taxa 
Setaria digitata with Filarioidea 
Tylenchomorpha excluding Aphelenchoidea 
Globodera pallida with or as sister taxon to Hoplolaimidae 
Paratylenchus dianthus with or as sister taxon to Criconematoidea 
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Figure 8.1: Proposed phylogenetic systematics of the Nematoda based on the 
taxa included in this study. 
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The Nematoda are most certainly monophyletic and they probably contain three 

major clades because almost all reconstructions using the molecular characters alone 

support the monophyly of de Ley & Blaxter's (2002) three subclasses Enoplia, Dorylaimia 

and Chromadoria. The class Chromadorea with the only subclass Chromadoria is 

monophyletic in all analyses except when uninformative characters are excluded under 

unweighted parsimony in the analysis of the molecular characters alone (no resolution). 

However, the other class, the Enoplea, is only monophyletic under unweighted parsimony 

and maximum likehhood distances including all characters and under LogDet distances 

including all characters and excluding uninformative characters when the molecular 

characters are analysed on their own. The inclusion of the morphological characters 

resulted in a variety of reconstructions of the genera of the Enoplea. As discussed above, 

the morphological characters of this study introduce a lot of homoplasy. Therefore, it can 

be suggested that the Enoplia and Dorylaimia are monophyletic but that the monophyly of 

the Enoplea remains uncertain. 

The current set of molecular data cannot confirm which of the two subclasses, the 

Enoplia or Dorylaimia, are more likely to be the most ancestral taxon of the Nematoda. 

Only few investigators in the past have made proposals about the most primitive nematode. 

Chitwood & Chitwood (1933) recognised the similarities in the pharyngeal structures of 

the Plectida and Rhabditida and proposed that their common ancestor may have been the 

primitive nematode; therefore, they rooted the nematode tree within the Chromadorea. 

Maggenti (1963) disagreed with this notion and suggested that the similarities are based on 

convergent evolution. He offers a tentative solution for the primitive nematode to be found 

as the ancestor of the Enoplea and Chromadorea, that the Secementea derived from an 

ancestor of the Monhysterida and that the Plectoidea are the most derived taxon of the 

Monhysterida. However, he did not make any final decision of the phylogeny of the 

Nematoda but instead referred to the need for a better understanding of comparative 

morphology. 

Most authors agree with Filipjev (1934) that the ancestor is probably a marine 

nematode and found somewhere between the Enoplea and Chromadorea; the debate 

concerns which of the two groups is more primitive. Filipjev (1934), Coomans (1977) and 

Lorenzen (1981/1994) proposed an enoplid ancestry whilst Hyman (1951), Inglis (1983) 

and Andrassy (1976) suggested that the primitive nematode was a chromadorid ancestor. 

However, most investigators were still using the old terms of Adenophorea and 
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Secementea and a plectoid-rhabditoid ancestry remained in the debate. It was not until 

Blaxter et al. (1998) used DNA sequences that it became finally accepted that the primitive 

nematode was not found between the Adenophorea and Secementea but somewhere in the 

enoplean or chromadorean ancestry. It has become clear from the study of Blaxter et al. 

(1998) and the current investigation that the nematode ancestry lies in the Enoplea. 

Unfortunately, current molecular data are not sufficiently resolved to decide whether the 

Enoplia or Dorylaimia are the older of the two groups in the Enoplea. However, if the 

theory of a marine ancestry is valid, the primitive nematode should be sought amongst an 

enoplean ancestor. Maggenti (1963) already suggested that some enoplid nematodes bear 

many of the potentially plesiomorphic characters listed by Chitwood & Chitwood (1933) 

and that they are mostly marine. He also proposed that the Dorylaimida are probably 

derived from the Enoplia. 

Within the Enoplia, there are probably two orders, the Enoplida and the Triplonchida 

as introduced by de Ley & Blaxter (2002). The majority of the subtaxa of the Triplonchida 

are monophyletic and the internal relationships only vary in the relative relationships 

between the Diphtherophoroidea, Tobrilus gracilis and Prismatolaimus intermedins. 

Traditionally, the Diphtherophoroidea were classified with the Dorylaimida (e.g. Thome, 

1939; Clark, 1961; Siddiqi, 1961, 1973; de Coninck, 1965; Coomans & Loof, 1970) and 

only Siddiqi (1983) proposed the order Triplonchida for the Diphtherophoroidea and 

Trichodoroidea. The Tobrilidae and Prismatolaimidae were traditionally associated with 

the Tripylidae in the Enoplida (de Coninck, 1965, Siddiqi, 1983). Lorenzen (1981/1994) 

moved the Prismatolaimidae into the Chromadoria (Leptolaimina) on account of the 

dorsally spiral amphids. Molecular data showed a closer affinity to the Diphtherophoroidea 

and led de Ley & Blaxter (2002) to move them into the Triplonchida. This position is 

confirmed with this extended data set. 

Since a close affinity was proposed between the Tobrilidae and Tripylidae, the latter 

taxon was moved into the Triplonchida by de Ley & Blaxter (2002). However, in the 

molecular analysis Trischistoma monohystera never groups with the Triplonchida but 

always with the Enoplida and Tripyla sp. is found in the Plectidae. Therefore, the 

Tripylidae should remain in the Enoplida but more molecular data are needed to establish 

its precise relationships with the other taxa of the Enoplida. The position of Tripyla sp. in 

the Plectidae is dubious. The sequence for Tripyla sp. was given to the author by Mark 

Blaxter and originates from Paul de Ley's lab. Its identity has not been checked by the 



Birgit Meldal 8. Revised Phylogeny 198 

author and is therefore questionable. There were no morphological data available for this 

taxon because the specimen was only identified to genus level. 

The internal relationships of the Enoplida remain uncertain. Syringolaimus 

striatocaudatus and Campydora demonstrans consistently form a sister relationships and 

Enoploides brunettii is probably the closest sister taxon to the genus Enoplus. Alaimus sp. 

was not included in the combined analysis but in the molecular analysis it was usually 

found closely related to Trischistoma monohystera. The Oncholaimoidea and the 

Tripyloididae are always monophyletic. The position of Ironus dentifurcatus varies 

significantly. In the molecular analysis it is always found in the Enoplida and usually 

closely related to the Tripyloididae; in the combined analysis however, this species is 

found in very different positions and even basal to the Dorylaimia rather than with the 

Enoplida. 

The Anoplostomatidae used to be classified with the Oncholaimidae (de Coninck, 

1965) until Lorenzen (1981/1994) moved them into the Enoploidea. The molecular data 

strongly support the latter affinity. The Tripyloididae have been classified in the Enoplida 

on account of the similarity of the head structure with the Tobrilidae (Filipjev, 1918, 1934; 

Gerlach & Riemann, 1974) and in the Chromadorea (de Coninck & Schuurmans 

Stekhoven, 1933; Chitwood & Chitwood, 1950; de Coninck, 1965, Andrassy, 1976) on 

account of the spiral amphids. Since Lorenzen (1978) discovered the presence of 

metanemes in the Tripyloididae they were retained in the Enoplida. The molecular data 

support this position despite the shape of the amphids. 

The Ironidae were traditionally classified as Tripyloidea (Chitwood & Chitwood, 

1950; de Coninck, 1965) or Tripylina (Andrassy, 1976). Siddiqi (1983) placed them into 

their own suborder and Lorenzen (1981/1994) moved them into the Enoplacea together 

with the Enoploidea. Lorenzen established the monophyly of the Ironidae based on the 

buccal cavity armature but at the same time already pointed out considerable differences in 

the members of this family. Since the evolution of the buccal armature is largely directed 

by its functionality it is quite possible that the three or four movable teeth evolved 

numerous times in the evolution of the Enoplia. The evidence from the molecular data 

suggests that the Ironidae are paraphyletic and more sequences from other genera are 

needed to revise their position. A basal position of the Ironidae in the Dorylaimia as it was 

found in some of the analyses with the combined data set is in accordance with suggestions 

by Filipjev (1918) and Maggenti (1963). Maggenti proposed that the Dorylaimida evolved 

from an ancestor of Ironus. 
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The phylogenetic position of the Alaimidae has always been controversial. 

Originally, they were placed in the Dorylaimida (Filipjev, 1934; Thome, 1939). Chitwood 

& Chitwood (1950) moved them into the Tripyloidea (Enoplina). Clark (1961) raised them 

to subordinal rank where they remained (de Coninck, 1965) until Hooper (1973) raised 

them to ordinal level. Andrassy (1976) retained them in the Tripylina (Oxystomonoidea). 

Lorenzen (1981/1994) moved them back into the Dorylaimida (Bathyodontina) on account 

of the posterior position of the oesophageal gland outlets and a lack of metanemes and 

Maggenti (1982) and Inglis (1983) retained them there. Siddiqi (1983) supported Hooper's 

(1973) decision to give them the rank of order. The molecular data clearly support a 

position in the Enoplia and even suggest the old affinity with the Tripylidae {Trischistoma 

monohystera). Clearly, more sequences from Alaimidae are needed to clarify their 

phylogenetic relationships. 

The phylogenetic position of the genus Campydora Cobb, 1920, has been uncertain. 

Thome (1939) classified the Campydorinae in the Leptonchidae (Dorylaimoidea). Clark 

(1961) raised them to family level. Jairajpuri (1964) emended their diagnosis and de 

Coninck (1965) moved the Campydoridae into the newly established Nygolaimoidea 

(Dorylaimina). Ferris (1971) moved them back into the Leptonchoidea (Dorylaimina) 

where Andrassy (1976) retained them. Jairajpuri et al. (1976) raised the Campydorida to 

the rank of superfamily and Ahmad & Jairajpuri (1979) moved them back into the 

Nygolaimina (Dorylaimida). Jairajpuri (1983) established the rank of Campydorina and in 

the same year Siddiqi (1983) moved the Campydorina into the Enoplida. Jairajpuri & 

Ahmad (1992) retained the Campydorina in the Dorylaimida. De Ley & Blaxter (2002) 

followed their decision. However, Mullin et al. (2001), using partial 18S sequences, had 

already established that this genus does not belong to the Dorylaimia but the Enoplia with 

a close affinity to the Alaimida and Tripylida. The current analysis with the extended data 

set confirms that Campydora belongs in the Enoplida. 

The relationships in the Dorylaimia are a little more consistent than those in the 

Enoplia in this analysis. There are at least three clades, consisting of the orders 

Trichinellida, Dorylaimida and (Mermithida [only represented species Mermis nigrescens] 

plus Mononchida). The relative relationship between the three clades is uncertain as all 

three combinations occur in the different analyses. Within the Mononchida, the 

Mononchidae are paraphyletic in the molecular analysis that contained more species than 

the combined analysis. The interrelationships of the Dorylaimida are not very consistent 
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with the exception of the Longidoridae and Qudsianematidae that are probably 

monophyletic. 

Few authors have attempted a classification of all potential taxa of the Enoplea 

{sensu de Ley & Blaxter, 2002). Chitwood & Chitwood (1950) classified the Enoplidae 

and Oncholaimidae in the Enoploidea, the Alaimidae and Mononchidae together with the 

Ironidae and Tripylidae in the Tripyloidea, the Dorylaimidae, Diphtherophoridae and 

Belonolaimidae in the Dorylaimoidea, the Mermithidae and Tetradonematidae in the 

Mermithoidea and the Trichuridae, Trichinellidae and Cystoopsidae in the Trichuroidea, all 

in the Enoplina (Enoplida, Aphasmidia). 

Clark (1961) divided the order Enoplida into five suborders, Enoplina, Dorylaimina 

(including Dorylaimoidea and Mononchoidea), Alaimina, Trichosyringina (including 

Mermithoidea, Trichinellidae and Trichuridae) and the Dioctophymatina, raising many 

superfamilies to the rank of suborder. Later, Clark (1962) emended the diagnosis of the 

Alaimina to include the Diphtherophoroidea (formerly of the Dorylaimina). De Coninck's 

(1965) classification was very similar to that of Clark. He included the Dorylaimoidea, 

Mononchoidea, Nygolaimoidea (including Campydoridae) and Diphtherophoroidea in the 

Dorylaimina with the Alaimina as their sister taxon. However, he classified the 

Mermithoidea and Trichuroidea under the Enoplida. 

Jairajpuri (1969) raised the Mononchida to the rank of order. Coomans & Loof 

(1970) included the Dorylaimina, Mononchina, Diphtherophorina, Bathydontina and 

Trichosyringina under the Dorylaimida, thereby lowering the Mononchida back to 

suborder level, raising the Diphtherophoroidea to suborder level and re-including the 

Mermithoidea and Trichuroidea {sensu de Coninck, 1965) into the Dorylaimida. Andrassy 

(1976) grouped the Mononchina, Dorylaimina, Diphtherophorina and Mermithina in the 

Dorylaimida and the Trichocephalida (including Trichinellidae and Trichuridae) as sister 

taxa to the former in the Penetrantia. 

Maggenti (1982) raised all groups one rank to include the Enoplida, Dorylaimida, 

Isolaimida, Mermithida, Mononchida, Muspiceida and Trichochephalida under the 

Enoplia. Siddiqi (1983) raised the Oncholaimina (de Coninck, 1965), Alaimina, 

Bathyodontina and Tripylina to ordinal rank, introduced the Triplonchida and moved the 

Trichinellida and Mermithida into the Stichosomia (Stichosomida, Maggenti, 1982). 

All the above changes are mainly reorganisations of the ranking levels and some 

authors moved the insect (Mermithidae) and vertebrate parasitic families (Trichuridae and 

Trichinellidae) out of the Dorylaimia and into a separate group within the Enoplea. 
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However, Lorenzen (1983) moved the latter groups, the Trichosyringida (Trichuroidea, 

Mermithoidea) and Dioctophymatoidea into the Secementea on account of the presence of 

phasmid-like structures (Kaiser, 1977) and the non-homology of the juvenile stylets 

(Richter, 1971) in the Mermithidae. Based mainly on morphological data but with some 

information from DNA sequencing analysis, de Ley & Blaxter (2002) suggested the 

erection of two subclasses, the Enoplia and Dorylaimia, of the Class Enoplea. The 

extended sequencing analysis of this study supports the division of the Enoplea into two 

subclasses as well as the orders of the Dorylaimia, the Dorylaimida, Mononchida, 

Mermithida and Trichinellida. However, still no decision can be made on the 

interrelationships of the orders within the Dorylaimia. 

Isolaimium sp. is consistently found closely related to the Axonolaimidae 

(Chromadorea). Traditionally, the Isolaimiidae were placed in the Dorylaimida (de 

Coninck, 1965; Timm, 1969; Coomans & Loof, 1970; Andrassy, 1976) and Maggenti 

(1982) established a separate order, the Isolaimida (Enoplia). Inglis (1983) moved the 

Isolaimiidae into the Enophda. However, Filipjev (1934) placed the genus Isolaimium into 

the Plectidae (Chromadorida) and Goodey (1963a) and Gerlach & Riemann (1973) 

followed his suggestion (Araeolaimida). Lorenzen (1981/1994), however, retained the 

Isolaimiidae in the Dorylaimida (Bathyodontina) on account of the position of the 

oesophageal gland outlets. The identities of two sequences of Isolaimium sp. have been re-

checked by Peter Mullin who provided the sequences to the author. There is no suggestion 

that the specimens have been wrongly identified or that the sequences have been mixed up. 

Two different specimens from two different locations were sequenced. The two sequences 

are not identical but very similar and are always found in the same position irrespectively 

of the character set and model used. It is unlikely that the position of Isolaimium sp. results 

from homoplasy because its position is constant even if positions with gaps and 

uninformative characters are excluded. Either, the Isolaimiidae are indeed closely related 

to the Axonolaimidae as suggested by Filipjev (1934), Goodey (1963a) and Gerlach & 

Riemann (1973) or the mathematical algorithms are unable to produce the true results. 

Whatever the cause, more sequences from this family are required to establish its true 

phylogenetic position. 

The sequences from Trichinella spiralis and Trichuris muris were found to be more 

closely related to outgroups than the other nematodes under the LogDet criterion when 

positions with gaps and parsimony-uninformative characters were excluded from the data 

set. This is probably not because their sequences are more similar to those of the outgroups 
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but because the sequences of the Trichinelloidea and out groups are very dissimilar from 

those of the remaining nematodes. The DNA sequences of these two species are very 

different from those of the remaining nematodes and were difficult to align in places. The 

sequences also exhibit long branches that may be a result of increased evolution in the 

rRNA gene compared to the remaining nematode sequences. The exclusion of all 

potentially ambiguous positions left only 393 characters to be analysed. It is likely that the 

characters that are informative for the position of the Trichinelloidea amongst the 

Dorylaimia are found amongst characters that are potentially ambiguous for the 

relationships of the remaining Nematoda and are thus excluded in many of the analyses. In 

a future analysis the Trichinelloidea should be analysed only with the potentially closely 

related sequences from other Dorylaimia or Enoplea and ambiguous positions should be 

excluded more carefully. The addition of other sequences from the Trichinellida as well as 

the Dioctophymatida and Muspiceida can also potentially reduce the problem. If the new 

sequences were intermediate they can firstly make alignment easier and secondly they may 

cut the long branches between the Trichinelloidea and the remaining Nematoda. Recently, 

Rusin et al. (2003) performed a phylogenetic reconstruction of the Dorylaimia using the 

same gene as this study (SSU rRNA) and found that Soboliphyme baturini 

(Dioctophymatida) forms the sister taxon to the Trichinellida. 

However, although long-branch attraction may play a role in the potentially incorrect 

placement of the Trichinelloidea, this problem does not seem to be particularly great. The 

sequences of the Trichinelloidea and Pelodera punctata (Cobb, 1914) are the only ones 

where considerably long branches have been observed in the whole data set. Since 

Trichinella spiralis and Trichuris muris are expected to be closely related and since 

Pelodera punctata is always found in the same clade of Rhabditidae it is unlikely that the 

topology is an artefact of long-branch attraction but that it is the true topology. 

Within the Chromadorea sensu de Ley & Blaxter (2002), the Chromadorida are the 

only order that is most definitely monophyletic. Its two families, the Chromadoridae and 

Cyatholaimidae, are also monophyletic. The Microlaimoidea may or may not be 

monophyletic because the relationships between the monophyletic Microlaimidae and 

Monoposthiidae vary in the different analyses. The Chromadorida, Microlaimidae or 

Monoposthiidae are the most basal taxon of the Chromadorea. The Desmodoridae are a 

monophyletic family but their internal relationships remain unresolved. The Desmodoridae 

never form a monophyletic group with the Microlaimoidea and therefore the 

Desmodoroidea (Desmodorida) {sensu de Ley & Blaxter, 2002) is not a valid taxon. 
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The sister relationship of the Chromadoridae and Cyatholaimidae has been well 

established, only the level of the common rank varied between different classifications. 

Chitwood & Chitwood (1950) combined the two taxa at the superfamily level 

(Chromadoroidea), de Coninck (1965) raised this level to the order Chromadorida, 

Andrassy (1976) and Malakhov (1994) concurred with de Coninck whilst Lorenzen 

(1981/1994) lowered the common rank back to the superfamily level. De Ley & Blaxter 

(2002) retained the common level at the rank of superfamily but introduced the order 

Chromadorida with the single suborder Chromadorina in order to maintain the hierarchical 

system and allowing the Rhabditida to be an inferior rank in the Chromadorea. The current 

molecular data do not make any suggestion as to which level in the phytogeny is the 

equivalent of a certain rank and before any conclusion about ranks can be drawn it would 

be useful to have more related taxa represented in the data. The molecular data consistently 

retained the same two groups in the Chromadoridae but they do not correspond to any 

subfamilies of other classifications. 

Chitwood & Chitwood (1950) regarded the Microlaimidae as the sister tax on to the 

Chromadoridae and Cyatholaimidae (Chromadoroidea, Chromadorina) and the 

Desmodoridae as more distantly related in a separate superfamily (Desmodoroidea, 

Chromadorina). De Coninck (1965) split the Desmodoridae sensu Chitwood & Chitwood 

(1950) into at least two superfamilies (Desmodoroidea, Spirinoidea) and moved the 

Microlaimidae and Monoposthiidae also into the Desmodorida. Andrassy (1976) combined 

the Desmodoridae sensu Chitwood & Chitwood (1950) and raised their rank to 

superfamily. He followed de Coninck (1965) in the affinity of the Microlaimidae 

(Richtersioidea, Desmodorina) with the Desmodoroidea (Desmodorina). Lorenzen 

(1981/1994) reorganised these taxa and gave the Microlaimidae plus Monoposthiidae 

(Microlaimoidea) the same rank as the Desmodoroidea and Chromadoroidea. De Ley & 

Blaxter (2002) retained the Microlaimoidea but reversed Lorenzen's system back to 

combining the Desmodoridae (Desmodoroidea) and Microlaimoidea in the Desmodorina 

(Desmodorida) as sister taxon to the Chromadorida. The new molecular data do not 

support the Desmodorida sensu de Ley & Blaxter (2002) but retain more of Lorenzen's 

system of the separation between the Desmodoridae and Microlaimoidea. In fact, it is more 

likely that the Microlaimoidea are more closely related to the Chromadorida than to the 

Desmodorida. 

With regards to the subfamilies of the Desmodoridae, the molecular data consistently 

recover the sister relationship of Acanthopharynx micans (Eberth, 1873) and Desmodora 
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communis (Biitschli, 1874) which equates to the Desmodoridae sensu de Coninck (1965) 

and to the Desmodorinae sensu Lorenzen (1981/1994). The combined data also supports 

the monophyly of the genus Laxus. However, Desmodora ovigera Ott, 1976, never groups 

with Desmodora communis and the genus Eubostrichus is not always monophyletic but 

often includes the genus Laxus. Equally, the apparently synonymous genera 

Metachromadora Filipjev, 1918, and Chromadoropsis Filipjev, 1918, as well as 

Eubostrichus and Catanema Cobb, 1920 (all sensu Lorenzen, 1981/1994) never form sister 

relationships. On the other hand, Xyzzors sp. is consistently found in the Desmodoridae 

(see also Kampfer et al, 1998) while de Coninck (1965) and Lorenzen (1981/1994) 

grouped it with the Cyatholaimidae. Since the specimen was only identified to genus level 

no morphological characters were obtained in this study but the morphological analysis of 

Kampfer et al. (1998) also grouped it in the Desmodoridae. Nothing could be found about 

its apparent change in phylogenetic affinity. 

The order Monhysterida must be extended in their content. In all analyses the 

Comesomatidae (formerly of the Araeolaimida) are part of this order and Cyartonema 

elegans is always the sister taxon to Terschellingia longicaudata (Linhomoeidae). The 

Xyalidae are probably monophyletic and form the sister taxon to the Sphaerolaimidae in 

which case the Sphaerolaimoidea are also monophyletic. The Monhysteridae are also 

monophyletic and probably the sister taxon to the Sphaerolaimoidea. 

De Coninck (1965) placed the genus Cyartonema Cobb, 1920, in the 

Siphonolaimidae (Monhysterida) and Jayasree & Warwick (1977) retained it there when 

they described Cyartonema elegans. However, Lorenzen (1981/1994) moved this genus to 

the classic Chromadorida. The molecular data consistently found Cyartonema elegans as 

sister taxon to Terschellingia longicaudata of the Linhomoeidae (Siphonolaimoidea, 

Monhysterida). Therefore, this genus is most likely part of the Siphonolaimoidea 

(Monhysterida) in accordance with de Coninck (1965) and Jayasree & Warwick (1977). 

The Monhysteridae, Xyalidae and Sphaerolaimidae were always regarded as closely 

related. The molecular data suggest that there may be a slightly closer affinity between the 

latter two families which would be in accordance with Andrassy (1976), Lorenzen 

(1981/1994) and de Ley & Blaxter (2002). According to Chitwood & Chitwood (1950) the 

Linhomoeinae and Sphaerolaiminae are closer related to each other than to the 

Monhysteridae and Siphonolaimidae. De Coninck (1965) suggested a close relationship 

between the Sphaerolaimidae and Monhysteridae (including Theristus Bastian, 1865, of the 

later Xyalidae) as Monhysteroidea and sister taxa to the Linhomoeoidea and 
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Siphonolaimoidea. Andrassy (1976) proposed the closest relationship of these taxa 

between the Monhysteridae and Siphonolaimidae in the Monhysteroidea which is the sister 

taxon to the Diplolaimelloidea, Sphaerolaimoidea and Xyaloidea. He raised the 

Linhomoeoidea to suborder level (Linhomoeina, Monhysterida). 

Lorenzen (1981/1994) suggested that the Monhysteridae, Xyahdae and 

Sphaerolaimidae form the Monhysteroidea as sister taxon to the Siphonolaimoidea 

including the Siphonolaimidae and Linhomoeidae. De Ley & Blaxter (2002) closely 

followed Lorenzen but they raised the two groups to suborder level (Monhysterina and 

Linhomoeina) of the Monhysterida. The molecular data, however, do not support any one 

of those proposals in all respects. In particular, the Linhomoeidae appear to be paraphyletic 

because Desmolaimus zeelandicus groups either with the Monhysterida or with the 

Axonolaimidae (Araeolaimida) but never as sister taxon to Terschellingia longicaudata. 

On the other hand, if Cyartonema elegans is a species of the Siphonolaimidae or 

Siphonolaimoidea the molecular data support Lorenzen (1981/1994) most closely. 

The Araeolaimida sensu de Ley & Blaxter (2002) are not supported by the molecular 

data because the Comesomatidae always group with the Monhysterida and the 

Axonolaimidae are the closest sister taxon to the Plectida plus Rhabditida. The latter group 

is always accompanied hy Isolaimium sp. (formerly of the Dorylaimia). In the analysis of 

the molecular characters alone Desmolaimus zeelandicus (Linhomoeidae) is also the sister 

taxon to the Axonolaimidae. In the combined analysis this species is found in the 

Monhysterida as sister taxon of Sphaerolaimus. 

Filipjev (1934) placed the Axonolaimidae and Comesomatidae in the Monhysterata. 

Wieser (1954) moved the Comesomatidae into the Chromadorida on account of their 

punctuated cuticle and spiral amphids. Chitwood & Chitwood (1950) moved them back 

into the Monhysterina as sister taxon to the Axonolaimidae (Axonolaimoidea). De Coninck 

(1965), Andrassy (1976) and Piatt (1985) followed Wieser's earlier move and retained 

them in the Chromadorida (Chromadoroidea and Cyatholaimina respectively). Lorenzen 

(1981/1994) returned them into the Axonolaimoidae (Monhysterida). Inglis (1983) agreed 

with Lorenzen (1981) that the Comesomatidae are not part of the Chromadorida {sensu 

Lorenzen, 1981) but cased doubt over their close relationship with the Axonolaimidae; 

nevertheless, he retained their sister relationship for the time being. The molecular data 

provide evidence of the position of the Comesomatidae as close relatives of the 

Monhysterida rather than the Chromadorida but also support the doubt raised by Inglis 

(1983) as to its close relationship with the Axonolaimidae. 
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Traditionally, the Plectida are always classified as an "Adenophorean" taxon, often 

as part of the Monhysterida (Chitwood & Chitwood, 1950) or Araeolaimida (de Coninck, 

1965; Andrassy, 1976; Inglis, 1983). The molecular data support this classic concept that 

the Plectidae form the intermediate taxon between the "Adenophorea" and "Secementea". 

Depending on the different data sets, models and character inclusions the Plectida and 

Rhabditida are either sister taxa or the Plectidae form a clade within the Rhabditida. hi the 

latter case, they can be found with either one of the three suborders of the Rhabditida. 

Based on the quality of the different analyses it is more probable that the Plectida are in 

fact part of the Rhabditida and the closeness to the Araeolaimida in some analyses is a 

result of symplesiomorphies of the Chromadorea. Despite the uncertainties of the true 

placement of the Plectidae, molecular data support the origin of the Rhabditida from the 

Araeolaimida. 

Teratocephalus lirellus is probably a species of the Rhabditida but its relationship to 

the other suborders remains uncertain. In the different analyses it is the sister taxon to the 

Plectidae if these are part of the Rhabditida, otherwise it is found as the most basal taxon of 

the Rhabditida. Based on the quality of the analyses, Teratocephalus lirellus is probably a 

close relation to the Plectida. The Teratocephahdae have previously been placed in the 

Plectoidea/Araeolaimida (de Coninck, 1965), Leptolaimina/Chromadoria (Lorenzen, 

1981/1994), Leptolaimina/Araeolaimida (Inglis, 1983) or its own suborder Teratocephalina 

in the Rhabditida (Andrassy, 1976). More data are needed to clarify the phylogenetic 

position of the Teratocephahdae in the Nematoda. 

In the current molecular analysis, the Spirurina are always monophyletic and the 

Spiruromorpha and Ascaridomoipha are usually sister taxa. Gnathostoma turgidum, 

Dentostomella sp. Schulz & Krepkogorskaja 1932 and Philonema sp. are basal taxa of the 

Spirurina whilst the relationship of Brumptaemilius justini to the other taxa of this suborder 

remains uncertain. Ascarophis arctica is the sister taxon to the Filarioidea which also 

include Setaria digitata. The last species is currently classified in its own family Setariidae 

in the Filarioidea (Anderson & Bain, 1976) but was not included in the list in de Ley & 

Blaxter (2002). The Ascaridomorpha and its families as well as the Onchocercidae are all 

paraphyletic and not well resolved in most analyses. It is well documented that the internal 

relationships of the Ascaridomorpha cannot be reliable reconstructed using the SSU rRNA 

gene because it is very conserved in this group (Nadler, 1992; Nadler & Hudspeth, 1998). 

Since only two infraorders of the Spirurina are represented by more than a single taxon no 

strong conclusions about the overall relationships amongst this suborder can be made. 
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However, it is almost certain that the Spiruromorpha are monophyletic and possibly the 

sister taxon to the Ascaridomorpha. De Ley & Blaxter (2002) very recently revised the 

Spirurina and the current analysis concurs with it apart from the remarks above. Therefore 

no further discussion of this group is given here. 

Brevibucca sp. and Myolaimus sp. of uncertain affinity in the phylogeny are found 

closely related to the Tylenchina and Spirurina respectively but only under those analyses 

including more ambiguous characters. Under potentially better analysis conditions the 

positions of both species are uncertain. This suggests that there is a high level of character 

conflict in the remaining 'good' characters. Since both tax a were only identified to genus 

level no morphological data were collected. Clearly, more sequences have to be added to 

discover the true phylogenetic position of these two species. Therefore, no real conclusion 

can be drawn about their closest relationships amongst the Nematoda. However, Andrassy 

(1976) and more recently Dolinski et al. (2001) classified the Brevibuccidae in the 

Panagrolaimoidea, one position it has been found in in the current analyses. On the other 

hand, the Myolaimina are usually identified as close relatives of the Rhabditina (Inglis, 

1983) whilst the current analysis suggest a closer relationship to the Spirurina. 

The Tylenchina sensu de Ley & Blaxter (2002) have recently been revised by Siddiqi 

(2000) mainly based on morphological characters and by the aforementioned authors with 

the additional information from molecular characters. The Tylenchina and its three 

infraorders, the Panagrolaimomorpha, Cephalobomorpha (here only Cephalobidae) and the 

Tylenchomorpha, are probably monophyletic. 

In the combined analysis the Strongyloidoidea are often found in the Rhabditina but 

in the analyses of the molecular characters alone they are usually the sister taxon of the 

monophyletic Panagrolaimidae. Rhabditophanes sp. (Rhabditina) is the sister taxon to 

Strongyloides ratti and therefore probably part of the Strongyloidoidea and not part of the 

Rhabditina (also Dorris et al., 2002). The position of Steinernema carpocapsae varies in 

the Tylenchina; it is usually found basal to the Panagrolaimomorpha or Tylenchina but in 

many analyses no closest relative could be found in the Rhabditida and its position 

remained unresolved. The Cephalobidae are always monophyletic. It is more likely that 

they are the sister taxon to the Tylenchomorpha than to the Panagrolaimomorpha. This is 

in opposition to older data when the Panagrolaimomorpha and Cephalobomorpha sensu de 

Ley & Blaxter (2002) were classified in the Rhabditina (Chitwood & Chitwood, 1950) or 

Rhabditida (Andrassy, 1976) as sister taxon to the Tylenchina or Tylenchida respectively. 
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Within the Tylenchomorpha the relationships of the two species of the 

Aphelenchoidea are uncertain. Aphelenchoides fragariae can be found either with the 

Panagrolaimomorpha or as sister taxon to the Cephalobidae and remaining 

Tylenchomorpha. Aphelenchus avenae can be found as the sister group to the remaining 

Tylenchomorpha, Cephalobidae or both of these groups. Only in the combined analysis 

when positions with gaps and positions with gaps and uninformative characters are 

excluded are the Aphelenchoidea monophyletic and form the sister group to the remaining 

Tylenchomorpha; the Tylenchomorpha are monophyletic only under those conditions. 

Based on the quality of the analyses the Aphelenchoidea are either monophyletic or at least 

Aphelenchoidea fragariae and Aphelenchus avenae are very closely related and found at 

the base of the remaining Tylenchomorpha. In the case where the Aphelenchoidea are not 

monophyletic Aphelenchoidea fragariae might be the sister taxon to Aphelenchus avenae 

plus the remaining Tylenchomorpha. 

The uncertain position of the Aphelenchoidea reflects its past history. Since 

Chitwood & Chitwood (1950) placed the superfamily Aphelenchoidea into the Tylenchina 

this taxon has usually been given the rank of suborder Aphelenchina in the order 

Tylenchida (Andrassy, 1976; Nickle & Hooper, 1991) or order Aphelenchida as sister 

group to the Tylenchida (Siddiqi, 1980; Hunt, 1993). Only de Ley & Blaxter (2002) 

reduced it back to superfamily rank because of their initial D N A analyses. More data are 

needed to clarify the phylogenetic position of the Aphelenchoidea. 

The relationships of the remaining Tylenchomorpha are very variable. De Ley & 

Blaxter (2002) missed the Paratylenchidae in their list; nevertheless, Paratylenchus 

dianthus always groups with the other three species of the Criconematoidea sensu de Ley 

& Blaxter (2002) (Criconematina sensu Siddiqi, 2000) rendering this superfamily 

monophyletic. Also, Globodera pallida (Heteroderidae sensu Siddiqi, 2000) is always 

found within or as sister taxon to the Hoplolaimidae (Siddiqi, 2000; de Ley & Blaxter, 

2002). Both tax a are also supported by the work of Chitwood & Chitwood (1950), 

Andrassy (1976) and Maggenti et al. (1987). The two species of the Anguinidae 

(Sphaerularioidea sensu de Ley & Blaxter, 2002; Anguinoidea sensu Siddiqi, 2000) are 

usually found in one clade with Deladenus sp. (Phaenopsitylenchidae) and the unidentified 

marine Tylenchid in the analysis of the molecular characters alone. Therefore, the 

Phaenopsitylenchidae are probably a family in the Sphaerularioidea. In the combined 

analysis the Anguinidae are monophyletic. 
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The Tylenchoidea de Ley & Blaxter (2002) (Hoplolaimina, Siddiqi, 2000) are 

probably paraphyletic; they are only monophyletic in the analysis of the molecular 

characters alone under LogDet distances when positions with gaps are excluded and in the 

combined analysis when all characters are included and when uninformative characters are 

excluded. The Belonolaimidae de Ley & Blaxter (2002) (Telotylenchidae 

Siddiqi, 2000) and the Pratylenchidae (Siddiqi, 2000; de Ley & Blaxter, 2002) are never 

monophyletic. Meloidogyne incognita (Meloidogynidae) is found in various relationships 

with species of the Tylenchoidea sensu de Ley & Blaxter (2002) (Hoplolaimina sensu 

Siddiqi, 2000). No further relationships can be established because different analyses 

resulted in widely different internal relationships for the Tylenchomorpha. 

The Rhabditina may or may not be monophyletic. The Diplogasteroidea are always 

monophyletic and, based on the analyses of higher quality, Bunonema franzi is probably 

their sister taxon. This molecular relationship supports recent findings of morphological 

apomorphies between the Diplogasterids and Bunonematidae (von Lieven, 2002; Dolinski 

& Baldwin, 2003). Together with Poikilolaimus regenfussi, Cuticularia sp. (always sister 

taxa) and Rhabditoides inermiformis Bunonema franzi and the Diplogasteroidea form one 

clade that is either basal to the remaining Rhabditina or basal to the Rhabditina and 

Tylenchina. The remaining Rhabditomorpha form one clade that is divided into two 

distinct and well supported groups which are identical in all analyses. One of the two 

groups includes the Strongyloidea which are monophyletic. Heterorhabditis bacteriophora 

is the most basal taxon and the Trichostrongylidae are probably monophyletic. The relative 

relationships between the Trichostrongylidae, Strongylidae and Syngamidae remain 

uncertain. 

The molecular phylogeny strongly supports the drastic changes undertaken by de Ley 

& Blaxter (2002) with regards to moving the former Strongylina {sensu Chitwood & 

Chitwood, 1950) or Strongylida {sensu Andrassy, 1976) into the Rhabditina. De Ley & 

Blaxter (2002) also suggested that the Bunonematidae, the genus Rhabditoides and 

Diplogasteroidea may be closely related at the base of the Rhabditina. De Ley & Blaxter 

(2002) based their revisions of the findings of Sudhaus & Fitch (2001) who inferred 

rhabditid phylogeny with SSU rRNA data. The paraphyly of the Rhabditoidea was already 

observed by Blaxter et al. (1998) when the former Strongylida were found to be derived 

from the Rhabditidae. Sudhaus & Fitch (2001) further discovered that certain Rhabditoides 

spp. and Poikilolaimus are more basal and closely related to Diplogasteroidea than 
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previously thought (Sudhaus, 1976). The current analysis with the extended data set results 

in exactly the same major relationships. 

8.3 Conclusions 

Molecular sequences have been proven to be efficient and high quality characters for 

the phylogenetic reconstructions of relationships amongst the Nematoda. The phylogenetic 

analysis of the Nematoda with molecular characters has recovered many traditional 

monophyletic groups and also introduced some new relationships. It has been shown that 

molecular characters can add significant amounts of new information on phylogenetic 

relationships that may never have been deduced from morphological characters (e.g. 

Mermithida and Mononchida). Molecular characters can also aid in finding the true 

relationships where morphological character result in contradictory solutions (e.g. 

Comesomatidae and Cyartonema in Monhysterida) and find solutions for suspected 

paraphyletic tax a. However, molecular characters can also be misleading if they produce 

long branches for very divergent taxa (e.g. Trichinelloidea and out groups). Lastly, for 

some taxa neither morphological, nor molecular characters can resolve the phylogenetic 

relationships (e.g. Brevibucca sp.). 

Ambiguous solution for reconstructions under different models and character sets are 

probably the result of character conflict in the data, both within and between character sets. 

As seen in the individual analysis chapters, the consistency indices increase but the 

bootstrap proportions and posterior probabilities decrease under the exclusion of positions 

with gaps whilst the exclusion of parsimony-uninformative characters hardly influences the 

bootstrap proportions. Since positions with gaps potentially contain a lot of homoplasy, the 

high bootstrap proportions probably provide a lot of consistent but random phylogenetic 

information. It is particularly striking that there is less loss of bootstrap support when 

characters have been weighted according to their rescaled consistency index. Therefore, it 

is most likely that the different relationships amongst some nematode taxa under different 

models and character sets are a result of significant character conflict among the positions 

without gaps. In a future analysis, the consistency indices of positions with gaps can be 

taken into account individually and only those positions with gaps that have significantly 

low consistency indices need to be excluded. 

The small subunit of the ribosomal RNA gene provided relatively good resolution for 

most parts of the phylograms, especially for the levels between families and orders. 

However, it was not conservative enough to reveal the root relationships amongst the 

Enoplea and in places too conservative to distinguish between closely related genera. Other 
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genes and additional taxa are needed to resolve the remaining uncertainties. Genes with a 

lower rate of evolution may provide a chance of recovering the root relationships and 

genes with a higher rate of evolution may recover relationships within taxa of more recent 

evolutionary origin (e.g. families, genera). 

No new results can be drawn from these analyses in terms of trophic relationships 

and the evolution of parasitism. The major clades remained the same as in Blaxter et al. 

(1998) and Dorris et al. (1999). Apart from the clade of the Spirurina there is an obvious 

free-living ancestor to each of the parasitic species. The major addition in these data came 

from marine, free-living nematodes. It was hoped that those taxa may provide a clue to the 

origin of the Nematoda. However, other than that the ancestral nematode was most likely 

an Enoplea-like species no further conclusions can be drawn with regards to the primitive 

nematode and its ancient habitat. 
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9. The Potential Evolutionary History of the Morphological Characters 

9.1 Characters included in the morphological and combined analyses 

Probably the most comprehensive analysis of the morphological evolution in the 

phylum Nematoda was conducted by Chitwood & Chitwood (1950). In a series of 

chapters, they discussed the morphological variations of all characters used in nematode 

taxonomy to that date and produced the only comprehensive classification of the Nematoda 

until Andrassy published his approach in 1976. Since Chitwood & Chitwood (1950) any 

study of morphological characters has focused only on distinct groups of nematodes (e.g. 

Osche, 1952 [Rhabditidae]; Dougherty, 1955 [Rhabditidae]; Andrassy, 1959, 1960 

[Dorylaimida]; Clark, 1961 [Enoplida]; Ferris, 1971 [Dorylaimida]; Sudhaus, 1976 

[Rhabditidae]; Siddiqi, 1980 [Tylenchida]; Siddiqi, 1983 [Enoplia]; Jairajpuri & Ahmad, 

1992 [Dorylaimida]; Siddiqi, 2000 [Tylenchida]). Even though these studies are extremely 

valuable for the understanding of the phylogenetic relationships within a certain group, 

they do not lead to a better understanding of the relationships of distantly-related groups of 

nematodes. Two problems obstruct the comparison of a certain morphological character 

across the entire phylum; firstly, until recently no consensus between alternative 

phylogenetic systems of the Nematoda could be established and secondly, some characters, 

especially the anterior feeding apparatus, have undergone radically different evolutionary 

changes with numerous instances of convergence that make homology assessments 

incredibly difficult. 

In this study, all 180 morphological characters included in any of the analyses were 

mapped on the potentially best consensus tree from the morphological analysis, including 

all 159 characters under weighted parsimony, and on the potentially best consensus tree 

from the combined analysis, excluding positions with gaps in the molecular characters and 

all uninformative characters under weighted parsimony. Full lists of all character state 

changes with the respective phylogenies for both analyses are given in Appendix V (files 

<TableA5_l.rtf>, <TableA5_2.rtf>, <FigureA5_l.rtf> and <FigureA5_2.rtf> on CD). 

Additionally, the overall consensus of the partially revised phylogeny of Figure 8.1 was 

also taken into account. A comparison of the proposed character state changes on all 

consensus trees of the morphological and combined analyses would have taken too much 

time. The characters could not be mapped on the trees from the molecular data set because 

a larger number of taxa were used rendering the data sets incompatible. 
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The consistency indices (CIs) and weights for each morphological character 

including those eliminated from the analysis are found in Table 9.1. The CIs and the 

weights were both higher when the characters were mapped on the tree constructed with 

the morphological characters alone compared to mapping them on the tree constructed 

using both sets of characters but this difference was not significant at the 0.05 significance 

level when tested with the Mann-Whitney U-Test. However, if the non-normality of the 

data was ignored, a Paired T-Test gave significantly higher means for the CIs and weights 

at the^ < 0.01 significance level when the characters were mapped on the morphological 

tree. The values of the consistency index on the morphological tree are probably higher 

because when the characters were mapped onto the combined tree the influence of 

potentially conflicting molecular characters had to be accounted for. 

Table 9.1: Consistency indices and weights for all characters mapped on the phylo genetic 
reconstructions based on all characters excluding positions with gaps in the 
molecular characters and all uninformative characters (Combined Data) and the 
phylogenetic reconstruction based on all morphological characters 
(Morphology); both phylogenies were reconstructed under weighted parsimony 
using the rescaled consistency index. 

Consistency Index Weights 
Character Combined Data Morphology Combined Data Morphology 

1 &222 0.222 0JI358 0.1358 
2 &091 0M18 0.0486 0.0756 
3 0.222 0.286 0.1971 0.2623 
4 0.111 0.125 0.0794 0.0938 
5 1 1 1 1 
6 1 1 1 1 
7 CU5 0.231 0/M25 &1968 
8 1 1 1 1 
9 &333 0.333 0.2 0.2 

10 0.077 0.083 0.044 0.0506 
11 0.167 0.286 0JI369 0.2597 
12 0.2 0.2 0.1556 0M543 
13 0.5 0.5 0.375 0.375 
14 0.462 0.4 0.4206 0.3&M 
15 0.111 0.115 0.0815 0.0856 
16 &333 0.333 0 0 
17 0.091 &083 0.0374 0.026 
18 1 1 1 1 
19 0.5 0.5 0 ^ 5 0 ^ 5 
20 0.5 0.5 0.4706 0.4706 
21 1 1 1 1 
22 1 1 1 1 
23 0J39 0.773 0.6486 0.6939 
24 1 1 1 1 
25 0.5 0.5 0 0 
26 CU43 0.091 0.0952 0 . 0 3 ^ 
27 0.5 0.5 0 0 
28 0.053 0.048 0.0075 &0023 
29 &037 0438 0.0095 0IM1 
30 1 1 1 1 
31 1 0.5 1 0.375 
32 1 1 1 1 
33 0.3 0X29 0.2408 0.3796 
34 0.364 0.4 0.1 &0571 
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Consistency Index Weights 
Character Combined Data Morphology Combined Data Morphology 

35 0.1 0.1 0.025 0IW5 
36 0M11 0.111 0 0 
37 0M25 0JI25 0 0 
38 0^5 0.167 0.2373 0M523 
39 1 1 1 1 
40 &667 0.667 0.5926 0.5926 
41 0M25 0.125 0 J 0 2 o/m2 
42 0.5 1 0.475 1 
43 0M67 0.2 0.1463 0 / 8 0 5 
44 0 J 2 5 0JI82 0 J 0 3 9 0.1621 
45 &083 0/125 0.0642 0.1068 
46 0 J 4 3 0M43 0.0769 0.1026 
47 0.5 0.5 0 ^ 5 0^5 
48 0.167 1 0.0741 1 
49 0M43 0.167 0.1214 0.1458 
50 0.5 1 0 ^ 5 1 
51 0.5 0.333 0.4 0.2 
52 1 1 1 1 
53 &333 0.333 0.2593 0.2593 
54 0.25 0.5 0.1818 0.4545 
55 0.538 0.5 0.4986 0.4568 
56 0.545 0.353 0.51 0.3032 
57 0.5 0.5 0.4583 0.4574 
58 0.4 0.5 0.28 0.4 
59 0 7 5 0 J 5 0.6563 0.6563 
60 0.139 0/135 0.0473 0.039 
61 0^5 0.25 0.0357 0.0357 
62 0.067 &083 0.0383 0.0494 
63 0.036 0.048 0.0156 0.0249 
64 0.231 0.214 0.1817 0 / 6 4 1 
65 0.5 0.5 0.375 0.375 
66 0.333 0.333 0.2982 0.2982 
67 0.2 0.2 0 0 
68 0.5 0.5 0 0 
69 1 1 1 1 
70 0.333 0/167 0.2381 0XM76 
71 0^5 0^5 0 0 
72 0.5 0.5 0M667 0 / 6 6 7 
73 0 J 5 1 0.675 1 
74 0U25 0M36 0.0625 0.0747 
75 0.13 0U3 0.0652 0.0652 
76 0.269 &269 0 ^ 8 8 0.1854 
77 0U9 &235 0.1461 0 / 9 2 8 
78 0.083 0.1 0.0324 0IW38 
79 0 J 1 9 0/122 0.0561 0.0583 
80 0.333 0.4 0 / 8 5 2 0.2667 
81 1 1 1 1 
82 0.143 0/133 0.0526 0.0421 
83 &091 0.091 0.0455 0.0455 
84 0.1 0.1 0.0719 0.071 
85 0.167 CU43 0.1071 0.0816 
86 1 1 1 1 
87 0.5 0.5 0 0 
88 1 1 1 1 
89 0.143 0 / ^ 7 0 0.0278 
90 0J54 &286 0/M71 0.2547 
91 0/M8 CU25 0.0607 0.0667 
92 0.667 0.667 0 0 
93 0M11 0.111 0.0688 0II6M 
94 0.333 0.25 0.2778 0 / 8 7 5 
95 0.667 0.667 0.5333 0.5333 
96 0.038 0.038 0.0126 0.0102 
97 1 1 1 1 
98 &091 0.1 0.0663 0.0757 
99 0.5 1 0.4545 1 
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Consistency Index Weights 
Character Combined Data Morphology Combined Data Morphology 

100 0.091 0.083 0.0545 0.0467 
101 &043 0.053 0.0165 0.0239 
102 0.05 &062 0.0212 0.0332 
103 0.5 1 0.3333 1 
104 1 1 1 1 
105 0.067 0.071 0.0503 0.0548 
106 1 1 1 1 
107 &059 0.071 0.0461 0.0548 
108 0.2 0.2 0 0 
109 &059 0.071 0.0441 0.0567 
110 1 1 1 1 
111 &333 0.333 0 0 
112 0 J 4 3 0M43 0.0357 0.0357 
113 1 1 1 1 
114 0.1 0.1 0 0 
115 0.111 0M43 0 0.0357 
116 0M25 0J^5 0.0625 0.0625 
117 0.333 0.333 0 0 
118 0.125 0J25 0.0455 0XM55 
119 0.5 0.5 0 0 
120 0.5 0.5 0 0 
121 0.5 1 0 1 
122 0.292 &318 0 J 6 1 2 0.1926 
123 0.056 0.059 0.0341 0 . 0 3 ^ 
124 0,5 0.5 0 0 
125 0.091 0.083 0.0083 0.0069 
126 1 1 1 1 
127 0.25 0.5 0 0.3333 
128 1 1 1 1 
129 0.091 &088 0.0525 0.0486 
130 0.038 0.034 0.0253 &02M 
131 0M43 0/125 0M039 0.0833 
132 0.071 0.077 0.0292 &033 
133 &053 &062 0.0188 0.029 
134 0.062 0.053 0.0179 0.0075 
135 0.029 0.027 0.0099 0.0083 
136 0.071 0.067 0.0168 0.0118 
137 1 1 1 1 
138 1 1 1 1 
139 0.5 1 0 1 
140 1 1 1 1 
141 0.059 0.067 0.0074 0.0083 
142 0.067 0 4 6 2 0.0293 0 4 2 5 
143 CU43 0.143 0.0204 &02M 
144 1 1 1 1 
145 1 1 1 1 
146 1 1 1 1 
147 1 1 1 1 
148 0.333 0.333 0.2 0.2 
149 0.5 1 0.25 1 
150 1 1 1 1 
151 1 1 1 1 
152 1 1 1 1 
153 0.067 0.071 0.0459 0.0503 
154 0.091 0.091 0.0625 0.0616 
155 CU67 &25 0.0972 0JI818 
156 CU25 0.111 0.0278 0.0278 
157 1 1 1 1 
158 0.067 0.071 0.0392 &0441 
159 0.333 0.333 0 0 
160 0.333 0.333 0.2222 0.2222 
161 CM33 CU82 0.0993 0J491 
162 1 1 1 1 
163 0.25 0.333 0 / 8 1 8 0.2727 
164 CU67 0.25 0.1557 &24 
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Consistency Index Weights 
Character Combined Data Morphology Combined Data Morphology 

165 1 1 1 1 
166 0.5 0.5 0 0 
167 0.2 Ov5 0 J 3 8 5 0.1923 
168 0.5 0.5 0.25 &25 
169 0.197 &211 0.0628 0.0789 
170 &269 &298 0.1165 0.1512 
171 &091 0.091 0.0476 0.0476 
172 OIW 0.043 0.0259 0.0314 
173 0.083 0.118 0.0523 0.0877 
174 0J25 1 0M104 1 
175 1 1 1 1 
176 &222 0.333 0M997 0.314 
177 0.5 0.5 0.4545 0.45 
178 &091 0.1 0.0404 0 I # 
179 0.5 0.5 0.4375 &4444 
180 0JM8 0.105 0.0374 0.0239 

Below, the potential evolutionary histories of all 180 characters are discussed. For 

those characters for which the homology assessment proved dubious alternative coding 

strategies are suggested. Those characters for which an assessment of the evolutionary 

history was possible are mapped onto the topology of Figure 8.1. In order to display all 

data, the figure was divided into seven individual figures, Figures 9.1 to 9.7. The 

plesiomorphic state for the phylum Nematoda could only be determined for a selection of 

characters. These states are given below the discussion in Table 9.2. In some cases, 

synapomorphies for a specific clade are mapped onto the tree but the plesiomorphic state 

could not be determined because the relationships of the subclasses of the Nematoda 

remain uncertain. Therefore, not for every character that is mapped onto Figures 9.1 to 9.7 

the plesiomorphic state is given in Table 9.2. However, the lack of information about the 

plesiomorphic state is mentioned in the discussion of the characters in the text below. 

During the analysis of the characters the author discovered a few mistakes in the coding: 

1. # 91, reflex of testes: Enoplus brevis Bastian, 1865, md Adoncholaimus fuscus should 

have been coded ' C instead of 'B' ; Enoploides brunettii should have been coded 'A' 

instead of 'B' ; all Rhabditina apparently have reflexed testes, but the literature recorded 

straight testes for Pelodera punctata', Pellioditis marina should have been coded 'B' 

instead o f ' A ' . 

2. All ambiguous character states were analysed as uncertainties. However, Strongyloides 

stercoralis possess alternating generations of free-living and parasitic life stages and 

Heterorhabditis bacteriophora possess alternative generations of dioecious and 

hermaphroditic life states. Some alternative character states in these two species are not 

uncertainties but they relate to the different generations. A distinction should have been 
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made in these cases and the character states of the alternative generations should have 

been coded as polymorphic states. 

3. # 103, 104 and 106, preanal papillae in Prismatolaimus intermedius, in the 

Chromadoridae and in Nudora bipapillata: In all cases where an 'A' was given for the 

specific state, an 'A' should also have been given for character 102 because characters 

103, 104 and 106 are specific variations of preanal, medioventral papillae. 

4. # 26, presence of rugae: Neochromadora poecilosoma (de Man, 1893) and 

Calomicrolaimus parahonestus (Gerlach, 1950) both possess rugae but were coded as 

missing them, while the presence of rugae is dubious for Molgolaimus demani. 

5. # 23, structure of lips: The lips in Steinernema carpocapsae should have been coded 'L ' 

instead o f ' M ' . 

Many of the characters only occur in selected species in several different taxa. In all 

cases, there must be some genetic potential for the development of such a structure in all 

nematodes because it is unlikely a completely new gene has evolved recently in only a 

selected group. Therefore, if the plesiomorphic state for the phylum Nematoda is the 

absence of a character, it is expected that some underlying genetic potential was always 

present but the responsible gene became active only when its product provided a certain 

group of species with a higher fitness under the prevailing environmental conditions. 

# 1 - 3 : The structure of the anterior sensory organs 

The plesiomorphic state of the labial sensilla is most likely to be papilhform. The 

papillae have become elongated to setae several times over the evolutionary history at least 

in the Enoplida, Panagrolaimidae and Rhaditidae. The reduction to pits in the prestome 

may have occurred only once in the Tylenchoidea plus Criconematoidea if these form a 

single clade or several times if these clades are paraphyletic. Some reversals to papilliform 

structures may also have occurred in these clades. A complete reduction and potential loss 

of labial sensory sensilla may have occurred several times in the Spirurina and 

Rhabditomorpha and in some freeliving Chromadorea (e.g. Cyartonema elegans). 

There is no clear pattern for the evolutionary history of the structure of the inner 

cephalic sensilla. Many reversals from papilliform to setiform structures and vice versa 

seem to have occurred. However, there seems to be some pattern in the evolution of the 

structures of the outer cephalic sensilla but as long as it is uncertain whether the 

Dorylaimia or Enoplia are the more primitive subclass of the Enoplea, no estimate of the 

plesiomorphic state can be made. At least two major changes have occurred between 
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papilliform and setiform states: all Dorylaimia and the majority of Rhabditida have 

papilliform outer cephalic sensilla whilst the majority of the Enoplia and the Chromadorea 

excluding the Rhabditida have setiform sensilla. Therefore, an extension from papilliform 

to setiform sensilla must have occurred from the Dorylaimia to the Chromadorea and a 

reversal to the papilliform state in the Rhabditida. Within all groups except the Dorylaimia 

reversals from the majority state have also occurred for individual taxa, e.g. in the Enoplia 

Adoncholaimus fuscus, Syringolaimus striatocaudatus and the Diphtherophoroidea have 

papilliform sensilla whilst in the Rhabditida Panagrobellus stammeri, Bunonema franzi 

and Pellioditis marina have setiform sensilla. Other reversals from setiform to papilliform 

structures are found in selected species in most families of the freeliving Chromadorea. 

# 4: The position of the three sensilla circles relative to each other 

There is no clear pattern for the presence of two or three separate circles of anterior 

sensory organs. Many reversals are found in each individual clade. Therefore, the position 

of the sensilla of the second circle either between the sensilla of the other two circles or 

amongst the third circle is not a good character for the estimation of the evolutionary 

history of the Nematoda. Additionally, for many taxa no data were available introducing a 

lot of uncertainty in the data set. 

# 5 - 6 : The joint nature of the anterior sensory organs 

In this data set only the two species of the Tripyloididae have joint sensilla of the 

inner cephalic sensilla and only Bathylaimus assimilis de Man, 1922, has joint sensilla of 

the outer cephalic sensilla. Therefore, character 6 is uninformative for this data set. 

However, according to Lorenzen (1981/1994) joint sensilla have been observed in species 

of many other taxa including the Xyalidae, Comesomatidae, Cyatholaimidae, Tobrilina and 

Anoplostomatidae from which species are represented in this study. No evolutionary 

estimate can be made before species with joint sensilla of these taxa are included in a wider 

study but considering that the above listed taxa were found in many different clades in the 

present phylogenetic reconstructions, it is likely that joining or a reduction to unjointed 

sensilla has occurred several times over the evolutionary history. 

# 7: The relative lengths of the sensilla in each circle 

Estimating the evolutionary history of relative lengths is rather difficult. However, 

there are some patterns in this data set. The plesiomorphic state is the presence of papillae 

of equal size if the Dorylaimia are the most primitive group. If the Enoplia are the most 

primitive group, the sensilla of the second circle are originally the longest. In both cases. 
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one change has occurred to the Chromadorea where the sensilla of the third circle are the 

longest. At least two further changes occurred in the Chromadorea; in the Monhysterida 

the sensilla of the second circle are usually the longest but there are some reversals in this 

group, and in the Rhabditida the sensilla are usually all papilliform but some reversals have 

occurred again where the sensilla of the second circle are the longest. Therefore, there is as 

of yet no clear pattern and many reversals are likely to have taken place over time. Because 

the use of relative lengths is difficult, this character needs to be used with care. 

# 8: The lateral sensilla of the second circle are shorter than the submedian sensilla 

In the present data set this character has only been observed in Sphaerolaimus 

gracilis de Man, 1884, and it therefore uninformative. It contributes only to the difference 

between S. gracilis and S. hirsutus. Lorenzen (1981/1994) reports a few other occasions 

where the sensilla of the same circle are of unequal length, however, this is a state that 

occurs only sporadically in the Nematoda and therefore seems to have evolved several 

times and in different groups. 

# 9: The presence of additional cephalic setae 

Additional cephalic setae have evolved at least in two groups independently. They 

are found in Prismatolaimus intermedins as well as in the Xyalidae. Without detailed 

ontogenetic and ultrastructural data no assessment can be made whether the additional 

setae are of the same evolutionary history in these two groups. 

#10—11: The presence of subcephalic and cervical setae 

Subcephalic setae evolved several times in many of the major taxa of the Nematoda 

except in the Rhabditida and they are only present in selected species for a family of even 

the same genus, i.e. in the genus Daptonema they are present only in D. hirsuitum and D. 

setosum (which might actually be the same species) but not in the other three species 

represented in this study. There must be a general underlying genetic potential for these 

setae to be developed but they probably only develop as phenotypic states when they are of 

significant advantage to the animals. The presence of cervical setae is probably 

plesiomorphic because most Enoplia and Chromadorea except the Rhabditida have cervical 

setae. Cervical setae have become lost in the Dorylaimia, Rhabditida and selected other 

taxa. 

However, since there is a sliding scale between the presence of subcephalic setae, 

cervical setae and somatic setae, the present homology estimate might be false and the 

presence of these setae has different evolutionary origins. As for the presence of additional 
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cephalic setae, only detailed ontogenetic and ultrastructural studies can reveal the true 

homology of these setae. 

#12: The presence of dereids or cervical papillae 

The evolutionary origin of the dereids is controversial. They are found in most 

Rhabditida and Plectida and selected species of the Dorylaimia (Mononchus truncatus 

Bastian, 1865, and Aporcelaimellus obtusicaudatus in this study). Ward et al. (1975) and 

Lorenzen (1981/1994) argued that they are displaced sensilla from the outer cephalic 

sensilla circle based on findings of similar underlying neuron structures by Chitwood & 

Wehr (1934). Lorenzen also found lone pairs of sensilla between the amphids and the 

nerve ring in a similar position to the dereids in some other Enoplia. Alternatively, the 

dereids are an organ of independent evolutionary origin (e.g. de Coninck, 1942; Gerlach, 

1966). According to the current data set the plesiomorphic state for the Nematoda is most 

likely the absence of dereids but their presence in the Rhabditida plus Plectida is a 

synapomorphy for this group. 

#13: The presence of cervical alae 

Cervical alae are only found in selected species of the Ascaridoidea and its presence 

is probably a synapomorphy for the Ascaridoidea or even for the Ascaridomorpha. Those 

species lacking cervical alae in this group have probably lost them secondarily. The 

plesiomorphic state for the existence of cervical alae in the phylum Nematoda is probably 

its absence. 

# 14: j'Aope 

The plesiomorphic state of the amphids is probably pocket-shaped because this is the 

predominant type in all Enoplea. Prismatolaimus intermedins is one of two exceptions in 

this data set because its amphids are dorsally spiral rather than pocket shaped; the other 

exception is the Tripyloididae that have ventrally spiral amphids. Such ventrally spiral 

amphids are the most common type and probably the plesiomorphic state in the freeliving 

Chromadorea. In the genus Axonolaimus de Man, 1889, the amphids have become 

elongated to a long loop while in the Monhysterida the spiral is reduced to a simple circle. 

In the Chromadoridae the amphids of many species are reduced to slits but a resemblance 

to a ventral loop can still be found. There are some potential reversals where the spiral 

amphid is reduced to a round amphid in the Plectidae {Plectus acuminatus Bastian, 1865) 

and Monoposthiidae and the round amphid evolved back into a ventrally spiral amphid in 

Diplolaimelloides meyli. In all Rhabditida and in the Trichinelloidea and in Isolaimium sp. 
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the amphids are reduced to a simple pore. If the Plectidae are part of the Rhabditida a 

reversal occurred here back to ventrally spiral amphids. Overall, the amphid shape is rather 

consistent and a few reversals or multiple reductions are easily explained. Therefore, the 

amphid shape is probably a good diagnostic character for the evolution of nematodes. 

#15: The position of the amphids 

The position of the amphids does not present a regular pattern. The most likely 

plesiomorphic state is behind the cephalic sensilla in the head region. The amphids moved 

backwards behind the head numerous times in the Enoplia, in a number of genera of the 

Monliysterida and other Chromadorea and in Teratocephalus lirellus. They moved into the 

labial region in the Rhabditida but there are a number of reversals where the amphids are 

found around the level of the third sensilla circle. The amphids are also found in the labial 

region in the Trichinelloidea and Isolaimium sp.; both taxa also have pore-shaped amphids. 

The amphids are found within the third sensilla circle in selected taxa in the 

Chromadoridae, Desmodoridae and Rhabditina as well as in Mermis nigrescens. More data 

are needed to draw detailed conclusions on the history of the position of the amphids. 

However, two points become clear: pore-shaped amphids are almost always found in the 

labial region and the amphid position behind the head and buccal cavity evolved several 

times from ancestors with amphids within or just posterior to the third sensilla circle. 

#16: The lateral position of the amphids 

In almost all species the amphids are found strictly lateral on each side of the body. 

However, there are some exceptions when the amphids are slightly displaced to the dorsal 

side. This data set only included three such cases from three of the four infraorders of the 

Rhabditida. Here, the amphids are found either in the labial region or in the posterior part 

of the head. This data set does not provide sufficient information on the homology of the 

displacements. However, it can be concluded that the plesiomorphic state is most likely a 

strictly lateral position of the amphids. 

#17: Sexual dimorphism of amphid size 

In most species the amphids of the male and female are equal in size, at least relative 

to they body diameter. However, in a number of freeliving nematodes from a diverse set of 

taxa one sex (usually the male) has larger amphids. Therefore, equally-sized amphids are 

probably plesiomorphic and an increase in size has occurred several times in the 

evolutionary history. Sexual dimorphism is most common in spiral or round amphids, rare 

in pocket-shaped amphids and absent in pore-shaped amphids. The position of the sexually 
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dimorphic amphids is usually posterior to the third sensilla circle or posterior to the head, 

rarely within the third sensilla circle and never in the labial region. 

# 1 8 - 1 9 : The presence of a cephalic capsule 

There are two types of cephalic capsules that are of different evolutionary histories. 

Both types are probably apomorphic features. One type is found in the Enoploidea and 

here in all representatives of this superfamily, the other type is found in at least two genera 

of the Desmodoridae, Desmodora and Laxus. At least the second type evolved several 

times in the Desmodoridae because at least in this data set the three species with a cephalic 

capsule do not form a monophyletic group. 

# 20: The presence of a cephalic framework 

A cephalic framework is present in almost all Tylenchomorpha. In this selection of 

species only Geocenamus quadrifer (Andrassy, 1954) is lacking such a structure. A 

cephalic framework is probably a synapomorphy for the Tylenchomorpha. It is most likely 

that it evolved only once and the lack of the cephalic framework in some Tylenchomorpha 

is the result of secondary loss. 

#21: Dorsal and ventral cuticular inflation on the head 

Selected taxa in the Plectidae, here Tylocephalus auriculatus (Butschli, 1973) and 

Wilsonema schuurmansstekhoveni (de Man, 1880, de Coninck, 1931), possess extensive 

cuticular structures on either side of the head. This structure is unique to the Plectidae and 

not homologous to the cervical alae of the Ascaridomorpha (#13) or the cuticular inflations 

of the Strongylidae (#149). The structure has probably only evolved once but more data 

from other taxa are needed to verify this observation. 

# 22: The presence of cephalic organs 

Cephalic organs are found in the genera Enoplus and Enoploides Ssaweljev, 1912. 

Their function is unknown but it is possibly of chemosensory nature. The cephalic organs 

probably only evolved once and they are apomorphies for these two genera. 

# 23: The structure of the lips 

Both phylogenies suggest that the plesiomorphic state of the lips in the Nematoda is 

the presence of six open, equally shaped and clearly distinguishable lips. This is in 

accordance with previous suggestions that the basic anterior structure of the nematodes is 

hexapartite. However, as can be seen from the following discussion, the presence of three 

lips and subsequent division of each lip to form the hexapartite structure is evolutionarily 
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just as plausible. Most Enoplia possess only three lips, one dorsal and two sub-ventral lips. 

In the Tripyloididae each lip is partially divided forming three bilobed lips. In many 

Dorylaimia all lips have become merged and often none of the original lip structures 

remain visible. Some taxa of the Dorylaimida retain six lips. Most Chromadorea possess 

six, open lips, two sub-dorsal, two sub-ventral and two lateral ones; many species of the 

Desmodoridae have lost their lips entirely. In Teratocephalus lirellus the six lips are 

extended to form six deep incisures and six extensions. In numerous taxa of the 

Rhabditidae the six lips have become closed. Depending on the true phylogeny, reversals 

to the open state may also have occurred. In the Strongyloidea the lips have also become 

merged to form an oral membrane but this structure is different to that of the Dorylaimida. 

In Strongylus equinus the lips evolved into a leaf crown (corona radiata). The 

Cephalobidae and the majority of the Panagrolaimidae retain the six lips. However, in 

Panagrobellus stammeri the six lips have become displaced from the normal axis by 30° to 

form six pseudolips with extensions. The Strongyloidoidea also only possess three lips but 

these are slightly different from those found in the Enoplia. In the majority of 

Tylenchomorpha the lips are again merged to form an oral disc. This disc is very distinct as 

it can contain pseudolips, remains of the lateral lips or four distinct pseudolips in the 

males. The oral disc is often off-set from the cephalic annules. In an analysis of the 

Tylenchomorpha alone it is probably possible to allow further distinctions between 

different types of oral discs. However, for the analysis of the whole phylum too many 

states would have been needed to distinguish further between such sub-structures. The 

Spiruromorpha present the fourth type of merged lips and the state should have been 

separated from that of the Strongyloidea. In many Spiruromorpha, the lips have entirely 

disappeared. In Ascarophis arctica, two lateral pseudolips are still detectable. In 

Gnathostoma turgidum the six lips have become merged to two fleshy, trilobed lips. All 

Ascaridomorpha have three lips. These can be accompanied by three interlabia and/or by 

denticular ridges along the inside of each lip. However, after comparing the two 

reconstructions it is not clear how the four combinations, three plain lips, three lips plus 

three interlabia, three lips with denticles and three lips with denticles plus three interlabia, 

have evolved from each other. Considering that the hexapartite structure only occurred at 

the transition from the Enoplea to the Chromadorea there may be a case to argue that in 

fact three lips constitute the plesiomorphic state and that each lip became divided to form 

six lips in the Chromadorea. 
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Labial and cephalic probolae are only present in the Cephalobidae. They take 

different forms in the respective species. However, if each differentiation was coded as a 

different state the states had become uninformative and parsimony would have 

distinguished each species of the Cephalobidae as unique compared to all other taxa. The 

probolae probably only evolved once in the ancestor of the Cephalobidae and within this 

group they either evolved into elaborate tentacle-like structures or they became reduced to 

or remained as just small, triangular extensions on the anterior end of the worm. 

# 25: The cuticular pattern on the inner surface of the lips 

Transverse striations only occur in Enoploides brunettii in the current data set and 

longitudinal striations only occur in three unrelated species {Daptonema setosum, 

Desmolaimus zeelandicus and Gnathostoma turgidum). The different types of striations 

probably evolved from different structures although it is possible that the longitudinal 

striations evolved once in the Monhysterida from the same structure and other species of 

this order suffered a secondary loss. More data are needed to make a clear judgement on 

this character and its history. 

# 26: The presence of longitudinal striations (rugae) on the inside of the vestibulum 

Longitudinal striations originate from the cheilorhabdia of the buccal cavity 

(Chitwood & Chitwood, 1950). According to Chitwood & Chitwood (1950) rugae are the 

equivalent to the 12 odontia and replace the lips. They occur at least in all Chromadorida. 

Rugae are also present in the Monoposthiidae. Their presence in Molgolaimus demani is 

debatable; the author saw some structure resembling rugae in Molgolaimus but it may have 

been an artefact of preservation. Micoletzky (1925) reported a folded vestibulum in 

Daptonema setosum but the presence may also be debatable. The six cuticularised tooth-

like structures m Ascolaimus elongatus Biitschli, 1874, are probably of the same origin 

(Chitwood & Chitwood, 1950). Therefore, the rugae may have evolved once in an ancestor 

of the Chromadorea and are subsequently lost either with the reduction of the buccal cavity 

in the remaining freeliving Chromadorea or with the development of the more elaborate 

rhabditoid buccal cavities. Alternatively, they evolved separately in the different families. 

Only more ontogenetic and ultrastructural data can provide answers to the true 

evolutionary origin of the longitudinal structures in the freeliving Chromadorea. 
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# 27: q / " o n q/"rAe vê f̂6w/wm 

Only two species of the Mononchida, Mononchus truncatus and Mylonchulus 

arenicolus feature transverse striations of the vestibulum. Without more data it is 

impossible to decide whether this is a common feature of this order and whether it has 

evolved once in the Mononchida and has subsequently been lost in some of its members. 

# 2 8 - 2 9 : The off-set nature of the lips and head 

Both these characters were treated with suspicion from the onset and were not 

included in the final analyses because they introduced considerable homoplasy into the 

data and provided dubious topologies when they were included in an analysis of otherwise 

reasonable characters. Mapping of these two characters onto the two selected phylogenies 

verifies this suspicion. The consistency indices are very low for both characters and a large 

number of repeated reversals are necessary to explain the data. Therefore, the off-set nature 

of the lips and/or head may have several evolutionary origins. It may be related to other 

features of the anterior part of the worm in which case different occurrences of these 

structures may not be homologous. Additionally, fixation and preservation may also play a 

significant role in the appearance of the outline shape of the anterior end and constrictions 

may actually be artefacts. 

#30: The orientation of the opening of the buccal cavity 

In almost all nematodes the buccal cavity opens strictly terminally at the anterior end 

of the body and this is also the plesiomorphic state for all nematodes. In this data set the 

character is uninformative because the two alternative states are only found in one species 

each; in Syngamus trachea the buccal cavity is dorsally displaced and in Bunonema franzi 

it is found at the right hand side of the head. These two states probably have different 

evolutionary origins and could also be coded as two separate characters. 

#31: The reduction in the development of the stylet in the Tylenchomorpha 

In both representatives of the Criconematoidea and in two representatives of the 

Pratylenchidae (Pratylenchoides ritteri Sher, 1970, and Radopholus similis) the stylet is 

reduced or absent in juveniles and/or males but becomes well developed in all females. 

Depending on the true phylogeny the reduction may have occurred once in the 

Tylenchomorpha or at least twice, once in the Criconematoidea and once in part of the 

Tylenchoidea. As long as conflicting hypotheses exist about the phylogeny of these groups 

no strong conclusions can be drawn. 
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# 32: Buccal cavity dimorphism in the females of Aduncospiculum halicti 

Two different types of buccal cavity morphologies, stenostomatous and 

eurostomatous, are found in the females of Aduncospiculum halicti. As this structure is 

unique to one species in this data set this character is uninformative and only contributes to 

the branch length but not directly to the topology of the phylogenies. After the analysis was 

conducted the author became aware that this buccal cavity dimorphism is relatively 

common in the Diplogasteromorpha (von Lieven & Sudhaus, 2000). However, it most 

commonly occurs in both sexes, as it does for the other species in this data set, 

Pristionchus pacificus. Therefore, the general dimorphism is probably a synapomorphy for 

the Diplogasteromorpha but the sexual dimorphism only evolved once in the 

Diplogasteridae in Aduncospiculum halicti and possibly some of its relatives. 

#33: The structure of the oesophageal tissue around the buccal cavity 

The oesophageal tissue reaches around the buccal cavity to different degrees in 

different taxa and species. The coding for this character only took into account the gross 

morphology of this feature. However, ultrastructural analyses of the oesophageal tissue and 

the buccal cavity lining of the Rhabditida (e.g. de Ley et al, 1995) have shown that the 

homologies are more fine-structured. Because little data are available for species outside 

the Rhabditida the fine structure was not taken into account for this character. However, a 

more detailed discussion of the buccal cavity structure is provided in Section 9.2 below 

and therefore no interpretation of this character is given here. 

# 34: The cuticularisation of the inner oesophageal tube 

In the ancestral nematode the oesophageal tube was probably fully cuticularised and 

a partial or full reduction of the cuticularisation occurred several times over the 

evolutionary history. The multiple reductions, even if they occur in the same part of the 

oesophagus, may not be homologous. Additionally, for many species no data were 

available. Therefore, this is probably not a very strong candidate for the reconstruction of 

the phylogeny of the Nematoda, at least not until more data are available. 

# 35 - 37: The internal structure of the oesophageal tube 

In most nematodes the oesophageal tube is tripartite throughout the whole structure; 

in some nematodes it is entirely rounded. However, in some species, e.g. Xiphinema, 

Zeldia punctata (Thome, 1925) and Bunonema franzi, the structure changes from tripartite 

to round and vice versa. The plesiomorphic state is most likely the tripartite structure and 

the oesophagus opened up into a rounded structure in many groups several times over the 
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evolutionary history. Such changes may be homologous or homoplastic and only more 

detailed ontogenetic and ultrastructural data can reveal the true evolutionary history. 

#37: q/"a AeAveeM 

A distinct isthmus between the metacorpus and postcorpus is the result of a 

narrowing of the oesophagus and its surrounding tissue. Its presence usually coincides with 

the existence of a bulb in either the metacorpus (#41) or the postcorpus (#44) or both 

(Plectidae, Rhabditida, Tylolaimophorus minor). In the Rhabditida an isthmus is only 

missing in the Strongyloidea except in Heterorhabditis bacteriophora and in some 

Filarioidea. In those species of the Filarioidea where an isthmus is present no bulb is 

developed. In the majority of species the presence of an isthmus may simply be the result 

of the existence of one of the bulbs but that does not account for the presence in the 

Filarioidea. Either the isthmus of the Filarioidea is not homologous to that of the remaining 

Rhabditida or it is an independent structure. Therefore, if the isthmus is an independent 

structure it is probably absent in the nematode ancestor and evolved in the ancestor of the 

Plectida plus Rhabditida. In the Rhabditida it has probably been lost secondarily in the 

Strongyloidea and Filarioidea. Its presence in Tylolaimophorus minor (Enoplea) may be of 

separate evolutionary origin. 

# 39: The presence of a muscular procorpus 

The procorpus is muscular in all nematodes except the Trichodoridae. The reduction 

of the oesophageal musculature probably occurred once in this group and the presence of a 

muscular procorpus is the plesiomorphic state for the Nematoda. 

# 40: The presence of a muscular metacorpus 

Similar to the previous character, the metacorpus is muscular in almost all nematodes 

and therefore this is the plesiomorphic state. A reduction of the oesophageal musculature 

occurred at least twice, once in the Trichodoridae and once in Cyartonema elegans. In the 

Filarioidea and Setaria digitata the oesophageal musculature has been replaced by the 

extension of the oesophageal glands. 

#41: The presence of a bulb in the metacorpus 

A bulb in the metacorpus is commonly present in the Rhabditina and Tylenchina but 

only rarely present in the remaining nematoda (here in Tylolaimophorus minor and Laxus 

spp.). The presence of such a bulb is therefore probably a synapomorphy in the Rhabditina 

and Tylenchina and an apomorphy in Tylolaimophorus minor and Laxus spp. The bulbs in 

the Rhabditina and Tylenchina are probably homologous to each other but those in the 
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other taxa may be of different evolutionary origin. Not all taxa in the Rhabditina and 

Tylenchina possess such a bulb, which probably became secondarily reduced in 

Panagrolaimomorpha, Strongyloidea except Heterorhabditis bacteriophora and some 

species of the Cephalobidae and Rhabditidae. Depending on the true phylogenies of the 

latter two families, reversals from the absence back to the presence of a bulb may have 

occurred. 

# 42: a mYA va/vg m 

Since the ancestral nematode probably did not have a bulb in the metacorpus (see 

previous character) it is also unlikely that it had a valve in this position. A valve in the bulb 

of the metacorpus is only found in the Diplogasteroidea and Tylenchomorpha in the 

present study. Its presence is probably an apomorphy of the Diplogasteroidea. As long as 

the true phylogeny of the Tylenchina is unknown, it is uncertain whether the valve is a 

synapomorphy of the Tylenchina with secondary losses in the Panagrolaimomorpha and 

Cephalobidae or whether it is a synapomorphy of the Tylenchomorpha if these are 

monophyletic. The valve is probably not of the same evolutionary origin in the 

Diplogasteroidea and Tylenchomorpha and evolved twice over the evolutionary history. 

# 43: The presence of a muscular or glandular postcorpus 

As with the structure of the procorpus (#39) and metacorpus (#40), the postcorpus is 

also muscular in most nematodes and this is probably the plesiomorphic state for the 

phylum. The musculature of the postcorpus is replaced by the oesophageal glands in 

several groups: Trichodoridae, Dorylaimida, Isolaimium sp., Filarioidea including Setaria 

digitata, Diplogasteroidea and Tylenchomorpha. Because of the different nature of the 

oesophageal glands in the different groups (see below) the different types of glandular 

postcorpi are probably of different evolutionary origin and synapomorphies for the 

respective taxa. In the current set of taxa no reversals have to be accounted for in any of 

the groups apart from the Tylenchomorpha. In the last group reversals have occurred if the 

Tylenchomorpha are not monophyletic within the Tylenchina. 

# 44: The presence of a bulb in the postcorpus 

A bulb in the postcorpus is found in many Chromadorea but not in the Enoplea 

(except Syringolaimus striatocaudatus and Campydora demonstrans). Instead, in the 

Dorylaimida excluding Belondira apitica and in Isolaimium sp. the postcorpus features an 

elongated swelling. Therefore, the plesiomorphic state in the Nematoda is probably the 

absence of a bulb. Independently from each other, the postcorpus either evolved into an 
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elongated swelling containing the oesophageal glands or into a bulb. The current 

reconstruction suggests that within the Chromadorea a bulb may have evolved in its 

ancestor and was secondarily lost in the Cyatholaimidae, in the Monhysterida with a 

reversal to the synapomorphic state for the Chromadorea in the Linhomoeidae and 

Comesomatidae, in the Axonolaimidae, in the Spirurina with a reversal to the 

synapomorphic state in Cruzia americana, in the Aphelenchoidea, Hoplolaimidae, 

Meloidogyne incognita, Pratylenchidae and in the Strongyloidea except Heterorhabditis 

bacteriophora. Alternatively, the bulb may have evolved independently in the 

Chromadoridae, Microlaimoidea, Desmodoridae, Linhomoeidae, Comesomatidae, 

Plectidae, Cruzia americana, Rhabditina, Anguinidae, Criconematoidea and 

Belonolaimidae with a reversal in the Strongyloidea. Whilst the first option is the more 

parsimonious one the second option is just as feasible. In the first case the presence of the 

bulb is a synapomorphy for the whole of the Chromadorea and of the same evolutionary 

origin, in the second case it is a synapomorphy for each individual clade whose species 

have developed a bulb and the different occurrences of a bulb may be of different 

evolutionary origins. 

# 45: The presence of a valve in the postcorpus 

Under almost all circumstances a valve is only present if a bulb is present in the 

postcorpus. In this data set a valve is present without the existence of a bulb in Longidorus 

elongates (de Man, 1876), Xiphinema spp. and Axonolaimus spinosus. In the former two 

species the postcorpus features an elongated swelling. No valve is present in the bulb in 

Syringolaimus striatocaudatus, Cyartonema elegans, the Desmodoridae except 

Acanthopharynx micans and Desmodora communis, Microlaimoidea, Terschellingia 

longicaudata, Comesomatidae, Halicephalobus gingivalis, Tylenchomorpha (where a bulb 

is present) and the Diplogasteroidea. The valve was probably absent in the ancestral 

nematode and evolved either once in the Chromadorea with subsequent losses in some 

groups or it evolved separately in the different taxa of the Chromadorea. In either case, it 

probably evolved separately in the taxa of the Enoplea. Therefore the valves of the Enoplea 

and Chromadorea are probably not homologous. Considering the proposed system from 

Figure 8.1, the valve in the postcorpus probably evolved several times in the Chromadorea 

where it constitutes synapomorphies for the respective groups. A few studies (Albertson & 

Thomson, 1976 {Caenorhabditis elegans]-, Zhang & Baldwin, 1999 [Diplenteron sp.], 2000 

[Zeldia punctata], 2001 [Teratocephalus lirellus]) have looked at the ultrastructure of the 
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postcorpus and when more data are available it can be determined whether the valves are 

of the same evolutionary origin in the different taxa. 

# 46: The presence of plasmic interruptions in the postcorpus bulb 

Plasmic interruptions are found in the postcorpus bulb in selected species of the 

Desmodoridae, Chromadoridae and Monoposthiidae. The ancestral nematode probably did 

not have plasmic interruptions especially if it did not have a bulb. The plasmic 

interruptions probably evolved separately in the three families and were lost secondarily in 

some of the species in which case they may not necessarily be homologous amongst the 

three families. Alternatively, the plasmic interruptions may have evolved in the ancestor of 

the Chromadorea for which they would be synapomorphic and secondarily lost in a 

number of families and at the point when the Monhysterida evolved. 

# 47: The presence of tooth-like cuticularisations in the postcorpus bulb 

Strong cuticularisations taking on the resemblance of teeth are found only in three 

species of two different orders in this data set (Plectus acuminatus, P. aquatilis Andrassy, 

1985, and Zeldia punctata). Therefore, this structure probably evolved twice independently 

and the two occasions may not be homologous. 

# 48: The presence of a double haustrulum in the postcorpus bulb 

A strong cuticularisation forming a double haustrulum in the postcorpus bulb is only 

found in selected species of the Rhabditidae. In the reconstruction using only 

morphological characters this character unites all species with this feature while in the 

reconstruction using the combined analysis, species with the double haustrulum are found 

in both major clades of the Rhabditina and several reversals are necessary to explain the 

data. Because this feature is very conservative in all species it probably only evolved once 

and was subsequently lost numerous times but more ultrastructural data will be able to 

provide a clarification of the homology of the haustrulum. 

# 49: The presence of oesophageal tubes 

Because of the lack of data no clear assessment can be made of the evolutionary 

history of the existence of three oesophageal tubes at the end of each of the arms of the 

tripartite oesophageal lumen. They either evolved somewhere in the Chromadorea and 

were lost secondarily in many taxa or they evolved independently in the different taxa of 

the Chromadorea where they are present. In any case they do not seem to be present in the 

Enoplea; however, this may be a false observations based on insufficient data. 
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# 50: q/"a 

A stichosome is present in the Mermithidae and Trichinelloidea. As long as the 

relationship between these two groups of the Dorylaimia are not certain no estimate can be 

made of the evolutionary history of the stichosome. However, since this is such a unique 

structure it suggests a unique origin and possible reversals or losses in those related tax a 

that do not posses a stichosome. 

#51: The reduction in the development of the postcorpus bulb in the Tylenchomorpha 

The bulb in the postcorpus is weakly developed in the males and juveniles in the 

same five species of the Criconematoidea and Tylenchoidea in which the stylet is reduced 

or absent as well as in the infective larval stage of Steinernema carpocapsae. The 

reduction probably occurred at least twice, once in the Strongyloidoidea and once in the 

Tylenchomorpha, but as long as conflicting hypotheses exist about the phylogeny of the 

Tylenchomorpha no strong conclusions can be drawn about the evolutionary origin of this 

feature. 

# 52: The sexual dimorphism of the buccal cavity and oesophagus of Calyptronema 

maxweberi 

Calyptronema maxweberi is a peculiar species in that the buccal cavity and 

oesophagus of the male are markedly different from that of the female. The buccal cavity 

and oesophageal musculature is markedly reduced in the male. The reduction probably 

occurred uniquely in this species. This character is uninformative for the phylogenetic 

reconstruction of this data set because it only occurs once. 

# 53: The number of oesophageal glands 

All nematodes possess at least three oesophageal glands but the majority of the 

Dorylaimia and Triplonchida possess five glands. In the Enoplida, dinuclear subventral 

glands are found in the Oncholaimidae and there are suggestions that there are possibly 

five glands in the genus Enoplus. However, few data are available for the majority of the 

Chromadorea. It is only known that the Ascaridomorpha, Tylenchina and Rhabditina 

possess tliree glands and that the glands of the Spiruromorpha are polynuclear. Without a 

clear knowledge of the relationships between the Dorylaimia and Enoplia and the lack of 

data for the freeliving Chromadorea it is difficult to estimate whether the plesiomorphic 

state is the presence of three or five glands. Because the Oncholaimidae (Enoplia) possess 

dinuclear subventral glands it was suggested by Chitwood & Chitwood (1950) that the 

primitive state was the presence of three glands and that the subventral glands became 
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doubled in selected groups of the Enoplea. If, however, the plesiomorphic state is the 

presence of five glands two subventral glands have become lost secondarily or merged in 

several groups of the Enoplia and possibly once in the Chromadorea. In either case, the 

multiplication of nuclei in the oesophageal glands of the Spiruromorpha must be of 

separate evolutionary origin compared to that of the five glands. 

In most nematodes the oesophageal glands are found entirely in the posterior part of 

the oesophagus and this is probably also the plesiomorphic state. In the Aphelenchoidea 

and Tylenchoidea excluding the Belonolaimidae the oesophageal glands extend over the 

cardia into the body cavity parallel to the intestine. This extension either evolved once in 

the ancestor of the Tylenchomorpha and was reduced subsequently in some taxa, or it 

evolved separately in the two superfamilies and was reduced in the Belonolaimidae. In 

either case it is likely that this character has a common evolutionary origin because the 

feature is very similar in all groups. 

# 5 5 - 5 6 : The position of the opening of the oesophageal glands 

The openings of the oesophageal glands are found in a variety of positions along the 

entire length of the oesophagus. There are only two clear patterns: firstly, the dorsal gland 

always opens anterior to the subventral glands and secondly, that if a second pair of 

subventral glands exists they open posterior to the first pair. There is no clear pattern as to 

how the openings of the glands have moved over the evolutionary history. However, it is 

possible that the opening of the dorsal gland at least was originally found in the anterior 

part of the oesophagus and subsequently moved further posterior because it is found in the 

anterior part in all Enoplia and freeliving Chromadorea. The subventral gland openings are 

more likely to have evolved further posterior in the oesophagus and moved anterior and 

into the teeth only in the Enoplida. All glands probably became displaced to open through 

the teeth secondarily but early in the evolutionary history because this position is found in 

Enoploides brunettii and in the Oncholaimoidea. Overall, more data are needed to clarify 

the evolutionary history of the oesophageal gland openings. 

# 57: The structure of the cervical gland 

The plesiomorphic state of the cervical gland structure is probably the presence of a 

unicellular and uninuclear gland cell with a duct opening to the ventral side of the animal. 

This type is present in all nematodes except the Plectidae and Rhabditida. In the Plectidae 

three glands are found that are connected to the terminal duct that is cuticularised at its 
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end. The three glands possibly evolved from the single gland by multiplication. In the 

evolution of the Rhabditida the single gland became double and two lateral canals 

developed that can reach almost the entire length of the body. In some groups the glands 

were finally lost and in others one of the canals was partially or completely reduced. There 

are many different degrees of development of the lateral canals that have been discussed 

extensively by Chitwood & Chitwood (1950). The rhabditoid types either evolved straight 

from the plesiomorphic type or from the plectoid type depending on whether the Plectidae 

are part of the Rhabditida or their sister taxon. Contrary to Chitwood & Chitwood (1950) 

and other popular opinion the rhabditoid system of elaborate canals is not the 

plesiomorphic state of the cervical gland system but a specialised feature that evolved later 

from the simple gland found in the more ancestral nematodes. Alternatively, the two 

systems have entirely different evolutionary origins, hi this case the unicellular gland is 

unique to aquatic taxa and was lost along those lineages that became fully terrestrial or 

parasitic and the system with lateral canals only evolved in the ancestor of the Rhabditida. 

# 5 8 - 5 9 : The position of the unicellular cervical gland 

When only a single gland is present this may extend into the intestinal region and 

may lie either ventrally or (sub-) laterally to the digestive tract. In most species it is 

observed on the ventral side of the body but in the genus Enoplus it is on the left side, in 

Viscosia viscosa on the right and the glands in the Plectidae are found ventrally and 

subdorsally. Without more data the plesiomorphic state cannot be determined. The gland is 

found restricted to the oesophageal region in the genus Enoplus and in Pontonema vulgare 

in this data set. Its presence and position are uncertain in most Triplonchida and 

Dorylaimia and it is found in the intestinal region in those Chromadorea where a 

unicellular gland has been observed. Because there are so much missing data it is uncertain 

where the gland was situated in the primitive nematode. 

# 6 0 - 6 1 : The position of the excretory pore 

In most species the excretory pore is found in the oesophageal region and this is 

probably the plesiomorphic state. Over evolutionary time it moved into the head region to 

open between the lips or further back into the intestinal region. The respective changes 

probably occurred several times independently because the anterior position is found in 

several different orders and the posterior position is found in at least three different 

suborders of the Rhabditida, the Tylenchomorpha, Rhabditomorpha and 

Diplogasteromorpha. There is, however, no clear indication of a pattern with respect to the 

position in the oesophageal region anterior or posterior to the nerve ring. 
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# 62: a 

The hemizonoid was probably absent in the primitive nematode. In this data set it is 

almost exclusively found in the Rhabditida with the exception of the Longidoridae and 

Tylocephalus auriculatus (Plectidae). In the Rhabditida it is found at least in parts of the 

Cephalobidae, Tylenchomorpha and Rhabditidae but no data were available for a number 

of tax a. However, its presence is probably a symplesiomorphy for the Tylenchina and 

possibly for the Rhabditina. It has been lost secondarily in those species of the Tylenchina 

were it is absent. Only more data can determine the real extent of the presence of a 

hemizonoid in the Nematoda. In this data set this character has a very low CI and is 

therefore probably not a very good character for the reconstruction of the phylogeny of the 

phylum. 

# 63: The presence of a cardia 

In most nematodes some structure resembling a cardia can be found. However, in 

many species there does not seem to be such a structure or it has been obscured, e.g. by the 

overlapping oesophageal glands. Originally the author coded this character with a number 

of states for different shapes but it proved very difficult to find any coherent homology 

assessment. The simple coding for the presence or absence of a cardia is probably not a 

very good alternative because the character has a very low CI. 

# 64: The shape of the cardial lumen 

In most nematodes the lumen of the cardia is triradiate or triangular as is the lumen 

of the oesophagus. This probably represents the plesiomorphic state. However, the cardial 

lumen opens up to take on a simple round cross-section in the Chromadoridae, 

Tylenchomorpha and several other species. In other groups, such as the 

Diphtherophoroidea, Tripyloididae, Monhysterida, Plectidae, Spiruromorpha, part of the 

Dorylaimida and Mononchida, and in Mermis nigrescens and Teratocephalus lirellus it 

became dorsoventrally flattened and at least in Mononchus truncatus it is vertically 

flattened. A flattening of the lumen, therefore, probably occurred several times during the 

evolutionary history of the Nematoda and is of independent origin in the different taxa. 

# 65: The presence of a posterior appendage on the cardia 

In a number of species of the Ascaridoidea the cardia possess a posterior appendage 

that can reach far back in the body cavity along the intestine. This feature may have 

developed once and has subsequently been lost in other taxa or it arose several times 
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independently in the Ascaridoidea. Only more data and a clearer knowledge of the true 

phylogeny of this group can provide a sound understanding of the evolution of this feature. 

# 66: The presence of a cardial valve 

In this data set a valve in the cardia has been observed in the Mononchidae, in most 

Tylenchomorpha and Haemonchus contortus. However, it is possible that a valve has been 

overlooked in many other species because it tends to be very small. A cardial valve does 

not occur in conjunction with a valve in the postcorpus of the oesophagus but probably has 

the same function of controlling the entrance of food into the intestine and of preventing 

gut contents being regurgitated. Judging by the current presence of such a valve it probably 

developed several times in the Nematoda and was absent in the primitive nematode. 

# 67: The presence of cardial glands 

Cardial glands have only been observed in a few species so far but may have been 

overlooked in many species, as they can be very small and difficult to observe. Without 

more data, no estimate of the evolutionary history can be made. 

# 68: The presence of symbiotic bacteria in the gut 

Symbiotic bacteria are present in the guts of many animals and in nematodes they are 

found in diverse groups, in this case in the two species of entomopathogenic nematodes, 

Steinernema carpocapsae and Heterorhabditis bacteriophora. Other nematodes contain 

bacteria in other parts of the body (see #148, on surface). The bacteria have probably been 

acquired at separate occasions during evolution of this phylum. Internal bacteria in 

parasitic species are closely related to the host-parasite interaction. 

# 69: The presence of a trophosome 

A trophosome is only present in the Mermithida. It has probably developed once in 

evolutionary history and was probably absent in the primitive nematode. This character is 

uninformative in this data set. 

# 70: The presence of an intestinal caecum or diverticulum anterior to the cardia 

An intestinal caecum or diverticulum that reaches anterior to the cardia is present in 

many Ascaridomorpha. It was probably absent in the primitive nematode but until the true 

phylogeny of the Ascaridomorpha is known no estimate can be made as to whether this 

feature developed once in this group or had several independent origins. 
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# 71: an caecw/M 

An extension of the intestine into the caudal region is found in a number of species 

of the Tylenchomorpha and Diphtherophoridae (here Tylolaimophorus minor). This feature 

developed at least twice, once in each taxon, but until the true phylogeny of the 

Tylenchomorpha is known it is unclear whether it has multiple origins in the latter group. 

There was probably no caecum of the intestine posterior to the gut in the primitive 

nematode. 

# 72: The reduction of the function of the rectum and anus 

The anus has been reduced in the adult nematode at least twice over the evolutionary 

history, in the Mermithida and Criconematoidea. In the two entomopathogenic nematodes 

the infective juvenile state has no functional rectum or anus. In all instances the reduction 

is related to the parasitic habitat of the animals. The reduction probably has several 

independent origins in the phylum Nematoda. The primitive nematode probably had a fully 

functional anus, especially if it was freeliving and parasitism arose from freeliving species 

as it is widely suggested (Blaxter et al., 1998, 2000; Dorris et al, 1999). 

# 73; The presence of a pre-rectum 

A true pre-rectum is only present in the Dorylaimida and Mononchidae, where it 

might be secondarily reduced (here mXiphinema theresiae Stocker & Kruger, 1987). In 

the Trichodoridae a different type of pre-rectum can be present but judging by the closer 

relationship of the latter taxon to the Enoplida the two types of pre-recta are probably of 

separate evolutionary origin. The primitive nematode probably did not have a pre-rectum. 

# 7 4 - 7 5 ; The position of the gonads relative to the intestine 

Lorenzen (1981/1994) introduced this character. Previously, the positions of the 

gonad relative to the intestine had not been recorded for many species. The feature is also 

difficult to determine in preserved specimens because the inner organs become difficult to 

distinguish after long preservation times. Therefore, the author was hardy ever able to add 

additional data and almost solely relied on the data that were available in the literature of 

which there was little available for the non-aquatic species. The position of the ovaries is 

generally consistent within families and even orders but there are many changes from right 

to left and vice versa and also to subventral positions between major taxa. Without 

knowledge of the states for the Dorylaimia and Rhabditida no estimates can be made of the 

evolutionary history of this character. 
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# 76: 77(6 rAe 

The presence of two opposed, fully developed ovaries is most probably the 

plesiomorphic state for the phylum. Investigations into the development of germ cells 

found that even in such species that only develop one ovary genital primordia are present 

for both ovaries (Chitwood & Chitwood, 1950). From this state several different reductions 

have occurred. The anterior or the posterior ovary has either been lost completely or it has 

become reduced to form a pre- or post-vulval sac. The Spirurina are united by the 

synapomorphy of two posterior ovaries; only Ascarophis arctica retains the plesiomorphic 

state of two opposed ovaries. The move of the anterior ovary to face posterior is connected 

to the anterior position of the vulva (see #79A and #8OA). In the Tylenchina the posterior 

ovary has either been reduced to a post-vulval sac or lost in many taxa. The most 

parsimonious solution for the ancestor of this suborder under the current data set is the 

presence of only one anterior ovary with a post-vulval sac. However, considering the more 

likely evolutionary scenario of a reduction of one ovary rather than the re-development of a 

previously reduced ovary suggests that two opposed ovaries may be the ancestral state for 

the Tylenchina. At least in Globodera pallida and Meloidogyne incognita the vulva is 

found terminally (see #79F and #80C) and the two ovaries are effectively placed anteriorly. 

In the Rhabditina a reduction of the posterior ovary has also taken place many times and at 

least in Syngamus trachea the vulva moved forward to provide space for two backward-

facing ovaries. A multiple reduction of one of the ovaries has therefore occurred many 

times in the evolutionary history and in some cases a previously reduced ovary has become 

re-developed. 

# 77: The shape of the ovaries 

The majority of the Enoplea and the Chromadorida have antidromously-reflexed 

ovaries, which are probably the plesiomorphic state. In some groups, such as the 

Trichinelloidea, Mermis nigrescens, Isolaimium papillatum, the Microlaimidae, 

Axonolaimidae and the majority of the Monhysterida the ovaries have become 

outstretched. In the Rhabditina and Panagrolaimomorpha the flexure changed to the 

homodromous state. In a few species the flexure turned back to the antidromous shape (e.g. 

Bunonema franzi, Diplogasteroidea, Panagrellus redivivus, Heterorhabditis 

bacteriophord). In the Cephalobidae the flexure is found at a novel position resembling the 

antidromous state; this state probably only developed once in their ancestor. In the majority 

of the Tylenchomorpha the ovaries are again outstretched. In saccate females (see #127) 

and in the majority of Spirurina the ovaries lie in multiple coils in the body cavity of the 
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females. It is quite plausible that the ovaries may change from a reflexed position to an 

outstretched position depending on how much space is available parallel to the intestine. 

Apart from several reversals in the Rhabditidae between the two reflexed states this 

character seems rather consistent in the phylum despite its low CI. Nevertheless, this 

character was also only introduced by Lorenzen (1981/1994) and might still prove suitable 

for the phylogenetic reconstruction of the Nematoda. 

# 78: q / " n ) ; o / " o v a / y 

The tip of the ovary can be folded over in a variety of species in most major taxa of 

the Nematoda. There is no clear pattern but there are also no reversals in this data. The fold 

is probably related to the available spaces and it can occur in all types of ovaries. The 

primitive nematode probably did not have ovaries with folded tips. 

#79 - 80: The position of the vulva along the body 

In the majority of nematodes, the vulva lies in the intestinal region somewhere 

roughly between the middle of the body to the beginning of the last third of the body 

length. This is probably the plesiomorphic state. In a few Tylenchomorpha (here 

Globodera pallida and Meloidogyne incognita), the vulva is terminal. In Trichinella 

spiralis and in the majority of the Spiruromorpha and some Ascaridomorpha, the vulva lies 

in the oesophageal region. Since the vulva is found in the anterior intestinal region in the 

majority of the other Spirurina the forward move of the vulva probably occurred once over 

evolutionary time in this subclass but it moved past the cardial region only in selected 

species. The anterior position in the Trichinellida is probably of separate evolutionary 

origin. The posterior movement probably occurred several times in different groups. In the 

Tylenchomorpha, there is an overall tendency of a posterior position of the vulva but it 

probably moved to the terminal position at several times in the evolutionary history. 

However, a finer analysis with separate characters for the relative position of the vulva 

along the intestine proved very inconsistent. 

#81: The Demanian organ 

The Demanian organ is only found in certain species of the Oncholaimidae, here in 

Adoncholaimus fuscus and Viscosia viscosa. It probably is a synaponiorphy for this taxon 

and was lost secondarily in other species (here Pontonema vulgare). 

# 8 2 - 83: Reproduction: oviparity versus ovoviviparity 

Most nematodes lay eggs from which the larvae hatch in the environment. However, 

in all major clades except the Tylenchomorpha some species release live young or lay eggs 
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containing well-developed larvae. The change from oviparity to ovoviviparity probably 

occurred several times and depending on the true phylogeny of the Rhabditidae some 

reversals may also have occurred. It is possible that in the Spiruromorpha a succession 

occurred from species laying eggs to those laying eggs containing well-developed larvae to 

species that release live young. In any case, oviparous reproduction is probably the 

plesiomorphic state for the Nematoda. 

# 84: 

Spermathecae are found in a few groups in the Enoplea {Trichodorus primitivus [de 

Man, 1880], Mermis nigrescens and Xiphinema partim) and in many Rhabditida, especially 

in the Cephalobidae and Tylenchomorpha. The structure of the spermathecae varies and 

therefore it is possible that they are of different evolutionary origin, in which case this 

character should have been divided into individual characters. However, the primitive 

nematode probably did not possess any spermathecae. 

#85; The presence of an ovijector 

An ovijector is found in a variety of families {Xiphinema, Tylocephalus auriculatus, 

Gnathostoma turgidum, Filarioidea, Cruzia americana, Trichostrongylidae) but many of 

their relatives do not possess such a structure. The primitive nematode probably did not 

possess this organ and it is likely that it developed independently in the different families. 

# 86: The presence of the Z-organ 

A so-called Z-organ is only found in the genus Xiphinema but not in all species and 

when it has been observed it can be more or less well developed. This organ is probably a 

synapomorphy for the Xiphinema and was secondarily reduced in some species. 

# 87: The presence of vulval papillae 

In this data set vulval papillae are only found in two species of the Dorylaimida, 

Aporcelaimellus obtusicaudatus and Paractinolaimus macrolaimus. Without more data it 

is difficult to say if the presence of vulval papillae is a synapomorphy for all Dorylaimida 

or only a subgroup thereof or whether they are of different origins altogether. 

# 88: The presence of vulval flaps 

Elaborate flaps covering the vulva opening are only found in selected taxa of the 

Trichostrongylidae. Without more data it is not possible to determine whether the flaps are 

a synapomorphy of the Trichostrongylidae or whether they evolved several times in the 

selected species. 
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# 89: The presence of vulval glands 

Vulval glands have been found in a variety of species from different major taxa. 

There are still too few data to determine whether they developed once in the primitive 

nematode or whether they are of separate evolutionary origin. As with the presence of the 

cardial glands (see #67) it is possible that vulval glands have been overlooked in many 

species. 

# 90; The number and position of testes 

Nematodes either possess two opposed testes or one anterior or, more rarely, one 

posterior testis. As discussed for the number of ovaries (# 76), even those species with only 

one testis possess two genital primordia leading to the conclusion that a single testis is lost 

and the ancestral nematode possessed two testes. This is in accordance with the current 

phylogeny. Most Enoplea and many freeliving aquatic Chromadorea possess two opposed 

testes but some Enoplia, Chromadorida, Desmodoridae and all Rhabditida only have one 

anterior testis. Some species of the Cyatholaimidae, Microlaimoidea and Plcctidae have 

two opposed testis forcing some reversals. The Trichinelloidea only possess one posterior 

testis and Meloidogyne incognita (and also other Meloidogyne species) may have two 

anterior testes when the juvenile originally developed as a female and then underwent a 

late sex change to become a male. Despite the relatively recent introduction of this 

character by Lorenzen (1981/1994) its evolution seems to be quite consistent in the 

phylum. 

#91: The structure of the testes 

There is no real pattern as to when the testis or its tip is reflexed. A reflex is found in 

most orders except the Chromadorida, Microlaimoidea and Desmodoridae. The primitive 

nematode probably had no flexure but this cannot be taken as certain. However, no 

distinction was made between a testis that was only reflexed at the tip of the germinal zone 

and one that was reflexed in the growth zone because in many cases no figure was given 

and the descriptions only state 'testis reflexed'. 

# 92: The number of spicules 

Almost all nematodes possess two spicules and that is probably also the 

plesiomorphic state. At least twice the spicules were lost independently, once in 

Monoposthia costata and in the Trichinelloidea. In the latter case, there may be one spicule 

present {Trichuris muris) or none (Trichinella spiralis). 
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# 93 - 94: The size and shape of the spicules 

In most nematodes both spicules are of the same size and shape and these are 

probably the plesiomorphic states. However, in some species of the genus Plectus, in 

Calyptronema maxweberi, and in Teratorhabditis synpapillata the two spicules are of 

different size. In some species of the genus Enoplus and in many species of the Spirurina, 

the two spicules are not only of different sizes but also of different shapes. In the 

Ascaridomorpha a number of reversals from equal to unequal spicules and vice versa are 

found. However, this applies more to the size than the shape. The change in spicule size 

and shape probably occurred several times in the evolutionary history of this character. 

# 95: The fusion of the spicules 

In most nematodes the spicules are separate and this is probably the plesiomorphic 

state. However, at least in Haemonchus contortus the spicules are fused along almost their 

entire length while they are partially fused distally in the Rhabditidae clade 1 and in 

Nematodirus battus. The fusion of the spicules either occurred once in the Rhabditomorpha 

with several reversals back to the plesiomorphic state or at least twice, once in the 

Rhabditidae clade 1 and once in the Trichostrongylidae. The full fusion in Nematodirus 

battus is probably an extension to the partial fusion seen in the other species. 

# 96: The presence of ventral alae on the spicules 

Ventral alae are only present in the Chromadorea and in Syringolaimus 

striatocaudatus, at least in this data set. Within the Chromadorea, ventral alae developed 

many times in the different orders and families and at least in the Panagrolaimomorpha and 

Spirurina reversals seem to have occurred. The primitive nematode probably did not 

possess ventral alae on the spicules as they are absent in almost all Enoplea. 

# 97: The presence of a sheath around the spicules 

A (thorny) sheath around the spicules is found only in Trichuris muris in this data 

set. The primitive nematode probably did not possess such a sheath and it only developed 

in the ancestor of the genus Trichuris. This character is uninformative for this data set. 

# 98: The presence of a gubernaculum 

A gubemaculum is present in most major taxa with the exception of the Dorylaimia 

(excluding the Mononchida). It has been lost several times over the evolutionary time, 

especially in many species of the Spirurina. Therefore, the gubemaculum was probably 

present in the primitive nematode. However, the structure of the gubemaculum differs in 
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the different taxa. It may be a simple guiding piece or it can be constructed from several 

different pieces. It is difficult to construct true homologies between the different types but 

all gubemacula may actually have developed from the same original structure. 

# 99: The presence of two lateral accessory pieces 

Instead of a true gubemaculum, the Dorylaimida possess two lateral accessory pieces 

that take the function of the gubemaculum to guide the spicules out of the cloaca. Such 

accessory pieces are also found in the Mononchida which therefore possess both structures. 

The lateral accessory pieces probably developed in the ancestor of the Dorylaimia and 

have subsequently been lost in the Mermithida and Trichinellida. 

# 100; The presence of apophyses on the gubernacula 

One or two apophyses on the gubemaculum are not commonly observed in the 

Enoplea (here only Enoplus anisospiculum Nelson et al, 1972) but they are common in the 

Monhysterida, Axonolaimidae, Plectidae and some Desmodoridae. They are almost 

entirely absent in the Rhabditida, which usually possess very simple gubemacula but an 

apophysis can be found in some species of the Panagrolaimidae. The apophyses are lost in 

some species of the Monhysterida and Plectidae. The primitive nematode probably did not 

possess an apophysis and this character may have arisen several times independently. 

#101: The presence of rectal glands 

Rectal glands are found in many species of the Rhabditida and some other species. 

As with the other glands, rectal glands may have been overlooked when species were 

examined. Within the Rhabditida several reversals may have occurred between the 

presence and absence of rectal glands. As long as it is not clear whether rectal glands are 

really rare in the non-Rhabditida no assessment can be made of its plesiomorphic state. 

However, they may be a synapomorphy for the Rhabditida. 

# 102: The presence of a ventral row ofpreanal papillae 

Preanal papillae are found in a ventral row in most groups of the Nematoda except in 

the Rhabditida. In the Rhabditida they are only found in Panagrellus redivivus, at least in 

this data set. In the Enoplea they are present in all Dorylaimia and most Triplonchida 

(except Prismatolaimus intermedins where they reach the oesophageal region) but absent 

in all Enoplida. Therefore, as long as the true relationship between the two subclasses of 

the Enoplea is uncertain no estimate can be made of the plesiomorphic state for the 

Nematoda. In the Chromadorea several reversals from a lack of such papillae to its 

presence and vice versa have occurred. 
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#103: 77:e a venrra/ m w q / " j P r e a n a Z 

Cup-shaped ventral papillae are only present in the Chromadoridae and probably 

constitute a synapomorphy for this family. They are probably derived from the papillae 

described in # 102 but the papillae in the Chromadoridae are all of exactly the same type 

whilst the other papillae summarized in # 102 are variable in their precise structure. 

# 104: The presence of a ventral row ofpreanal papillae that reaches all the way into the 

oesophageal region 

Ventral papillae usually do not exceed the level of the end of the anterior testis but in 

Prismatolaimus intermedins these papillae reach all the way into the oesophageal region. 

They are probably of the same origin as those described in # 102 and the extended range is 

an apomorphy for this species. This character is uninformative and its inclusion therefore 

does not alter the tree topology. 

#105: The presence of two subventral rows ofpreanal papillae 

Two rows of preanal papillae are found in a number of Dorylaimida, in the 

Mononchida and Mermis nigrescens as well as many Rhabditida. They are absent in most 

Tylenchomorpha and they have been lost secondarily in some Spirurina. In this data set 

they are also found in Metachromadora remanei and Trischistoma monohystera of the 

freeliving, non-Rhabditida nematodes. Amongst the Rhabditida, especially in the 

Strongyloidea, these papillae form the bursal rays when a bursa is present (see also # 109). 

As with # 102, no estimate of the plesiomorphic state can be made before the true 

phylogenetic relationship between the Enoplia and Dorylaimia has been established. 

# 106: The presence of two ventral preanal papillae with conical tips and a pore 

In Nudora bipapillata the ventral papillae are specifically modified. They are rather 

large compared to other papillae and possess a conical cone as well as a clearly visible 

pore. These papillae are probably also of the same evolutionary origin as those described in 

# 102. This character is uninformative and its inclusion therefore does not alter the tree 

topology. 

#107: The presence of adanal papillae 

Adanal papillae are mainly present in the Rhabditida and here in most Spirurina and 

Rhabditina and some species of the Panagrolaimomorpha, Cephalobidae and 

Aphelenchidae. In some species of the Spirurina and Rhabditina they have been lost 

secondarily. They are also commonly observed in the Dorylaimida and Trichinelloidea and 
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some other species of aquatic nematodes. It is uncertain whether adanal papillae were 

present in the primitive nematode as their presence in the Enoplea is scattered. 

# 1 0 8 : TTzg a q/" 

One row of postanal ventral papillae is found in a few taxa of freeliving nematodes, 

including the Mononchida, Mermithidae, Plectidae, Chromadoridae and Monhysteridae, 

however, its presence is inconsistent. Therefore, no estimate about the plesiomorphic state 

can be made. 

# 109: The presence of two subventral rows ofpostanal papillae 

Two rows of postanal ventral papillae are found in a variety of nematodes. They are 

present in some Enopha, in the Mononchidae, Isolaimium papillatum and Mermis 

nigrescens suggesting that this may also be the plesiomorphic state. They are also found in 

some Monhysteridae, Plectidae and in almost all Rhabditida except the Tylenchomorpha 

but they are found in the Aphelenchoidea. Because they are absent in almost all aquatic 

Chromadorea it is not possible to determine whether the papillae of the Enoplea and 

Rhabditida are of the same evolutionary origin. If postanal papillae occur in conjunction 

with a bursa they usually form the bursal rays (see also # 105). 

#110: The presence of ventral and dorsal postanal papillae 

In Panagrellus redivivus postanal papillae are found not only on the ventral surface 

but also on the dorsal surface of the tail. The ventral papillae are probably homologous to 

those of # 108 but the dorsal papillae may be of separate evolutionary origin to the other 

types of papillae. This character is uninformative and its inclusion therefore does not alter 

the tree topology. 

#111: The position of the papillae in the cuticle 

The papillae are almost always found rising straight out of the cuticle apart from a 

few species of the Spiruromorpha where the papillae are raised above the surface of the 

cuticle on stalks. The most plesiomorphic solution is that this state developed in the 

ancestor of the Spiruromorpha and was lost subsequently in some species. Alternatively, it 

may have evolved separately in Ascarophis arctica and some species of the 

Onchocercidae. It is most likely that the papillae in the primitive nematode came straight 

out of the cuticle providing they were present. 
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# 1 1 2 : 7%e/p resence q/"preoMa/ 

Preanal tubules are present in most orders of the freeliving Chromadorea as well as 

in the Mononchidae. Because they can take on a variety of shapes they may not all be of 

the same evolutionary origin. They are probably absent in the primitive nematode and have 

developed several times. 

#113: The presence of a single, trumpet-shaped preanal tubule 

A specific, trumpet-shaped preanal tubule is only present in the genera Enoplus and 

Enoploides. It is probably of a common evolutionary origin but was absent in the primitive 

nematode. It is therefore a synapomorphy for the two taxa. 

# 114: The presence of glands in the supplements 

Glands have been observed in the supplements of a variety of species but there is no 

clear pattern as to when they occur. Additionally, many supplements are very small and it 

is difficult to discern whether glands are present or not. Therefore, it is likely that glands 

have been overlooked in some species and no estimate can be given as to whether they 

were present in the primitive nematode. 

#115: owe row preana/ 

A single row of preanal setae is found in the Chromadorida, Xyalidae, 

Comesomatidae and Axonolaimidae. Because they are absent in all Enoplea they were 

probably also absent in the primitive nematode. The most parsimonious solution suggests 

that they have developed in the ancestor of the Chromadorea and have been lost 

secondarily in the Rhabditida and other Chromadorea. More ultrastructural data are needed 

to determine whether the different occurrences of ventral preanal setae are indeed of the 

same evolutionary origin. 

#116: The presence of two subventral rows ofpreanal setae 

Two rows of preanal setae are found in the Enoplida, Desmodoridae and Plectidae. 

They were also present in the ancestral nematode if the Enoplia are older than the 

Dorylaimia. They have been lost secondarily in the Rhabditida. It is possible that the setae 

in one (see #115) and two rows (this character) are of the same evolutionary origin. In this 

case, two subventral rows have been reduced to one ventral row at several occasions. More 

ultrastructural data are needed to determine the evolutionary origin of the preanal setae. 
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# 117; The presence of two subventral rows of adanal setae 

In some species with two rows of preanal setae the setae extend to the level of the 

cloaca. These setae are probably of the same evolutionary origin but its range along the 

body has been extended. The primitive nematode may also have had setae extending 

alongside the cloaca. 

#118: The presence of two subventral rows ofpostanal setae 

In most species with preanal subventral setae, postanal subventral setae are also 

present. A few other species from the same families and Chromadora nudicapitata also 

feature setae in the caudal region. These setae may also be of the same evolutionary origin 

as those in characters 116 and 117 but extending their range along the body. The primitive 

nematode may also have featured postanal subventral setae. More ultrastructural data are 

needed to determine whether the different occurrences of subventral preanal, adanal and 

postanal setae are of the same evolutionary origin. 

# 1 1 9 - 120: The presence of ventral preanal and postanal thorns instead of setae 

At least in Monoposthia costata and Molgolaimus demani strong thom-like cuticular 

structures are found on the ventral surface anterior and posterior to the cloaca. These 

thorns may be strengthened setae or of independent origin. In any case, the ancestral 

nematode probably did not possess such thorns but just simple setae (see above # 1 1 5 -

118). 

#121: The presence of preanal and postanal setae arranged in groups 

In Gnathostoma turgidum and Goezia pelagia the pre-, ad- and postanal papillae are 

arranged in groups rather than in distinct rows. They may still be of the same evolutionary 

origin as those in subventral rows but they have, at least in part, been displaced. The 

primitive nematode probably did not possess such an arrangement of setae but it developed 

within the Spirurina. 

# 122 - 123: The presence of a bursa and the type of bursa 

Most non-Rhabditida do not have a bursa and this is probably the plesiomorphic state 

for the phylum. The bursae of Anoplostoma viviparum, Paratrichodorus pachydermus 

(Seinhorst, 1954), Campydora demonstrans and Diplolaimelloides meyli are probably all 

of separate evolutionary origin as is the ancestral bursa of the Rhabditida. Within the 

Rhabditida, the simple alate bursa of the Spirurina probably developed separately from the 

more elaborate bursae found in the Rhabditina and Tylenchina. The most parsimonious 
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solution for this data set suggests that the simple alate bursa evolved several times in the 

Spirurina; however, it may also have evolved in the ancestor of the Spirurina and been lost 

secondarily in some species. If the Rhabditina and Tylenchina have a common origin their 

ancestor probably had an open peloderan bursa. This bursa subsequently developed into 

the leptoderan or simple adanal bursa of the Tylenchina and the leptoderan or the closed 

peloderan bursa of the Rhabditina. In this data set species of the Rhabditina clade 1 only 

possess a leptoderan bursa and those of the Rhabditidae clade 1 only an open peloderan 

bursa. The remaining groups of the Rhabditina clade 2 include species with a leptoderan 

bursa and species with both types of peloderan bursae. The bursa of the Strongyloidea 

(except Heterorhabditis bacteriophora) with its elaborate lobes and rays probably evolved 

from the peloderan bursa. Within all three suborders of the Rhabditida the bursa has also 

been lost secondarily in many species. It also suggests that the leptoderan bursa has at least 

two separate evolutionary origins. 

#124: The presence of a genital cone on the bursa 

A genital cone is only found in a connection with a strongyloid bursa in Strongylus 

equinus and Haemonchus contortus in this data set. The cone probably developed once in 

the Strongyloidea and was subsequently lost in some of its species. It is unlikely the 

primitive nematode possessed a genital cone as it probably did not possess a strongyloid 

bursa either. 

#125: The presence of roughened cuticular patches and pads in the anal region 

Roughened cuticular patches are found in a number of species of the Spirurina and in 

some freeliving nematodes. These patches are probably of separate evolutionary origin and 

may not be homologous amongst the different taxa. The ancestral nematode probably did 

not possess roughened cuticular patches in the anal region. 

#126: The presence of denticular plates posterior to the cloaca 

At least in this data set denticular plates were only found behind the cloaca in 

Pseudoterranova decipiens (Krabbe, 1878). This character probably only developed in its 

direct ancestor and was absent in the primitive nematode. This character is uninformative 

for this data set. 

#127: The overall body shape 

In several species of the Tylenchomorpha the mature female becomes enlarged to 

take on an obese or saccate body form on account of the large number of eggs she carries. 

This enlargement, however, seems to have developed independently in different families of 
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the Tylenchomorpha and the ancestral nematode was most likely of the simple thread-like 

shape as most extent nematodes are. 

# 1 2 8 : TTie z/i cawYy 

In some species crystalline bodies are found in the body cavity. Their function is 

uncertain and in this data set they were only found in Ironus dentifurcatus. The primitive 

nematode probably did not possess biocrystals. This character is uninformative for this 

data set. 

# 129 - 133: The cuticular ornamentation 

The homology assessment of the cuticular ornamentation proves rather difficult. 

Judging by the effect on the overall topology and the CIs the binary characters were chosen 

for the phylogenetic reconstruction. However, mapping both, the binary character and the 

multi-state character, on the resulting tree showed that the individual CIs for all five 

characters are rather low. Many reversals have to be included to explain the data. Hov/ever, 

using the mapping of the multi-state characters provides a good estimation of the possible 

evolution from one state to another state. 

Most species of the Enoplea have either a smooth cuticle or the cuticle is only faintly 

striated. Clear striations are only found in Enoploides brunettii, Prismatolaimus 

intermedius, Campydora demonstrans, Belondira apitica and the Trichinelloidea in the 

Enoplea in this data set. Therefore, either the presence of faint striations or a smooth 

cuticle is the plesiomorphic state for the phylum. The faint striations became much more 

obvious in the Chromadorea. They developed into strong articulations in the 

Monoposthiidae, Ascarophis arctica and Cephalobidae and in many species of the 

Criconematoidea and Tylenchoidea. The striations became faint or were entirely lost again 

in many Monhysterida including the Comesomatidae as well as in some 

Panagrolaimomorpha, Tylenchoidea, Rhabditidae and Spirurina. Until more data on the 

ultrastructure and ontogenesis of the cuticle are available it is uncertain whether the 

different types of striations have the same or different evolutionary origins. 

# 134: The presence of longitudinal striations on the cuticle 

Longitudinal striations are found in many groups of nematodes and they are 

particularly common in the Rhabditomorpha. They occur occasionally in species of the 

Dorylaimia and in this data set have also been found in Geocenamus quadrifer 

(Tylenchina). They were probably absent in the ancestral nematode but this cannot be 

certain because the true root relationships are still unresolved. 
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# 1 3 5 - 1 3 8 : aZong fAe Aocfy 

In many species the cuticular pattern disappears either in the head or tail region. 

However, by mapping the character changes onto the phylogenetic trees it appears that the 

cuticular ornamentations have been lost in the head region many times and also quite often 

on the tail. Many reversals are needed to explain the loss of pattern on the head. In 

Gnathostoma turgidum the cuticular pattern is only present from the anterior end to the 

middle of the body length. In Nematodirus battus and Nippostrongylus brasiliensis the 

cuticular pattern is only present on the cervical cuticular inflations. It is uncertain whether 

the presence or absence of the cuticular pattern in certain body regions is homologous 

amongst different taxa. Especially in the case of the loss in the head region many reversals 

are needed to explain the data. Therefore it is also difficult to assert whether the cuticular 

pattern was continuous in the primitive nematode. 

# 139: q / " o n 

In Gnathostoma turgidum and Goezia pelagia retrorse scales and spines are found on 

the cuticle. Such ornamentation was probably absent in the primitive nematode but it is 

uncertain whether it evolved once or several times in the Spirurina. 

#140: The presence of subcuticular longitudinal incisures 

In this data set subcuticular longitudinal incisures were only observed for 

Aphelenchus avenae. Therefore, this character is uninformative and no estimate of the 

plesiomorphic state can be made. However, it is more likely that subcuticular incisures 

were absent in the primitive nematode because this structure has not been found in any 

species of the Enoplea. 

#141: The presence of subcuticular annulation 

Subcuticular annulations are present in species of the Dorylaimida, Campydoridae, 

Xyalidae, Comesomatidae, Triplonchida, Plectidae, Filarioidea, Cephalobidae, 

Aphelenchoidea, Criconematoidea and Rhabditidae. Because they are found only in 

selected species of a family or even genus (e.g. Xiphinema partim) but in a variety of taxa 

there is no clear pattern of the evolutionary history of subcuticular annulations and it is 

uncertain whether they were present in the ancestral nematode. 

#142: The presence of cuticular punctations 

Cuticular punctations are found in selected species in all major groups of the 

nematodes except in the Spirurina. Only in the Chromadoridae are they commonly 
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observed. It is therefore difficult to estimate whether the primitive nematode also 

possessed cuticular punctations and whether the different occurrences of punctuations are 

homologous at all. However, the punctation probably forms a synapomorphy at least for 

the Chromadorida. 

#143: The presence of subcuticular punctations 

Subcuticular punctations are found in a few nematode species from a variety of 

orders. Without more data or more detailed knowledge of their structure no assessment of 

their evolutionary origin and homology can be made. 

# 144 — 146: The presence of bosses on the cuticle 

Bosses are found on different parts of the body in a few vertebrate parasites {Loa loa, 

Wuchereria bancrofti and Haemonchus contortus). However, it is not certain whether these 

bosses are of the same evolutionary origin or whether they have arisen at least twice, once 

in the Filarioidea and once in the Trichostrongylidae. Therefore, the occurrence of bosses 

was coded as distinct characters, which made them uninformative for this data set. The 

bosses were, however, most likely absent in the primitive nematode. 

# 147: The presence of warts and "Kriechleisten " on the right side of the body 

Only in the Bunonematidae the right side of the animal is adorned with a complex 

structure of a double row of warts and so called "Kriechleisten". They probably only 

developed in this family and were absent in the ancestral nematode. This character is 

uninformative in this data set and only contributes to the branch length of Bunonema 

franzi. 

#148: The presence of a bacterial coat on the cuticle 

Eubacteria or cyanobacteria were probably acquired by nematodes at least twice in 

the evolutionary history, once in the Rhabditidae (Cruznema tripartitum) and in the 

Desmodoridae. In the latter family they were acquired once and subsequently lost in some 

species or they were acquired several times, depending on the true phylogeny if this 

family. 

# 149: jDrgfence cgrv/caZ 

Some species of the Strongyloidea possess cervical inflations of the cuticle. These 

probably developed only in this group. They are either of a single origin and have been lost 

secondarily in some species or they have been developed several times in this group. In 

any case, they were probably not present in the primitive nematode. 
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# 150: q/"a on cw^zc/e 

Only the Trichuridae possess an elaborate bacillary band on the ventral side of the 

body in the oesophageal region. Gibbons (1986) suggested that this band is in fact 

homologous to the lateral field and alae and includes the hypodermal glands (see #154). In 

any case, this modification of the cuticle probably only developed once and was absent in 

the ancestral nematode. In this data set only Trichuris muris possesses this feature 

rendering this character uninformative. 

#151: The presence ofV-like projections on the annules 

The Monoposthiidae possess V-like ornamentations on the strong annules of the 

cuticle. This character was probably absent in the primitive nematode and constitutes a 

synapomorphy for the Monoposthiidae. 

#152: The presence of spiral thickenings of the cuticle 

Onchocerca cervicalis Railhet & Henry, 1910, possess a special type of annulation 

composed of spiral thickenings instead of a regular annulation. Since this character is only 

found once in the data set it is uninformative. It is also not possible to make an assessment 

of the evolutionary history of this character although it is likely that it was absent in the 

primitive nematode. 

#153: The presence of strong incisures in the lateral field 

Especially strong incisures in the lateral field are mainly found in the Rhabditida. 

Here, they are absent in most Spirurina and Panagrolaimomorpha. Many reversals occurred 

between the two states in the Rhabditina; there are no incisures in the lateral fields of the 

Strongyloidea. In the remaining nematodes such a structure is rare; in this data set it is only 

found in the Plectidae and in Paractinolaimus macrolaimus and Neochromadora sp. 

Because lateral incisures are rare in the Enoplea they were probably absent in the ancestral 

nematode. Without more data and information of its ultrastructure it is not possible to 

make an assessment of its homology in the phylum. 

# 154: The presence of alae in the lateral field 

Lateral alae are only found in the Plectidae and Rhabditida. Within the Rhabditida 

they are common in the Cephalobidae, Aphelenchoidea and Tylenchoidea and in some 

species of the Rhabditidae and Ascaridoidea {Hysterothylacium fortalezae [Klein, 1973]). 

Lateral alae were therefore probably absent in the ancestral nematode. Within the Plectidae 
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plus Rhabditidae they either developed several times in the different groups or once in their 

common ancestor or were lost secondarily in other species. 

# 155: q/"OM /afera/ 

The lateral fields in many species of the Cephalobidae and Tylenchoidea are 

areolated. Such areolation either developed once in the ancestor of the Tylenchina or at 

least twice, once in each group. In either case, the areolation was probably lost secondarily 

in some species in both groups. The primitive nematode probably did not possess any 

areolations. 

# 156: The presence of modified punctation in the lateral field 

In Enoplus anisospiculum, Distolabrellus veechi, in the genus Sabatieria and in 

many species of the Chromadorida the punctation of the cuticle is modified in the lateral 

field. It is uncertain, however, whether this modification is homologous in the phylum or 

whether it is of independent evolutionary origin. More ultrastmctural and ontogenetic data 

are needed to assess its homologies. Since punctation is rare in the Enoplea it was probable 

absent in the primitive nematode. 

# 157: The presence of a granular lateral field 

In some Dorylaimida, here in Mesodorylaimus bastiani and Paractinolaimus 

macrolaimus, the lateral field is not especially adorned but granular. This character 

probably developed once in this group and was lost subsequently in some species, 

depending on the true phylogeny of the Dorylaimida. The lateral field of the primitive 

nematode was probably not granular. 

#158: The presence of hypodermal glands 

Hypodermal glands are present in most groups of nematodes apart from the 

Rhabditida (except Pristionchus pacificus in this data set). The glands may occur in 

different parts of the body but are probably all of the same evolutionary origin. They are 

probably plesiomorphic for the phylum because they have been found in most Dorylaimia 

and many Enoplia. It has been suggested that they are probably present in many more 

species than they have been recorded in. Therefore, it is not possible to assess the degree of 

reversals and losses found in the data. 

# 159: The presence of ocelli 

In this data set ocelli are only found in three distantly related species (Syringolaimus 

striatocaudatus, Mermis nigrescens and Diplolaimelloides meyli). Therefore, it is not 
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possible to determine whether they may have been present in the ancestral nematode and 

whether they are homologous at all. 

# 160: 

Pigment spots developed at least twice in the phylum, once in the genus Enoplus and 

once in the Chromadorida. Because these two groups are only distantly related the 

character may have two independent evolutionary origins. In the Chromadorida, the 

pigment spots have become lost secondarily in many species. Without more data it is not 

possible to determine whether the primitive nematode also possessed pigment spots. 

#161: The presence of somatic setae 

Somatic setae are entirely absent in all Dorylaimia and Rhabditida. In the remaining 

orders, they are also absent in the Diphtherophoroidea and Microlaimidae, in some species 

of the genus Enoplus, in some species of the Monhysterida and in Calyptronema 

maxweberi, Acanthopharynx micans and Odontophora rectangular Lorenzen, 1972. 

Although the extent of the setae cover may differ in different tax a the somatic setae are 

probably of the same evolutionary origin in all nematodes. Whether they were already 

present in the primitive nematodes depends on the true phylo genetic relationship between 

the setose Enoplia and the setae-less Dorylaimia. 

# 162: The presence of glandular somatic setae 

At least in the genus Laxus the somatic setae are accompanied by glands that secrete 

a sticky substance. These glands may well be modified hypodermal glands or they are of 

individual evolutionary origin. In any case, this modification probably developed in the 

ancestor of this genus (and related genera that may also have glandular setae) and the 

primitive nematode was lacking such glands. 

#163: The presence of metanemes 

Metanemes are only present in the Enoplia. They probably developed once in the 

ancestor of this group and were lost secondarily in some species. Lorenzen (1981/1994) 

also suggested that they may have been overlooked in many species because they are 

difficult to detect. Depending on the relationships between the Enoplia and Dorylaimia 

they may have been present or absent in the ancestral nematode. 

# 164: The presence of phasmids 

Phasmids are present only in the Plectidae and Rhabditida. In both orders they have 

been lost secondarily in a few species. However, they were probably absent in the 
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primitive nematode and only developed in the ancestor of the Plectidae and Rhabditida for 

which they are a synapomorphy. In most species the phasmids are situated laterally on the 

tail but in selected taxa they are displaced anterior to the anus/cloaca. However, the 

displacement can be variable within a single species, either between sexes or ecotypes. 

Therefore, the evolutionary history of the precise position could not be analysed. 

#165: The presence of prophasmids 

Prophasmids have only been observed in a few species of the Anguinidae. They are 

probably a synapomorphy for this family and were absent in the primitive nematode. 

#166: The presence of postdereids 

Prodereids are only observed in the Spiruromorpha {Setaria digitata) and 

Rhabditidae {Caenorhabditis elegans) in this data set. Without more data it is difficult to 

assess whether they are of the same evolutionary origin in either taxon or whether they 

developed independently. In any case, they were probably absent in the primitive 

nematode. 

#167: The presence of caudal pores 

Caudal pores are only present in the Dorylaimia. They are probably of the same 

evolutionary origin and have been lost secondarily in some species. Until it is known 

whether the Enoplia or Dorylaimia are the oldest group, it cannot be decided if they were 

present in the ancestral nematode. 

#168: The presence of terminal caudal papillae 

Terminal caudal papillae are only found in the Spirurina and only in a few species. 

Until the ultrastructure of these characters is known it remains uncertain whether they are 

of common evolutionary origin in the different species. However, it is most likely that the 

primitive nematode did not possess this structure and that it developed in the ancestor of 

the Spirurina. 

# 1 6 9 - 170: The shape of the female and male tail 

In most nematodes, the tails of the male and female are very similar and the character 

state changes are also very similar in the tail shapes in the two sexes. The most 

parsimonious reconstruction suggested that the simple conical tail is the plesiomorphic 

state and that almost all other tail shapes are derived from this form. In some groups a 

succession of different forms is suggested: within the Dorylaimida a hemispherical shape 

may have acted as the intermediate for a long elongate tail. In the Enoploidea, the clavate 
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shape may have derived from the conical-filiform type and the swollen tip was probably 

lost in some species of the genus Enoplus. In the Oncholaimoidea, at least three shapes are 

present, the conico-cylindrical type with or without a swollen tip and a simple cylindrical 

tail. The cylindrical tail probably derived from the conico-cylindrical type and the clavate 

shape may have derived from the cylindrical tail. In the Comesomatidae, the clavate tail 

may also have lost the swollen tip in Setosabatieria hilarula (de Man, 1922). In the 

Spirurina a conical tail with a blunt mucron probably derived several times from either a 

cylindrical tail or conical tail. In the Tylenchoidea, the hemispherical tail probably derived 

from the cylindrical tail by reduction; this process is taken to the extreme in females of 

those species with a very short tail and subterminal vulva and those with a terminal vulva. 

In both sexes reversals are proposed for the shapes in the Ascaridomorpha, 

Tylenchoidea and Rhabditidae. Surprisingly, the inclusion of the male character resulted in 

a lower total CI than the inclusion of the female character in the tests but the individual CIs 

are higher for the male character. Overall, each tail shape has probably been derived 

several times introducing a considerable amount of homoplasy in the data. Without more 

ontogenetic data the true evolutionary history of the tail shapes remains uncertain. 

# 1 7 1 : fgr/MZ/za/ 

Terminal setae probably developed several times in the evolutionary history. They 

exist in some species of the Enoploidea, Oncholaimidae, Tripyloididae and Desmodoridae. 

They are very common in the Monhysterida including the Comesomatidae and in the 

Axonolaimidae. They may have evolved in the ancestor of the Desmodoridae plus 

Monhysterida and then have become lost secondarily in some species of the 

Desmodoridae, Monhysterida and Axonolaimidae and in the ancestor of the Plectida plus 

Rhabditida. If the Enoplia are more primitive than the Dorylaimia the ancestral nematode 

probably possessed terminal setae, otherwise it did not. 

#172: The presence of sexual dimorphism in the tail shape 

Sexual dimorphism exists in at least some species of most major groups in the 

Nematoda. However, in some cases the tails differ in form and in other cases in relative 

size. The tails may also be different when the males possess a bursa. Therefore, the 

different changes are probably not homologous to each other and need to be divided into 

separate characters. The CI is also very low for this character as many reversals have to be 

included to account for the data. 
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# 173 - 174: The presence of caudal setae 

Caudal setae are absent in all Dorylaimia and Rhabditida in concordance with the 

absence of any somatic setae. Caudal setae are present in most species of the remaining 

orders. They have evolved either once in the Enoplia and lost secondarily in some tax a or 

they have evolved several times in the Enoplia. Until it is known whether the Enoplia or 

Dorylaimia are more primitive, no assessment can be made of the presence of caudal setae 

in the ancestral nematode. If caudal setae were not present in the primitive nematode they 

evolved separately in the Enoplia and in the ancestor of the Chromadorea. In the 

Chromadorea they have been lost secondarily in those species lacking caudal setae 

including the ancestor of the Rhabditida. Caudal setae are present in all Plectidae which 

means a reversal has occurred in their ancestor if the Plectidae are part of the Rhabditida. 

If there are more caudal setae on the male tail than on the female tail it is difficult to 

determine whether the additional setae on the male are homologous to those on the female 

or whether they are supplementary copulatory setae. More caudal setae are found on the 

male tail in a variety of species of all groups that possess caudal setae. There is no clear 

pattern as to when caudal setae became more numerous in the male. Therefore, it could be 

concluded that those additional setae are in fact copulatory setae and should be included in 

those respective characters. 

#175: The existence of terminal flaps 

Terminal flaps on the tail are only recorded for Trichinella spiralis. Therefore, this 

character is uninformative in this data set and no estimate can be made about its 

evolutionary history. However, because this character is a specialised copulatory structure 

it is most likely that it only developed in the ancestor of the Trichinellidae and that it was 

absent in the primitive nematode. 

# 176: The presence of caudal glands 

Caudal glands are absent in all Dorylaimia except the Mononchida and in all 

Rhabditida. In the Triplonchida they may either be present or absent and in some species 

only the duct has been observed. In all other nematodes either two or three well-developed 

glands can be found. Therefore, these glands were probably also present in the ancestral 

nematode and have been lost at least twice, once in the majority of the Dorylaimia and 

once in the ancestor of the Rhabditida. If the Plectidae form one group with the Rhabditida 

a reversal must have occurred in the ancestor of the Plectidae. 
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#177: Mw/MAgr caWaZ ope/zmg; 

In the Sphaerolaimidae and in Desmolaimus zeelandicus the three glands open 

through separate ducts and in the genera Eubostrichus and Laxus the opening of the glands 

developed into a more complicated outlet system. These two structures are probably of 

independent evolutionary origin. In all other nematodes all three (or two) glands open 

through a single duct and this is probably also the plesiomorphic state. 

#178: The type of the spinneret 

The spinneret is well set-off from the tip of the tail in a number of families, here in 

the Chromadorida, Desmodoridae, Monhysteridae and Plectidae and in Syringolaimus 

striatocaudatus, Trischistoma monohystera and Cyartonema elegans. Because the 

spinneret developed the set-off type in a variety of families but only in very few species of 

the Enoplia this feature has probably several evolutionary origins and was absent in the 

primitive nematode. 

#179: The position of the caudal glands 

In most nematodes the caudal glands are restricted to the tail but in the Enoploidea, 

Oncholaimidae and in Desmolaimus zeelandicus they extend into the precaudal region, at 

least in the male. Since this enlarged feature appears to be rather common in the Enoplia it 

may also have been present in the primitive nematode if it possessed caudal glands. The 

extension of the caudal glands into the precaudal region in Desmolaimus zeelandicus is 

therefore either a reversal to the plesiomorphic state or of independent evolutionary origin. 

# 180: The mode of reproduction 

Most nematodes are dioecious (or amphimictic) and both sexes and copulation are 

required for the fertilisation of the eggs and the production of offspring. This is probably 

also the plesiomorphic state. Some species of the Rhabditidae are hermaphroditic. They are 

either obligate hermaphrodites (e.g. Caenorhabditis elegans, Pristionchus pacificus and 

Rhabditis myriophila) or they exhibit a generation change between amphimictic and 

hermaphroditic life stages (e.g. Heterorhabditis bacteriophora) or between amphimictic 

and pathogenic generations (e.g. Strongyloides stercoralis). In many nematodes, male 

individuals are rare and the females reproduce by pathogenesis in their absence. This 

strategy is particularly common in the Plectidae and Tylenchomorpha and also occurs in 

Ironus dentifurcatus and species of the Triplonchida, Dorylaimida, Mononchidae, 

Cephalobidae and Rhabditidae. Hermaphroditism and pathogenesis probably derived from 
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the amphimictic mode of reproduction several times in the evolutionary history of the 

Nematoda. 

Table 9.2: Most likely plesiomorphic states of the morphological characters for the 
phylum Nematoda 

2b 24b 45b 64a 81b 95a 115b 148b 164b 
3b 26a 46b 65b 82a 96b 119b 149b 165b 
7a 31a 47b 70b 84b 98a 120b 151a 166b 
13b 38a 48b 71b 85b 99b 121b 153b 168b 
18b 39a 51a 72a 86b 100b 122a 154b 176a 
19b 40a 54a 73d 90a 103b 123b 155b 177a 
20b 41b 57a 76a 92b 111b 127b 156b 178b 
21b 42b 61b 77b 93a 112b 134b 157b 180a 
22b 43a 62b 80b 94a 113b 139a 162b 

9.2 Buccal cavity morphology 

The morphology of the buccal cavity is probably the most difficult and controversial 

character to find the true evolutionary history for. Traditionally, the Plectidae or 

Rhabditidae were thought to be the most primitive group of nematodes. This hypothesis 

was based on the morphological similarities and apparent simplicity of the buccal cavities 

of the two groups of nematodes. The rhabditoid buccal cavity was thought to be the most 

primitive one because its walls consist of clearly defined sections whilst in other groups 

these sections could not always be recognised easily. It was assumed that the more derived 

buccal cavities evolved by either reduction or amalgamation of the individual sections. 

This interpretation of the buccal cavity evolution has not changed since the ancestral 

nematode was thought to be found somewhere between the Enoplea and Chromadorea with 

the Rhabditidae and Plectidae being more derived groups. However, the evolutionary 

history of the buccal cavity of nematodes is in need of revision since the phylogeny of the 

Nematoda has become more stable. It can no longer be assumed that the rhabditoid-

plectoid type is the most primitive one because the Plectida and Rhabditida have evolved 

from a chromadorid ancestor, which in turn probably evolved from an enoplid ancestor. 

De Ley et al. (1995) produced a very valuable comparison of the buccal cavities of 

the Panagrolaimidae, Cephalobidae and Rhabditina using ultrastructural methods. They 

discovered that the buccal cavities of each of these three groups where made up of six 

distinct cellular sections instead of five as proposed by Steiner (1933) and revised by 

Goodey (1963a) for the Cephalobidae, Andrassy (1962) and Paramonov (1968) for the 

Panagrolaimidae, Sachs (1950) and Andrassy (1962) for the Rhabditina and Andrassy 

(1962) and Goodey (1963b) for the Tylenchida. De Ley et al. (1995) were also able to 
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homologise these sections between the three groups. Further ultrastructural studies on the 

buccal cavity of nematodes were conducted on the following species: Caenorhabditis 

elegans (Rhabditida, Wright & Thomson, 1981), Rhabdodemania minima (Triplonchida, 

Hope, 1988), sp., GaTM/ManMema ga/M/Man, T T z e n ' j f w j a n d D a p f o n e / M a 

setosum, Pseudosteineria horrida, Rhynchonema lyngei (Monhysterida, Tchesunov, 1990a, 

1990b), Geomonhystera disjuncta and Diplolaimella dievengatensis (Monhysterida, van 

der Velde & Coomans, 1991), Cephalobidae (Rhabditida, van der Velde et al, 1994), 

Tylopharynx sp. (Rhabditida, de Ley et al, 1993), Ceramonema carinatus (Plectida, 

Stewart & Nicholas, 1994), Heterorhabditis bacteriophora (Rhabditida, Endo & Nickle, 

1994), Steinernema feltiae (Rhabditida, Endo & Nickle, 1995), Zeldia punctata 

(Rhabditida, Baldwin & Edelman, 1995), Aduncospiculum halicti (Rhabditida, Baldwin et 

al., 1997), Gonionchus australis (Monhysterida, Nicholas & Stewart, 1997), Heth mauriesi 

(Rhabditida, Spiridonov & Yushin, 2000), Diplogasterina (Rhabditida, von Lieven & 

Sudhaus, 2000), and Bunonema sp. and Teratorhabditis palmarum (Rhabditida, Dolinski & 

Baldwin, 2003). The above list shows that the majority of work into the ultrastructure of 

the buccal cavities of the nematodes had been carried out in the order Rhabditida. Outside 

the Rhabditida the ultrastructure of the buccal cavity of several species of the 

Monhysterida has been studied but no other freeliving Chromadorea and only two species 

of the Enoplea have been investigated. 

The revised structure of the rhabditoid buccal cavity sensu de Ley et al. (1995) is as 

follows: the buccal cavity is divided into three main regions and the posterior region is 

subdivided into a further four sections. All boundaries are defined by the underlying 

cellular structures rather than the cuticular structure as in Steiner (1933). Under the light 

microscope the buccal cavity walls appear to be divided into transversely broken platelets, 

called rhabdia. However, with the aid of the electron microscope it became apparent that 

the only true cuticular discontinuity is found between the anterior two sections and any 

other divisions are more clearly defined by the cell processes. In the new definition, 

Steiner's (1933) cheilostom (Greek = lip) is retained. It is the anterior-most part of 

the buccal cavity that is lined by labial (or endo-) cuticle. The middle section is newly 

defined as that part of the buccal cavity that is not covered by oesophageal tissue but 

surrounded by two arcade epidermis rings. It is given the new name gymnostom (Greek 

yvp-voq = naked). The posterior edge of the gymnostom corresponds to the anterior rim of 

the perioesophageal basal lamina layer. The third and most posterior part is now called the 

stegostom (Greek axsyco = to cover, to enclose) and is defined by the area coved with 

oesophageal tissue (also called the pharyngeal sleeve) and enveloped by the 
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perioesophageal basal lamina layer. The stegostom is further divided into the pro-, meso-, 

meta-, and telostegostom preserving Steiner's (1933) original prefixes. All divisions are 

defined by the underlying inter- and adradial cell processes of the pharyngeal sleeve. In 

terms of the cuticular lining, de Ley et al. (1995) suggest the use of the wording "walls of 

the gymnostom" etc. instead of using the old term "rhabdia". 

Although de Ley et al. 's (1995) new terminology appears to be homologous across 

the Rhabditina and Tylenchina (the stomatostyle originates from the buccal cavity lining) 

no one has yet attempted to transfer it to the other groups of the Nematoda. Only Nicholas 

& Stewart (1997) have homologised the three parts of the buccal cavity of some species of 

the Monhysterida with the new system but they were unable to define the different 

interradial, adradial and marginal cell processes of the stegostom according to de Ley et al. 

(1995). However, in almost all species quoted above the three main regions, cheilo-, 

gymno- and stegostom, can be identified. This shows that the underlying buccal cavity 

structure is indeed homologous across the entire phylum of the Nematoda and that all 

buccal cavities are derived from one original type. Variation occurs in the precise structure, 

e.g. in many species the cheilostom is reduced or completely absent (e.g. Gonionchus 

australis, Nicholas & Stewart, 1997) and the lengths of the gymnostom and stegostom can 

vary significantly, even within closely related species (e.g. in the Diplogasterina, von 

Li even & Sudhaus, 2000). 

Whilst it is potentially possible to identify the three main sections for all nematodes 

the homology assessment for the subsections of the stegostom poses greater problems. As 

long as four sections can be identified, the homology assessment according to de Ley et al. 

(1995) is possible, e.g. in Caenorhabditis elegans, the underlying interradial cells of the 

anterior two sections (pro- and mesostegostom) are non-muscular, epithelial cells forming 

the 'pharyngeal sleeve' while the underlying interradial cells of the stegostom of other 

Rhaditidae, Cephalobidae, Panagrolaimidae and Monhysterida are fully muscular. 

However, in other groups, the number of sections of the stegostom varies; e.g. 

Aduncospiculum halicti (Baldwin et al., 1997) has got two sets of epithelial and three sets 

of muscle cells underlying the stegostom but only four cuticular sections; the second and 

third sets of muscle cells are both underlying the telostegostom; the cuticular lining is 

homologous to other nematodes but the third set of interradial cells cannot be homologised 

(von Li even & Sudhaus, 2000). The stegostom of the infective juveniles of Steinernema 

feltiae has five underlying sets of muscles (Endo & Nickle, 1995). The anterior end of the 

oesophageal tissue of the stegostom of the Monhysterida is often preceded by an electron 
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dense layer (van der Velde & Coomans, 1991). It is uncertain whether it is an independent 

structure or part of the stegostom (van der Velde et al. 1994). The stegostom of Heth 

mauriesi is so small, no subdivisions were given (Spiridonov & Yushin, 2000). 

Despite the ability to homologise most of the underlying tissue types of all buccal 

cavity types it remains uncertain how the ancestral buccal cavity was structured. More 

ultrastructural data are needed to determine the structure of the buccal cavity of the 

Enoplea and to homologise the finer structure of the stegostom across the whole phylum. 

9.3 The relationship between morphological and molecular evolution in nematodes 

Two clades in the revised phylogeny (Figures 8.1, 9.1 to 9.7) are not supported by 

any of the 180 morphological characters: the Enophda and Strongyloidea. The Enoplida 

sensu de Ley & Blaxter (2002) correspond to Lorenzen's 'Enoplina' but with an extended 

content. According to Lorenzen (1981/1994) the synapomorphy for the 'Enoplina' is the 

extension of the caudal glands into the precaudal region. However, in the revised 

phylogeny the Enoplida include more taxa all of which retain the caudal glands in the tail. 

Therefore, Lorenzen's synapomorphy cannot be retained and no new synapomorphies are 

found amongst the current characters. The author is not aware of any synapomorphies 

combining the Heterorhabditidae with the remaining Strongyloidea and the current data 

also does not reveal one either. It is suggested that the connection is based entirely on 

molecular data (D. Gibson, pers. comm.). 

On the other hand, four synapomorphies were found for the novel clade of 

Syringolaimus striatocaudatus and Campydora demonstrans: both taxa possess a bulb in 

the postcorpus which is otherwise unusual for the Enoplida (# 44), both have only one 

anterior testis while most other Enoplida posses two opposed testes (# 90), both species 

possess metanemes (# 163) which Lorenzen (1981/1994) interpreted as a synapomorphy of 

the 'Enoplina', and their caudal glands are restricted to the tail region (# 179) which 

Lorenzen (1981/1994) described as an apomorphy of certain species of the 'Enoplida' but 

which is more common in the extended definition of the Enoplida (see above). The 

posterior testis may have become reduced independently and the presence of metanemes 

and the position of the caudal glands might be the plesiomorphic state for the Enoplia and 

Nematoda respectively. However, the presence of a muscular bulb in the postcorpus is 

unique and provides strong support for their sister relationship. 

Two synapomorphies were found for the clade of Mermithida and Mononchida; the 

presence of two subventral rows of preanal (# 105) and postanal (# 109) copulatory 



Birgit Meldal 9. Character Evolution 262 

papillae. The first character is also found in many Dorylaimida and may be a 

symplesiomorphy for a larger clade but this can only be determined when the true 

relationships within the Dorylaimia is established. The second character is unique in the 

Dorylaimia for these groups and therefore provides strong support for their sister 

relationship. 

Five synapomorphies were found for the Monhysterida in its new extent including 

the Comesomatidae but two of those, amphid shape (# 14) and postcorpus structure (# 44), 

find further changes in the evolution of the Comesomatidae. The other three characters, the 

presence of outstretched ovaries (# 77), a gubemaculum with caudal apophyses (# 100) and 

a spinneret that is continuous with the tail (# 178) did not undergo further evolution in the 

Comesomatidae. The first two character states only occur sporadically outside the 

Monhysterida and are therefore probably true synapomorphies for this clade. However, 

more often than not in the Nematoda the spinneret is continuous with the tail. As stated 

above, the offset nature of the spinneret is probably an apomorphy for those taxa with this 

state and the state for most Monhysterida is most likely to be a plesiomorphy for the 

Nematoda. Therefore, two morphological characters support the position of the 

Comesomatidae within the Monhysterida. 

Three synapomorphies were found for the robust position of Cyartonema elegans as 

sister taxon of Terschellingia longicaudata: the existence of a bulb in the postcorpus (# 44) 

and the loss of all somatic and terminal setae (# 161, 171). However, all three character 

states are also found in related species and therefore these states are not exclusive for the 

two species but represent potential synapomorphies for a more comprehensive clade. 

Therefore, this sister relationship remains most strongly supported by the molecular 

characters alone. 

The Setariidae are supported as part of the Filarioidea by three synapomorphies: a 

glandular metacorpus (# 44) and postcorpus (# 43) and the vulva in the oesophageal region 

(# 80). A glandular metacorpus and a vulva in the oesophageal region occur rarely outside 

the Filarioidea. These two characters therefore provide strong support for this clade. A 

glandular postcorpus in found in a variety of different clades but as discussed above, the 

different occurrences may actually be of independent evolutionary origin. Therefore, all 

three synapomorphies are probably homologies providing strong support for the position of 

Setaria digitata amongst the Filarioidea. 

Even though the revised phylogeny is mainly based on molecular characters, the 

above analysis shows that it is also supported by many morphological characters. All but 
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two clades, the Enoplida and Strongyloidea, are supported by at least one synapomorphy 

using the current 180 characters. Apart from classic monophyletic tax a, morphological 

characters also provide evidence for five newly established clades. Whilst this study shows 

the support of some morphological characters for the molecular phylogeny, the molecular 

phylogeny itself provides a template for the analysis of the morphological evolution. As 

this study has shown, homology assessment for morphological characters is very difficult 

and if an alternative data set can assist in this process it can provide valuable information. 

Providing the molecular phylogeny is correct - or at least close to the true phylogeny - its 

ability to provide an insight into morphological evolution (Baldwin et al., 1997; Fitch, 

1997; Nadler & Hudspeth, 1998; Dorris et al., 1999) is so important particularly because of 

the lack of a fossil record in nematodes. 

Legend to Figures 9.1 to 9.7: 

I Synapomorphy 

0 Synapomorphy but clade also includes reversals 

D Apomorphy for selected taxa in clade 
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Figure 9.3: Character changes in the Chromadorea 
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Appendix I 

F i g u r e A l : Map of sampling locations in Southampton Water (UK). 
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Appendix II 

T a b l e A 2 . 1 : GENBANK accession numbers and Principal Investigators for each 
sequence origin for all species used in this study (on CD) 

T a b l e A 2 . 2 : Inclusion of sequences/species in the outgroup analysis (OG), preliminary 
molecular analysis (Prelim), final molecular analyses (Molecular), 
morphological analysis (Morphology) and combined analyses (Combined) 
( o n C D ) 



Tab le A2 .3 : Classification of species used in this study according to de Ley & Blaxter (2002) 

Species N a m e Family Superfami ly Infraorder Suborder Order Subclass Class 
Enoplus anisospiculus Enopi idae Enoplo idea Enopl ina Enopl ida Enopl ia Enoplea 

Enoplus brevis Enopi idae Enoplo idea Enopl ina Enopl ida Enopl ia Enoplea 

Enoplus communis Enopi idae Enoplo idea Enopl ina Enopl ida Enopl ia Enoplea 

Enoplus meridionalis Enopi idae Enoplo idea Enopl ina Enopl ida Enopl ia Enoplea 

Enoploides brunettii Thoracomops idae Enoploidea Enopl ina Enopl ida Enopl ia Enoplea 

Anoplostoma viviparum Anoplos tomat idae Enoplo idea Enopl ina Enopl ida Enopl ia Enoplea 

Adoncholaimiis fuscus Onchoia imidae Oncho la imoidea Oncho la imina Enopl ida Enopl ia Enoplea 

Oncholaimus sp. Oncho la imidae Oncho la imoidea Oncho la imina Enopl ida Enopl ia Enoplea 

Pontonema vulgare Onchoia imidae Oncho la imoidea Oncho la imina Enopl ida Enopl ia Enoplea 

Viscosia viscosa Onchola imidae Oncho la imoidea Oncho la imina Enopl ida Enopl ia Enoplea 

Calyptronema maxweberi Enschel idi idae Oncho la imoidea Oncho la imina Enopl ida Enopl ia Enoplea 

Ironus dentifurcatus Ironidae I ronoidea Ironina Enopl ida Enopl ia Enoplea 

Syringolaimus striatocaudatus Ironidae Ironoidea Ironina Enopl ida Enopl ia Enoplea 

Bathylaimus assimilis Tripyloid idae Tr ipylo idoidea Tr ipyloidina Enopl ida Enopl ia Enoplea 

Tripyloides gracilis Tr ipyloid idae Tr ipyloidoidea Tr ipylo id ina Enopl ida Enopl ia Enoplea 

Alaimus sp. Ala imidae Ala imoidea Ala imina Enopl ida Enopl ia Enoplea 

Tylolaimophorus minor Diphtherophor idae Diphtherophoro idea Diphtherophor ina Tr ip lonchida Enopl ia Enoplea 

Paratrichodorus anemones Trichodor idae Diphtherophoro idea Diphtherophor ina Tr ip lonchida Enopl ia Enoplea 

Paratrichodorus pachydermus Trichodor idae Diph therophoro idea Diphtherophor ina Tr ip lonchida Enopl ia Enoplea 

Trichodorus primitivus Trichodor idae Diphtherophoro idea Diphtherophor ina Tr ip lonchida Enopl ia Enoplea 

Tobrilus gracilis Tobri l idae Tobr i lo idea Tobr i l ina Tr ip lonchida Enopl ia Enoplea 

Prismatolaimus intermedius Prismatola imidae Pr i smato la imoidea Tobr i l ina Tr ip lonchida Enopl ia Enoplea 

Tripyla sp. Tr ipyl idae Tr ipyloidea Tr ipyl ina Tr ip lonchida Enopl ia Enoplea 

Trischistoma monohystera Tripyl idae Tr ipyloidea Tripyl ina Tr ip lonchida Enopl ia Enoplea 

Mesodorylaimus bastiani Doryla imidae Dory la imoidea Doryla imina Doryla imida Doryla imia Enoplea 

Mesodorylaimus japonicus Doryla imidae Dory la imoidea Doryla imina Doryla imida Doryla imia Enoplea 

Mesodorylaimus nigritulus Doryla imidae Dory la imoidea Dory la imina Doryla imida Doryla imia Enoplea 

Aporcelaimellus obtusicaudatus Aporce la imidae Dory la imoidea Dory la imina Doryla imida Doryla imia Enoplea 

Allodorylaimus sp. Quds ianemat idae Dory la imoidea Doryla imina Doryla imida Dory la imia Enoplea 

Discolaimium gracile Qudsianemat idae Dory la imoidea Doryla imina Doryla imida Doryla imia Enoplea 

Eudorylaimus carteri Qudsianematidae Doryla imoidea Doryla imina Doryla imida Doryla imia Enoplea 

Microdorylaimus sp. Quds ianemat idae Doryla imoidea Doryla imina Dorylaimida Doryla imia Enoplea 
K) 
<1 
K) 



Species N a m e Family Superfaml iv Infraorder Suborder O r d e r Subclass Class 
Pun^entus sp. Nordi idae Doryla imoidea Doryla imina Dory la imida Doryla imia Enoplea 
Lon^idorus breviannulatus Longidor idae Doryla imoidea Doryla imina Dory la imida Dory la imia Enoplea 

Lon^idorus elongatus Longidor idae Dory la imoidea Doryla imina Dory la imida Doryla imia Enop lea 

Paractinolaimus macrolaimus Actinola imidae Dory la imoidea Doryla imina Dory la imida Doryla imia Enoplea 

Belondira apitica Belondir idae Belondi ro idea Doryla imina Dory la imida Doryla imia Enoplea 

Leptonchus microdens Leptonchidae Tylenchola imoidea Doryla imina Dory la imida Dory la imia Enoplea 

Tylencholaimus sp. Tylenchola imidae Tylenchola imoidea Doryla imina Doryla imida Dory la imia Enoplea 

Xiphinema dentatum Xiphinemat idae Doryla imida Dory la imia Enoplea 

Xiphinema flagellicaudatum Xiphinemat idae Dory la imida Doryla imia Enoplea 

Xiphinema rivesi Xiphinemat idae Dory la imida Doryla imia Enoplea 

Xiphinema theresiae Xiphinemat idae Dory la imida Doryla imia Enoplea 

Campydora demonstrans Campydor idae Campydoro idea Campydor ina Dory la imida Doryla imia Enoplea 

Anatonchus sp. Anatonchidae Ana toncho idea Mononch ina M o n o n c h i d a Doryla imia Enoplea 

Clarkus sp. Mononch idae M o n o n c h o i d e a Mononch ina M o n o n c h i d a Doryla imia Enoplea 

Mononchus truncatus Mononch idae M o n o n c h o i d e a Mononch ina M o n o n c h i d a Dory la imia Enoplea 

Prionchulus muscorum Mononch idae M o n o n c h o i d e a Mononch ina Mononch ida Doryla imia Enoplea 

Mylonchulus arenicoius Mylonchul idae M o n o n c h o i d e a M o n o n c h i n a Mononch ida Dory la imia Enoplea 

Isolaimium sp. Isolaimiidae Isola imoidea Isolaimida Doryla imia Enoplea 

Mermis nigrescens Mermi th idae Mermi th ida Doryla imia Enoplea 

Trichinella spiralis Trichinel l idae Tr ichinel lo idea Trichinel l ida Doryla imia Enoplea 

Trichuris muris Trichur idae Tr ichinel lo idea Trichinel l ida Doryla imia Enoplea 

Cyar tonemat idae Desmosco leco idea Desmoscolec ina Desmosco lec ida Chromador ia Chromadorea 

Atrochromadora microlaima Chromador idae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Chromadora nudicapitata Chromador idae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Chromadora sp. Chromador idae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Chromadorina germanica Chromador idae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Chromadorita tentabunda Chromador idae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Dichromadora geophila Chromador idae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Neochromadora izhorica Chromador idae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Neochromadora poecilosoma Chromador idae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Spilophorella paradoxa Chromador idae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Paracanthonchus caecus Cyathola imidae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Paracyatholaimus intermedius Cyathola imidae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

Praeacanthonchus punctatus Cyathola imidae Chromadoro idea Chromador ina Chromador ida Chromador ia Chromadorea 

w 
-J 
U) 



Species N a m e Fami ly Superfami ly Infraorder Suborder Order Subclass Class 
Acanthopharynx micans Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Catanema sp. Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Chromadoropsis vivipara Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Desmodora communis Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Desmodora ovigera Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Eubostrichus dianeae Desmodor idae Desmodoro idea D e s m o d o r i n a Desmodor ida Chromador i a Chromadorea 

Eubostrichus parasitiferus Desmodor idae Desmodoro idea D e s m o d o r i n a Desmodor ida Chromador i a Chromadorea 

Eubostrichus topiarus Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Laxus cosmopolitus Desmodor idae Desmodoro idea D e s m o d o r i n a Desmodor ida Chromador i a Chromadorea 

Laxus oneistus Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Leptonemella sp. Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Metachromadora remanei Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Robhea hypermnestra Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Spirinia parasitifera Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Stilbonema majum Desmodor idae Desmodoro idea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Xyzzors sp. Desmodor idae Desmodoro idea D e s m o d o r i n a Desmodor ida Chromador i a Chromadorea 

Calomicrolaii7tus parahonestus Microla imidae Micro la imoidea D e s m o d o r i n a Desmodor ida Chromador ia Chromadorea 

Molgolaimus demani Microla imidae Micro la imoidea D e s m o d o r i n a Desmodor ida Chromador ia Chromadorea 

Monoposthia costata Monopos th i idae Micro la imoidea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Nudora bipapillata Monopos th i idae Microla imoidea Desmodor ina Desmodor ida Chromador i a Chromadorea 

Diplolaimella stagnosa Monhyster idae Monhys te ro idea Monhys te r ina Monhys ter ida Chromador i a Chromadorea 

Diplolaimelloides meyli Monhys te r idae Monhys te ro idea Monhys te r ina Monhys ter ida Chromador i a Chromadorea 

Geomonhystera disjuncta Monhyster idae Monhys te ro idea Monhys te r ina Monhys te r ida Chromador ia Chromadorea 

Tridentulus sp. Monhys ter idae Monhys te ro idea Monhys te r ina Monhys ter ida Chromador ia Chromadorea 

Daptonema hirsuitum Xyai idae Sphaero la imoidea Monhys te r ina Monhys ter ida Chromador i a Chromadorea 

Daptonema normandicum XyaHdae Sphaero la imoidea Monhys te r ina Monhys ter ida Chromador ia Chromadorea 

Daptonema oxycerca Xyai idae Sphaero la imoidea Monhys te r ina Monhys te r ida Chromador ia Chromadorea 

Daptonema procerus Xyai idae Sphaero la imoidea Monhys te r ina Monhys te r ida Chromador ia Chromadorea 

Daptonema setosum Xyai idae Sphaero la imoidea Monhys te r ina Monhys ter ida Chromador i a Chromadorea 

Metadesmolaimus sp. Xyaiidae Sphaero la imoidea Monhys te r ina Monhys te r ida Chromador i a Chromadorea 

Theristus acer Xyai idae Sphaerola imoidea Monhys te r ina Monhys ter ida Chromador ia Chromadorea 

Sphaerolaimus gracilis Sphaerola imidae Sphaero la imoidea Monhys te r ina Monhys ter ida Chromador ia Chromadorea 

Sphaerolaimus hirsutus Sphaerola imidae Sphaero la imoidea Monhys te r ina Monhys ter ida Chromador ia Chromadorea 

Desmolaimus zeelandicus Linhomoeidae S iphonola imoidea L inhomoe ina Monhyster ida Chromador ia Chromadorea 

to 
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Species N a m e Family Superfami ly Infraorder Suborder Order Subclass Class 
Terschellin^ia longicaudata Linhomoeidae S iphonola imoidea L inhomoeina Monhys te r ida Chromador i a Chromadorea 
Ascolaimus elongatus Axonola imidae Axono la imoidea Araeo la imida Chromador ia Chromadorea 
Axonolaimus helgolandicus Axonola imidae Axono la imoidea Araeola imida Chromador ia Chromadorea 

Axonolaimus spinosus Axonola imidae Axono la imoidea Araeola imida Chromador i a Chromadorea 
Cylindrolaimus sp. Axono la imidae Axono la imoidea Araeola imida Chromador ia Chromadorea 

Odontophora rectangula Axonola imidae Axono la imoidea Araeo la imida Chromador ia Chromadorea 

Sabatieria celtica Comesomat idae Axono la imoidea Araeo la imida Chromador ia Chromadorea 

Sabalieria punctata Comesomat idae Axono la imoidea Araeo la imida Chromador ia Chromadorea 

Setosabatieria hilarula Comesomat idae Axono la imoidea Araeo la imida Chromador ia Chromadorea 
Anaplectus sp. Plect idae Plectoidea Plect ida Chromador ia Chromadorea 
Chiloplectus sp. Plect idae Plectoidea Plect ida Chromador ia Chromadorea 
Plectus acuminatus Plectidae Plectoidea Plectida Chromador ia Chromadorea 
Plectus aquatilis Plect idae Plectoidea Plect ida Chromador ia Chromadorea 
Plectus minimus Plect idae Plectoidea Plect ida Chromador ia Chromadorea 

Tylocephalus auriculatus Plect idae Plectoidea Plect ida Chromador ia Chromadorea 

Wilsonema schuunnansstekhoveni Plect idae Plectoidea Plect ida Chromador ia Chromadorea 

Teratocephalus lirellus Tera tocephal idae Incertae sedis Rhabdi t ida Chromador ia Chromadorea 

Brevibucca sp. Brevibuccidae Incertae sedis Rhabdi t ida Chromador ia Chromadorea 

AnguilUcola crassa Angui l l icoldiae Incertae sedis Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Philonema sp. Phi lometr idae Dracunculo idea Incertae sedis Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Gnathostoma binucleatum Gnathos tomat idae Gnathos tomato idea Gna thos tomatomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Gnathostoma neoprocyonis Gnathos tomat idae Gna thos tomato idea Gna thos toma tomorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Gnathostoma turgidum Gnathos tomat idae Gna thos tomato idea Gna thos toma tomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Dentostomella sp. He te roxynemat idae Oxyuro idea Oxyur idomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Brumptaemilius justini Carnoyidae Ransomnema to idea Rhi gonema tomorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Ascarophis arctica Cyst idicol idae Habronemato idea Sp i ru romorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Loa loa Filari idae Fi lar ioidea Spi ruromorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Acanthocheilonema viteae Onchocerc idae Fi lar ioidea Sp i ru romorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Brugia malayi Onchocerc idae Fi lar ioidea Sp i ru romorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Dirofdaria immitis Onchocerc idae Filarioidea Sp i ru romorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Litomosoides sigmodontis Onchocerc idae Fi lar ioidea Sp i ru romorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Onchocerca cervicalis Onchocerc idae Fi lar ioidea Sp i ru romorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Onchocerca gibsoni Onchocerc idae Filarioidea Spi ruromorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Onchocerca volvulus Onchocerc idae Filarioidea Spi ruromorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 
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Wuchereria bancrofti Onchocerc idae Fi lar ioidea Sp i ru romorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 
Heterocheilus tunicatus Heterochei l idae Ascar ido idea Asca r idomorpha Spirur ina Rhabdi t ida Chromador i a Chromadorea 

Ascaris lumbricoides Ascar id idae Ascar idoidea Asca r idomorpha Spirur ina Rhabdi t ida Chromador i a Chromadorea 

Ascaris suum Ascar id idae Ascar ido idea Asca r idomorpha Spirur ina Rhabdi t ida Chromador i a Chromadorea 
Baylisascaris procyonis Ascar id idae Ascar ido idea Asca r idomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 
Baylisascaris transfuga Ascar id idae Ascar idoidea Asca r idomorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Parascaris equonim Ascar id idae Ascar idoidea Asca r idomorpha Spirur ina Rhabdi t ida Chromador i a Chromadorea 

Porrocaecum depressum Ascar id idae Ascar ido idea Asca r idomorpha Spirur ina Rhabdi t ida Chromador i a Chromadorea 

Toxascaris leonina Ascar id idae Ascar ido idea Asca r idomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Toxocara canis Ascar id idae or Toxocar idae Ascar idoidea Asca r idomorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Goezia pelagia Raphidascar id idae Ascar idoidea Asca r idomorpha Spirurina Rhabdi t ida Chromador ia Chromadorea 

Hysterothylacium fortalezae Raphidascar id idae Ascar ido idea Asca r idomorpha Spirur ina Rhabdi t ida Chromador i a Chromadorea 

Hysterothylacium pelagicum Raphidascar id idae Ascar ido idea Asca r idomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Hysterothylacium reliquens Raphidascar id idae Ascar idoidea Asca r idomorpha Spirurina Rhabdi t ida Chromador i a Chromadorea 

Iheringascaris inquies Raphidascar id idae Ascar ido idea Asca r idomorpha Spirurina Rhabdi t ida Chromador i a Chromadorea 

Anisakis sp. Anisakidae Ascar ido idea Asca r idomorpha Spirurina Rhabdi t ida Chromador i a Chromadorea 

Contracaecum multipapillatum Anisakidae Ascar ido idea Asca r idomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Pseudoterranova decipiens Anisakidae Ascar idoidea Asca r idomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Terranova caballeroi Anisakidae Ascar idoidea Asca r idomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Heterakis sp. Heterakidae Heterakoidea Asca r idomorpha Spirurina Rhabdi t ida Chromador i a Chromadorea 

Paraspidodera sp. Aspidoder idae Heterakoidea Asca r idomorpha Spirurina Rhabdi t ida Chromador i a Chromadorea 

Cruzia americana Kathlani idae Cosmocerco idea Asca r idomorpha Spirur ina Rhabdi t ida Chromador ia Chromadorea 

Setaria digitata Setari idae Spirurina? Rhabdi t ida Chromador ia Chromadorea 

Myolaimus sp. Myola imidae Myola imoidea Myola imina Rhabdi t ida Chromador ia Chromadorea 

Halicephalobus gingivalis Pana.^rolaimidae Panagro la imoidea Panagro la imomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Panagrellus redivivus Panagroia imidae Panagro la imoidea Panagro la imomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Panagrobelus stammeri Panagrola imidae Panagro la imoidea Panagro la imomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Panagrolaimus sp. Panagroia imidae Panagro la imoidea Panagro la imomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Plectonchus sp. Panagrola imidae Panagro la imoidea Panagro la imomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Turbatrix aceti Panagrola imidae Panagro la imoidea Panagro la imomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Steinernema carpocapsae Steinernemat idae St rongyloidoidea Panagro la imomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Strongyloides ratti Strongyloididae St rongyloidoidea Panagro la imomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Strongyloides stercoralis Strongyloididae St rongyloidoidea Panagro la imomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Acrobeles ciliatus Cephalobidae Cepha lobo idea Cepha lobomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 
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Acrobeles complexus Cepha lob idae Cepha lobo idea Cepha lobomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 
Acrobeloides bodenheimeri Cepha lob idae Cepha lobo idea Cepha lobomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 
Acrobeloides nanus Cepha lob idae Cepha lobo idea Cepha lobomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Cephalobus cubaensis Cepha lob idae Cepha lobo idea Cepha lobomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 
Cephalobus oryzae Cepha lob idae Cepha lobo idea Cepha lobomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Cervidellus alutus Cepha lob idae Cepha lobo idea Cepha lobomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Pseudacrobeles variabilis Cephalobidae Cepha lobo idea Cepha lobomorpha Tylenchina Rhabdi t ida Chromador i a Chromadorea 

Seleborca complexa Cepha lob idae Cepha lobo idea Cepha lobomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Triligulla aluta Cepha lob idae Cepha lobo idea Cepha lobomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Zeldia punctata Cepha lob idae Cepha lobo idea Cepha lobomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Aphelenchus avenae Aphelench idae Aphe lencho idea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Aphelenchoides fra^ariae Aphelenchoid idae Aphe lencho idea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Bursaphelenchus sp. Aphelenchoid idae Aphe lencho idea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Criconema sp. Cr iconemat idae Cr iconemato idea Ty l enchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Hemicycliophora conida Hemicyel iophor idae Cr iconemato idea Ty lenchomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Tylenchulus semipenetrans Tylenchul idae Cr iconemato idea Ty lenchomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Paratylenchus dianthus Incertae sedis Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Ditylenchus an^stus Anguin idae Sphaerular io idea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Subanguina radicicola Anguin idae Sphaerular io idea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 
Globodera pallida Heteroder idae or 

Hoplo la imidae? 
Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Helicotylenchus dihystera Hoplola imidae Ty lencho idea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Rotylenchus robustus Hoplo la imidae Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Scutellonema bradys Hoplola imidae Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne arenaria Meloidogynidae Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne artiellia Meloidogynidae Tylenchoidea Ty l enchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne duytsi Melo idogynidae Ty lencho idea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne exigua Meloidogynidae Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne hapla Melo idogynidae Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne ichinohei Meloidogynidae Ty lencho idea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne incognita Meloidogynidae Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne javanica Melo idogynidae Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne maritima Melo idogynidae Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Meloidogyne microtyla Meloidogynidae Tylenchoidea Ty lenchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea - J 
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Boleodorus sp. Tylenchidae Ty lencho idea Ty l enchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Geocenamus quadrifer Belonola imidae Tylenchoidea T y l e n c h o m o r p h a Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Tylenchorhynchus dubius Belonola imidae Tylenchoidea T y l e n c h o m o r p h a Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Tylenchorhynchus maximus Belonola imidae Tylenchoidea Ty l enchomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Nacobbus aberrans Pratylenchidae Tylenchoidea Ty l enchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Pratylenchoides magnicauda Pratylenchidae Tylenchoidea T y l e n c h o m o r p h a Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Pratylenchoides ritteri Pratylenchidae Tylenchoidea Ty l enchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Pratylenchus goodeyi Pratylenchidae Tylenchoidea Ty l enchomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Pratylenchus thornei Pratylenchidae Tylenchoidea Ty l enchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Radopholus similis Pratylenchidae Tylenchoidea Ty l enchomorpha Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Zygotylenchus guevarai Pratylenchidae Tylenchoidea Ty l enchomorpha Tylench ina Rhabdi t ida Chromador ia Chromadorea 

Deladenus sp. Phaenopsi ty lenchidae Incertae sedis Tylenchina? Rhabdi t ida Chromador ia Chromadorea 

marine Tylenchid fon seaweed] Incertae sedis Tylenchina Rhabdi t ida Chromador ia Chromadorea 

Bunonema franzi Bunonemat idae Bunonemato idea B u n o n e m a t o m o r p h a Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Aduncospiculum halicti Diplogaster idae Diplogas teroidea Dip logas te romorpha Rhabdi t ina Rhabditida Chromador ia Chromadorea 

Diplogaster Iheritieri Diplogaster idae Diplogas teroidea Dip logas te romorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Pristionchus Iheritieri Neodipiogas ter idae Diplogasteroidea Dip logas te romorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Pristionchus pacificus Neodiplogas ter idae Diplogas teroidea Dip logas te romorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Diploscapter sp. Diploscapter idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Caenorhabditis briggsae Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Caenorhabditis elegans Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Caenorhabditis remanei Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Choriorhabditis dudichi Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Crustorhabditis scanica Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Crustorhabditis sp. Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Cruznema tripartitum Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Cuticularia sp. Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Distolabrellus veechi Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Dolichorhabditis sp. Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Mesorhabditis anisomorpha Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Mesorhabditis spiculigera Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Oscheius insectivora Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Parasitorhabditis sp. Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Pellioditis marina Rhabdi t idae Rhabdi to idea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 
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Pellioditis mediterranea Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Pellioditis typical Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Pelodera punctata Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Pelodera stron^loides Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Pelodera teres Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Poikilolaimus oxycerca Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Poikilolaimus regenfussi Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Protorhabditis sp. Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina RJiabditida Chromador i a Chromadorea 

Rhabditella axei Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Rhabditis blumi Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Rhabditis inermiformis Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Rhabditis myriophila Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Rhabditoides inermiformis Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Rhabditoides inermis Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Rhabditoides regina Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Teratorhabditis palmarum Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Teratorhabditis synpapillata Rhabdi t idae Rhabd to dea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Heterorhabditis bacteriophora Heterorhabdi t idae Strongyloidea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Strongylus equinus St rongyhdae Strongyloidea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Haemonchus contortus Trichost rongyl idae Strongyloidea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Haemonchus placei TrichostrongyHdae Strongyloidea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Haemonchus similis Trichost rongyl idae Strongyloidea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador i a Chromadorea 

Ostertagia ostertagi Trichost rongyl idae Strongyloidea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Nippostrongylus brasiliensis Trichost rongyl idae Strongyloidea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Nematodirus battus Trichost rongyl idae Strongyloidea Rhabd i tomorpha Rhabdi t ina Rhabdi t ida Chromador ia Chromadorea 

Otostrongylus sp. Tr ichost rongyl idae? Strongyloidea? Rhabd i tomorpha? Rhabdi t ina? Rhabdi t ida Chromador ia Chromadorea 

Parafilaroides sp. Tr ichost rongyl idae? Strongyloidea? Rhabd i tomorpha? Rhabdi t ina? Rhabdi t ida Chromador ia Chromadorea 

Syngamus trachea Syngamidae Strongyloidea Rhabd i tomorpha? Rhabdi t ina? Rhabdi t ida Chromador ia Chromadorea 

Rhabditophanes sp. Al lo inemat idae 1 Incertae sedis Rhabdi t ida Chromador ia Chromadorea 
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Appendix III 

Tab le A 3 : Combinations of phyla in outgroup analysis and numbers of most parsimonious 
trees recovered. MP = most parsimonious, IG = ingroup only, ALL OGs = all 
in- and outgroups (40 + 22 sequences), C = Chaetognatha, G = Gastrotricha, K 
= Kinorhyncha, N = Nematomorpha, P = Priapulida, T = Tardigrada 

Combination 
No. MP Trees 
recovered 

I G 1 

ALL OGs 4 

C 1 

G 11 

K 7 

N 4 

P 41 

T 3 

CG 2 

CK 13 

CN 5 

CP 2 

C T 8 

GK 3 

GN 3 

GP 8 

G T 7 

KN 24 

KP 3 

K T 6 

N P 1 

N T 1 

P T 22 

CGK 23 

CGN 3 

CGP 1 

CGT 24 

CKN 1 

CKP 2 

CKT 4 

CNP 19 

CNT 6 

CPT 1 

Combination 
No. MP Trees 
recovered 

GKN 7 

GKP 6 

G K T 6 

GNP 5 

GNT 5 

G P T 26 

KKP 3 

KNT 2 

KPT 4 

N P T 3 

CGKN 2 

CGKP 2 

CGKT 2 

CGNP 3 

CGNT 6 

CGPT 13 

CKXP 2 

CKNT 6 

CKPT 6 

CNPT 6 

GK]<fP 3 

GKNT 18 

GKPT 32 

G N P T 4 

KNPT 1 

CGKNP 5 

CGKNT 2 

CGKPT 6 

CGNPT 1 

CKNPT 2 

GKNPT 1 

CGKNPT 1 
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Appendix IV 

Tab le A4 .1 : List of all morphological characters and their states as tested in this study, 
C = character number, S = state number 

c S Character and state description 
1 A Labial sensilla papilliform 

B Labial sensilla setiform 
C Labial sensilla absent but pits in prestome present 

2 A Inner cephalic sensilla papilliform 
B Inner cephalic sensilla setiform 
C Inner cephalic sensilla only nerve ends observed (Heterorhabditis bacteriophora only) 

3 A Outer cephalic sensilla papilliform 
B Outer cephalic sensilla setiform 
C Outer cephalic sensilla only nerve ends observed {Heterorhabditis bacteriophora only) 

4 A Sensilla in 3 separate circles 
B Labial and inner cephalic sensilla circles at same level (Panagrobellus stammeri only) 
C Inner and outer cephalic sensilla circles at same level 

5 A Sensilla of inner cephalic sensilla jointed 
B Sensilla of inner cephalic sensilla unjointed 

6 A Sensilla of outer cephalic sensilla jointed (Bathylaimus assimilis only) 

B Sensilla of outer cephalic sensilla unjointed 

7 A Inner cephalic sensilla longest 
B Outer cephalic sensilla longest 
C Inner and outer cephalic sensilla equally long 
D All equally long (papillae) 

8 A Lateral sensilla of 2nd circle shorter than submedian sensilla (Sphaerolaimus gracilis only) 

B Lateral sensilla of 2nd circle equal to submedian sensilla 

9 A Additional cephalic setae present 
B Additional cephalic setae absent 

10 A Subcephalic setae present 
B Subcephalic setae absent 

11 A Cervical setae present 
B Cervical setae absent 
C Cervical setae papilliform {Adoncholaimus fuscus only) 

12 A Cervical papillae/dereids present 
B More than 1 ventiomedian cephalic papilla (Trichodorus primitivus only) 
C Cervical papillae/dereids absent 

13 A Cervical alae present 
B Cervical alae absent 

14 A Amphids pocket-shaped 
B Amphids pore-shaped 
C Amphids ventially spiral 
D Amphids round 
E Amphids elongated loop 
F Amphids slit-like 
G Amphids dorsally spiral (Prismatolaimus intermedins only) 

15 A Amphids in labial region 
B Amphids in head region within outer cephalic sensilla circle 
C Amphids in head region posterior to outer cephalic sensilla circle 
D Amphids behind head (cephalic capsule/buccal cavity) 

16 A Amphids laterally 
B Amphids displaced (sub-)dorsally 

17 A Amphids same size in both sexes 
B Amphids larger in male or female 

18 A Enoplid-type cephalic capsule present 
B Cephalic capsule absent 

19 A Desmodorid-type cephalic capsule present 
B Cephalic capsule absent 
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c S Character and state description 
20 A Cephalic framework sclerotised 

B Cephalic framework absent 

21 A Head with dorsal and ventral cuticular inflations 
B Head without dorsal and ventral cuticular inflations 

22 A Cephalic organs present 
B Cephalic organs absent 

23 A 6 lips open 
B 6 lips closed 
C 6 lips & 6 deep cuticularised incisions & 6 extensions 
D 3 lips (Ascarid-type) 
E 3 lips & 3 interlabia (Ascarid-type) 
F Female with labial disc, male with 4 lips, markedly set-off 
G 3 bilobed lips (Tripyloididae only) 

H 2 fleshy trilobed lips (pseudolabia) (Gnathostoma turgidum only) 

I Lips amalgamated/merged (Doiylaimid-type) 
J Lips merged & fused to labial disc (Tylenchid-type) 

K 3 lips (Enoplid-type) 
L Circumoral membrane instead of lips 

M 3 lips (Strongyloid-type) 
N Pair of lateral pseudolabia connected via latero-median plate to buccal capsule {Ascarophis 

arctica only) 
0 Leaf crown (corona radiata) present instead of lips {Strongylus equinus only) 

P 3 lips with denticular ridges (Ascarid-type) 

0 3 lips & 3 interlabia with denticular ridges (Ascarid-type) 

R Pseudolips with extensions 30 degrees off normal lip axes {Pana^obellus redivivus only) 

24 A 3 labial probolae & 6 cephalic probolae present 
B Labial & cephalic probolae absent 

25 A Lips smooth 
B Lips with longitudinal ridges (from cheilorhabdia) 
C Lips with traverse ridges (Enoploides brunettii only) 

26 A Walls of vestibule smooth 
B Walls of vestibule longitudinally str iated (pleated, rugae; f rom Cheilorhabdia) 

27 A Walls of vestibule smooth 
B Walls of vestibule transversely striated 

28 A Head continuous with neck and cephalic region 

B Head set off in neck region 

29 A Lips continuous with head 
B Lips set off from head 

30 A Buccal cavity terminally 
B Buccal cavity dorsally displaced (Syngamus trachea only) 
C Buccal cavity on right side of head {Bunonerna franzi only) 

31 A Sexual dimorphism of buccal cavity absent 
B Males and juveniles with less developed or no stylet 

32 A No buccal cavitv dimoiphism 
B Males all stenostomatous, females both stenostomatous & eurostomatous {Aduncospiculum 

halicti only) 

33 A Oesophageal tissue reaches buccal cavitv & might surround it 

B Oesophageal tissue commences at end of stylet with different tissue surrounding stylet 

C Buccal cavity absent 
D Buccal cavity with rhabditoid pharyngeal sleeve 
E Buccal cavity free as in Diphtherophoroidea (little oesophageal musculature) 

F Buccal cavity with cephaloboid pharyngeal sleeve 
G Oesophageal tissue commences behind spear 

34 A Inner oesophageal wall cuticularised throughout 
B Inner oesophageal wall cuticularised only anteriorly 
C Inner oesophageal wall cuticularised only posteriorly (Monoposthia costata only) 

D Inner oesophageal wall not cuticularised at all 

E Inner oesophageal wall weakly cuticularised 

35 A Lumen of procorpus tripartite 
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B Lumen of procorpus tubular 

36 A Lumen of metacorpus tripartite 
B Lumen of metacoipus tubular 

37 A Lumen of postcorpus tripartite 
B Lumen of postcorpus tubular 

38 A Distinct constriction (isthmus) between 2 parts of oesophagus present 
B Distinct constriction (isthmus) between 2 parts of oesophagus absent 

39 A Procorpus muscular 
B Procorpus non-muscular (Trichodoridae only) 

40 A Metacorpus muscular 
B Metacorpus glandular 
C Metacorpus weakly or non-muscular 

41 A Metacoipus with bulb 
B Metacorpus without bulb 

42 A Metacorpus with valve 
B Metacoipus without valve 

43 A Postcorpus muscular 

B Postcorpus glandular 

44 A Postcorpus with bulb 
B Postcorpus without bulb 
C Postcorpus with elongated swelling 

45 A Postcorpus with valve 
B Postcorpus without valve 

46 A Postcorpus with plasmic interruptions 
B Postcorpus without plasmic interruptions 

47 A Postcorpus with teeth 

B Postcoipus without teeth 

48 A Postcorpus with double haustrulum 
B Postcorpus without double haustrulum 

49 A Oesophageal tubes present 

B Oesophageal tubes absent 

50 A Stichosonie present 
B Stichosonie absent 

51 A Sexual dimorphism of oesophagus absent 
B Bulb in males, juveniles or infective juvenile stage 3 less developed 

52 A Sexual dimorphism of buccal cavity & oesophagus absent 
B Buccal cavity and oesophagus very different between male & female {Calyptronema 

maxweberi only) 
53 A 3 uninuclear oesophageal glands present 

B 5 uninuclear oesophageal glands present 
C 3 oesophageal glands, 2 subvential glands dinuclear 

D 3 oesophageal glands polynuclear 

54 A Oesophageal gland nuclei in posterior part of pharyngeal lining or in bulb (if present) 

B Oesophageal gland nuclei in lobe lying freely in body cavity 

55 A Dorsal oesophageal gland opens at base of stoma (or near base) 
B Dorsal oesophageal gland opens in stoma through tooth 
C Dorsal oesophageal gland opens in median bulb anterior to valve 

D Dorsal oesophageal gland opens just behind spear knobs 
E Dorsal oesophageal gland opens through gutter in buccal cavity {Stron^lus equinus only) 

F Dorsal oesophageal gland opens in anterior oesophageal region 
G Dorsal oesophageal gland opens in posterior/glandular part of oesophageal region 

H Dorsal oesophageal gland opens in mid/posterior oesophagus and gland extends further back 
into body cavity 

56 A First pair of subventral glands (SVl) open at or near base of stoma 
B SVl open in stoma through teeth 
C SVl open in mid-oesophageal region/metacorpus/posterior to median bulb valve/near nerve 

ring 
D SVl open in oesophagus posterior to nerve ring, anterior to postcorpus 

E SVl open in posterior, glandular part just behind dorsal gland opening 
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F SVl open beliind nerve ring at the base of the corpus/anterior to bulb 
G SVl glands extend posteriorly 

57 A Unicellular & uninuclear 
B H-type & derivates, i.e. lateral canales without glands 
C V and SD glands, without lateral canales 
D Two parallel SV glands and canals (Rhabditoid-type) 
E Tylenchoid-type, asymmetric, possibly with gland cell 

58 A Cervical gland entirely in oesophageal body section 
B Cervical gland extends post-pharyngeal 
C Cervical gland in cardial region {Monoposthia costata only) 

59 A Cervical gland ventrally of oesophagus/intestine 

B Cervical gland ventrally and subdorsally of oesophagus/intestine 
C Cervical gland right of oesophagus/intestine 
D Cervical gland left of oesophagus/intestine 

60 A Excretory pore in head region 
B Excretory pore in oesophageal region anterior to nerve ring 
C Excretory pore in oesophageal region at level with nerve ring 

D Excretory pore in oesophageal region posterior to nerve ring 

E Excretory pore in anterior part of intestine 
F Excretory pore in posterior part of intestine {Tylenchulus semipenetrans only) 

61 A Excretory pore in head region 
B Excretory pore in oesophageal region 
C Excretory pore in intestinal region 

62 A Hemizonoid present 
B Hemizonoid absent 

63 A Cardia clearly visible as distinct organ 
B Cardia not visible 

64 A Cardia lumen triradiate/tiiangular 

B Cardia lumen round 
C Cardia lumen dorsoventially flattened 
D Cardia lumen vertically flattened 

65 A Cardia with posterior appendage 

B Cardia without posterior appendage 

66 A Cardia with valve 
B Cardia without valve 

67 A Cardial glands present 
B Cardial glands absent 

68 A Intestine without symbiotic bacteria 
B Intestine with symbiotic bacteria 

69 A Trophosome absent 
B Trophosome present (Mermis nigrescens only) 

70 A Intestinal caecum/diverticulum anterior to cardia present 
B Intestinal caecum/diverticulum anterior to cardia absent 

71 A Intestinal caecum posterior to anus present 
B Intestinal caecum posterior to anus absent 

72 A Rectum & anus fully developed 
B Rectum & anus rudimentary or absent 
C Rectum & anus closed in infective larva stage 3 

73 A Anus with pre-rectum 
B Anus with indistinct pre-rectum (Xiphinema theresiae only) 
C Anus with Trichodorid-type pre-rectum (Tiichodorus primitivus only) 

D Anus without pre-rectum 

74 A Anterior gonad to right of intestine 
B Anterior gonad to left of intestine 
C Anterior gonad ventrally to intestine 
D Anterior gonad position not constant 

75 A Posterior gonad to right of intestine 
B Posterior gonad to left of intestine 
C Posterior gonad ventially to intestine 
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D Posterior gonad position not constant 

76 A 2 opposed ovaries (didelphic-amphidelphic) 

B 2 opposed ovaries (didelphic-amphidelphic) but posterior weakly developed {Cruznema 
tripartitum only) 

C 1 anterior ovary (monodelphic-prodelphic) 
D 1 anterior ovary (monodelphic-prodelphic) with post-vulval sac 
E 1 posterior ovary (monodelphic-opistodelphic) 
F 1 posterior ovary (monodelphic-opistodelphic) with pre-vulval sac (Belondira apitica only) 
G 2 posterior ovaries (didelphic-opistodelphic) 
H 2 anterior ovaries (didelphic-prodelphic) 

77 A Ovaries outstretched 
B Ovaries antidromously reflexed 
C Ovaries homodromously reflexed 
D Ovaries antidromously reflexed at oviduct 
E Ovaries irregularly coiled 

78 A Tip of ovary str aight 
B Tip of ovary folded over 

79 A Vulva in oesophageal region 
B Vulva in intestinal region anteriorly to mid-body (approx. <40%) 
C Vulva in intestinal region approx. at mid-body (approx. 40-60%) 
D Vulva in intestinal region posteriorly to mid-body (approx. >60%) 

E Vulva in intestinal region far posteriorly to mid-body (approx. >80%) 

F Vulva terminal 
80 A Vulva in oesophageal region 

B Vulva in intestinal region 
C Vulva terminal 

81 A Demanian organ present 
B Demanian organ absent 

82 A Reproduction oviparous 
B Reproduction oviparous/ovo viviparous - larvae or embryos develop in eggs but hatch after 

release from female 
C Reproduction (ovo)viviparous - larvae/juveniles hatch f rom eggs in uterus 

83 A Reproduction oviparous 
B Reproduction (ovo)viviparous 

84 A Spermathecae present 
B Spermathecae absent 

85 A Ovijector present 
B Ovijector absent 

86 A Z-organ present 
B Z-organ absent 

87 A Vulval papillae present 
B Vulval papillae absent 

88 A Vulval flaps present 
B Vulval flaps absent 

89 A Vulva glands present 
B Vulva glands absent 

90 A 2 opposed testes (di-orchic, amphi-orchic) 
B 2 anterior testes (di-orchic, pro-orchic) 
C 1 anterior testis (mono-orchic, pro-orchic) 
D 1 posterior testis (mono-orchic, opisto-orchic) 

91 A Testes straight 
B Testes reflexed or tip folded over 
C Posterior testis continues anteriorly at first and then bends backwards 

92 A 1 spicule present {Trichuris muris only) 
B 2 spicules present 
C Spicules absent 

93 A Spicules equal in size 
B Spicules unequal in size 

94 A Spicules equal in shape 
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B Spicules unequal in shape 

95 A Spicules separate 

B Spicules fused (Haemonchus contortus only) 
C Spicules partially fused distally 

96 A Spicules with ventral alae 
B Spicules without ventral alae 

97 A Spicules with sheath {Trichuris muris only) 
B Spicules without sheath 

98 A Gubemaculum present 
B Gubemaculum absent 

99 A 2 lateral accessory pieces present 
B 2 lateral accessory pieces absent 

100 A Gubernaculum with caudal process(es) (apophysis) 

B Gubemaculum without caudal processes (apophysis) 

101 A Rectal glands present 
B Rectal glands absent 

102 A Preanal papillae in ventromedian row present 
B Preanal papillae in ventromedian row absent 

103 A Cup-shaped preanal papillae in ventromedian row present 

B Cup-shaped preanal papillae in ventiomedian row absent 

104 A Preanal papillae in ventiomedian row present & reach all the way into oesophageal region 
{Prismatolaimus intermedius only) 

B Preanal papillae in ventromedian row do not reach all the way into oesophageal region 

105 A Preanal papillae in 2 subventral rows present 
B Preanal papillae in 2 subventral rows absent 

106 A 2 preanal papillae with conical tip & pore present {Nudora bipapillata only) 

B 2 preanal papillae with conical tip & pore absent 

107 A Peri/ad-anal papillae present 
B Peri/ad-anal papillae absent 

108 A Postanal papillae in ventromedian row present 
B Postanal papillae in ventromedian row absent 

109 A Postanal papillae in 2 subventral rows present 
B Postanal papillae in 2 subventral rows absent 

110 A Postanal papillae ventromedian and dorsally present (Pana^rellus redivivus only) 

B Postanal papillae ventromedian and dorsally absent 

111 A Papillae sessile 
B Papillae pedunculate 

112 A Preanal tubules present (always medioventral) 
B Preanal tubules absent 

113 A Single, trumpet-shaped preanal tubule present 
B Single, trumpet-shaped preanal tubule absent 

114 A Supplements with glands 
B Supplements without glands 

115 A Preanal setae in 1 ventromedian row present 
B Preanal setae in 1 ventromedian row absent 

116 A Preanal setae in 2 subventral rows present 
B Preanal setae in 2 subvential rows absent 

117 A Peri/ad-anal setae in 2 subventral rows present 
B Peri/ad-anal setae absent 

118 A Postanal setae in 2 subventral rows present 
B Postanal setae in 2 subventral rows absent 

119 A Preanal thorns present 
B Preanal thorns absent 

120 A Postanal thorns present 
B Postanal thorns absent 

121 A SCO papillae pre- and postanal in several groups or pairs present 

B SCO papillae pre- and postanal in several groups or pairs absent 

122 A Bursa absent 
B Bursa leptoderan (with tail, open) 
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c Bursa peloderan (without tail, closed) {Caenorhabditis elegans only) 
D Bursa peloderan (without tail, open) 
E Bursa adanal, open 
F Bursa with larges lobes & rays 
G Bursa reduced to narrow velum either side {Dirofilaria immitis only) 

H Bursa as simple caudal, lateral alae 
123 A Bursa or caudal alae present 

B Bursa absent 

124 A Bursa with genital cone 
B Bursa without genital cone 

125 A Roughened cuticular patched/pads present 
B Roughened cuticular patched/pads absent 

126 A Denticulate caudal plates present {Pseudoterranova decipiens only) 
B Denticulate caudal plates absent 

127 A Body with simple curve or more or less straight 

B Female saccate (spindle-shaped) 

128 A Body cavity filled by biocrystals (Ironus dentifiircatus only) 
B Body cavity not filled by biocrystals 

129 A Cuticle with transverse stiiations (annulated) 
B Cuticle articulated 
C Cuticle with very fine stiiations, barely visible 
D Cuticle smooth 

130 A Cuticle with transverse striations (annulated) 
B Cuticle without transverse stiiations 

131 A Cuticle articulated 
B Cuticle not articulated 

132 A Cuticle with very fine striations, barely visible 
B Cuticle without fine stiiations 

133 A Cuticle striated or articulated 
B Cuticle smooth 

134 A Cuticle with longitudinal striations 
B Cuticle without longitudinal striations 

135 A Cuticular patterns also present on head 
B Cuticular patterns absent on head 

136 A Cuticular patterns also present on tip of tail 

B Cuticular patterns absent on tip of tail 

137 A Cuticular patterns present on main body {Gnathostoma turgidum only) 

B Cuticular patterns absent from about mid-body 

138 A Cuticular patterns only cervically on cuticular inflation 
B Cuticular patterns not only cervically on cuticular inflation 

139 A Annules smooth without scales & spines 
B Annules retrorse with scales & spines 

140 A Cuticle with subcuticular longitudinal incisures (Aphelenchus avenae only) 

B Cuticle without subcuticular longitudinal incisures or annules 

141 A Cuticle with subcuticular annulation 
B Cuticle without subcuticular annulation 

142 A Cuticle with punctation 
B Cuticle without punctation 

143 A Cuticle with subcuticular punctation 
B Cuticle without subcuticular punctation 

144 A Cuticle with bosses near vulva {Haemonchus contortus only) 

B Cuticle without bosses near vulva 
145 A Cuticle with bosses randomly ananged (not head or tail) {Loa loa only) 

B Cuticle without bosses randomly ananged 
146 A Cuticle with bosses only on female tail (Wuchereria bancrofti only) 

B Cuticle without bosses on female tail only 
147 A Cuticle with warts & 'Kiiechleisten' {Bunonema franzi only) 

B Cuticle without warts & 'Kriechleisten' 
148 A Cuticle covered with coat of eubacteria or cyanobacteria 
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B Cuticle not covered with bacteria coat 

149 A Cuticle inflated cervically 
B Cuticle not inflated cervically 

150 A Cuticle with bacillary band {Trichuris muris only) 
B Cuticle without bacillary band 

151 A Annules smooth without V-like projections 
B Annules with V-like projections 

152 A Annules smooth without spiral thickenings 

B Annules with spiral thickenings {Onchocerca cei-vicalis only) 

153 A Lateral field with longitudinal incisures (stronger than rest of body) 

B Lateral field without longitudinal incisures (or same as rest of body) 

154 A Lateral field with alae 
B Lateral field without alae 

155 A Lateral field areolated (transverse striations continue across lateral field) 

B Lateral field not areolated 

156 A Lateral field punctated differently to rest of body 

B Lateral field not punctated (or same as rest of body) 

157 A Lateral field granular 
B Lateral field not granular 

158 A Hypodermic glands/pores present 

B Hypodermic glands/pores absent 

159 A Ocelli present 
B Ocelli absent 

160 A Pigment spot present 
B Pigment spot absent 

161 A Somatic setae present 
B Somatic setae absent 
C Somatic setae papillose 

162 A Glandular setae present (Laxus only) 

B Glandular setae absent 

163 A Metanemes present 
B Metanemes absent 

164 A Phasmids present 
B Phasmids absent 

165 A Prophasmids present 
B Prophasmids absent 

166 A Postdereids present 
B Postdereids absent 

167 A Caudal pores present 
B Caudal pores absent 

168 A Terminal caudal papillae present 
B Terminal caudal papillae absent 

169 A Female tail conical 
B Female tail conico-cylindrical 
C Female tail conical-filiform 
D Female tail short, conical, strongly bent 
E Female tail conico-cylindrical with swollen tip (clavate) 

F Female tail round-cylindrical, longer than anal diameter 
G Female tail conical with blunt tip and mucron 
H Female tail short & sharply pointed {Contmcaecum multipapillatum only) 

I Female tail conical/rounded with tuft of projections {Hysterothylacium fortalezae only) 

J Female tail conical with many terminal flaps {Mermis nigrescens only) 

K Female tail round-hemispherical, no longer than anal diameter 
L Female tail absent due to terminal anus 
M Female tail very short and round due to subterminal anus 

170 A Male tail conical 
B Male tail conico-cylindrical 
C Male tail conical-filiform 
D Male tail short, conical, str ongly bent 
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E Male tail conico-cylindrical with swollen tip (clavate) 

F Male tail round-cylindrical, longer than anal diameter 
G Male tail conical with blunt tip and mucron 

H Male tail short & sharply pointed 

I Male tail conical/rounded with tuft of projections (Hysterothylacium fortalezae only) 
J Male tail mermithoid (Mermis ni^rescens only) 

K Male tail round-hemispherical, no longer than anal diameter 

L Male tail absent due to terminal cloaca 

M Male tail conical with pair of small appendages near tip of tail and terminal knob (Setaria 
only) 

N Male tail short and conical (with large bursa) 
0 Male tail conical with spicate terminus (Aduncospiculum halicti [or G] only) 

P Male tail short & stubby (Gnathostoma turgidum only) 

171 A Terminal setae present 

B Terminal setae absent 

172 A Sexual dimorphism of tail shape present 

B Sexual dimorphism of tail shape absent 

173 A Caudal setae present with same pattern in males and females 

B Caudal setae more numerous in male 
C Caudal setae absent 

174 A Caudal setae present 

B Caudal setae absent 

175 A Temiinal flaps present (pseudobursa) (Trichinella spiralis only) 

B Terminal flaps absent (pseudobursa) 

176 A Caudal glands present 

B Caudal glands absent 
C No caudal glands observed but terminal duct opening 

177 A 1 common caudal gland opening 
B Separate openings of caudal gland ducts 

178 A Spinneret well set-off 

B Spinneret continuous with tail end 

179 A Caudal glands situated completely in the tail (caudally) 

B Caudal glands reach pre-caudally (at least in male) 

180 A Dioecious or amphimictic (two separate sexes, copulation required) 

B Hermaphroditic (if males rare, copulation optional, sperm & oocytes produced in female) 

C Parthenogenesis prevailing (if males rare, copulation optional, reproduction without sperm) 

T a b l e A4 .2 : Matrix of morphological characters (on CD) 

T a b l e A4 .3 : List of codes for references used for each species in the collection of 
morphological characters (on CD) 

Tab le A4 .4 : References used for the morphological analysis of species (on CD) 
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Appendix V 

Tab le A5 .1 : Character change list of all morphological characters mapped on the 
consensus tree of the analysis of all morphological characters under 
weighted parsimony (on CD) 

F i g u r e A5 .1 : Strict consensus tree from phylogenetic analysis of all morphological 
characters under weighted parsimony; numbers at nodes correspond to node 
numbers in Table A5.1 (on CD) 

T a b l e A5 .2 : Character change list of all morphological characters mapped on the 
consensus tree of the analysis of the combined characters excluding 
positions with gaps in the molecular data set and all uninformative 
characters under weighted parsimony (on CD) 

F i g u r e A5 .2 : Strict consensus tree from phylogenetic analysis of all characters combined 
excluding positions with gaps in the molecular character set and all 
uninformative characters under weighted parsimony; numbers at nodes 
correspond to node numbers in Table A5.2 (on CD) 

Appendix VI 

T a b l e A6 .1 : Nexus files of the molecular character matrix (on CD) 

T a b l e A6 .2 : Nexus files of the morphological character matrix (on CD) 

T a b l e A6 .3 : Nexus files of the combined character matrix (on CD) 
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Plates 

The following nine pages show figures of many of the characters analysed in this 

thesis. They are not drawn to scale and and often do not represent a single species. They 

are only schematic drawings providing the reader with further information on the 

individual characters. 
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Caq gLî oAcA], /4L,L L , 4 7 7 = T Z / & - / * o M hL,̂ ,rL, 
Ti-f at ail e vi^uvtlal V,' si^5) 



Bi rg i t M e l d a l Pkdes 327 

Sl-fAtv. 

IfZIZeSCî vag 
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