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ABSTRAC'[“ |

Morphological characters ar‘e.traditionally nsed in nematode systematics; howeyer,
morphologic.al convergence and marginal differences between vclose relatives can o‘bs‘cure‘
species dive:rsity'and confound taxonomic studies. This thesis applies' molecular approaches to
systematlc problems in two groups of paras1t1c nematodes where morphologlcal data is
ambiguous Ribosomal DNA (rDNA) vanable regions such as the ﬁrst and second internal
transcribed spacers (ITS 1 and ITS- 2), and the D3 expansron loop of the large subunit have
cons1stently dlstlnguished nematode species and provided a llmlted bas1s for phylogenetlc -
inference between close relatlves I assess IDNA Varlatlon w1th1n Cystzdzcola spp (N ematoda
Habronemat01dea) and the superfamily Dracuncu101dea to examine species dlver51ty in both
groups, and phylogenetic relationships in the Dracuncu101dea. |

Phenotypic variation in Cystidicola spp. suggests unresolved variation within the genus.
Distinct 11fe histones host ranges, reproductive strategies, and adult and egg morphologres
define the two recogmzed Cystldlcola Spp- Variable host spec1ﬁ01ty and egg morphology in
Cystidicola farionis is difficult to 1nterpret and could reflect genetlc spécies-level variation. I
sequenced four rDNA regions (ITS-1, ITS-2, 5.88, D3) from 'Cystidicola spp. is‘olates from a
total of seven host species and nine locations in Ontario (ON’l“), Briti'sh Columbia (BC) and
Finland (FIN).‘ The ITS-1, S.SS, and D3 regions displayed no inter or intraspeciﬁc variation.
Two ITS-2 types were 1dent1ﬁed which differed at four nucleotide posmons the ITS 2 from C.
Sarionis (BC) and C. stigmatura was identical and 365bp long, the ITS- 2 from ONT and FIN C.
farionis was identical and 368bp long. No relatlonshlp between egg morphology and genetic
variation was apparent ITS 2 dlfferences between morphologically d1st1nct C. farionis (ONT

and FIN) and C. stigmatura were expected but companson of this region among C. farionis
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isolates prcduced asurprising result. The ITSV-‘2 distinggishes C. farionis (BC) ftom C. farionis
(ONT and FIN) ba‘nbd suggests a closer reletionship between C. farionis (BC) and C. stigmatura.
‘ Morpvhol;ogicélv resemblance among close relatives and ‘5 leck of bhyloéenetically'

informative ‘char’acter‘s in the sup'et'family D_racunculoidea reiterates this'need for more f)recise
taxoncmic markers. 1 exemined the Dé and ITS-2 regiotls from a total of rtine dracunculoid
species to distihguish cryptic spet:ies (e. g. Philonema spp.), place‘un‘identiﬁed nematodes within
the current classification system and infer phylogenetlc relatlonsthS w1th1n dracunculeld
families (e g the Phllometrldae and Guyanemldae) I sequenced the D3 of two dracuncu101d
species, Phllometmldes huronenszs and an unidentified nematode from Eopsetta exilis, adding
these to an existing D3 data set of seven dracunculoids and sequenced the ITS-2 frcm all nine
_species. These regions varied in theit ztbility to distinguish clcse relétives. The D3 region
distinguishes thlonema agubernaculum and P oncorhynchz but not Cystzdzcola spp. whereas
the ITS-2 is 1dentlcal in the former taxa and distinct in the latter. Both ITS-2 and D3 data

supported previous suggestions that the family Philometridae may be artificial, and that

members of the Guyanemidae are afﬁ_liéted with some philometrids (e.g. Philonema spp.).
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CHAPTER 1: GENERAL INTRODUCTION .
Issues in nematode taxonomy

Nemétodes are wide;spread with diverse life histories and habitats, yet fheir anatomy
is highly conserved. There are approximately 16 000 described nematode species, several
thousand of which are parasites inéluding many economically or medically important species
(Anderson 1992). Most estifnatgé suggest even higher diversity; including undescribed
nematodes more than 42 000 species may exist (Anderson 1992). Placing unidentified taxa
within the current classification éystem (i.e. identification/species diagnosis), and
establishing classifications that reflect natural, or evolutionary, relationships among taxa (i.e.
phylogenetic systematics) are continual challenges for nematode taxc;nomists.

Morphological characters are the classical data of nematologists, howéver,
morphological convergence and marginal differences between close relatives may obscure
species diversity and confound taxonomic studies (Ferris 1983, 1994; Baldwin and Powers
1987). Advances in available technologies for investigating biodiversity, including scanning
electron microscopy (SEM) and transmission electron microscopy for fine structure
examination, and biochemical techniques such as protein electrophoresi's, serology, and
nucleic acid analysis, have improved nematode diagnostics and phylogenetic investigations
(Baldwin and Powers 1987; Ferris and Ferris 1987; Ferris 1994). The search for congruence
among a range of data sets will continue to advance nematode-taxonomy (Hyman and Powers
1991; Ferris 1994).

Integratién of these alternate data sets becomes increasingly important when

considering species concepts. Most biologists reject the idea that all species can be

recognized using only morphological criteria (Mayr 1963; Scudder 1974; Mallet 1995), yet




as detailed biological background for many nematode taxa is lacking many species

remain defined by morphology alone. Deciding species boundaries by applying the
biological species copcept, where species are groups of actually or potentially interbreeding
natural populations reproductively isolated from other groups (Mayr 1963), is difficult with
nematodes as the necessary cross-breeding experiments are often impractical. Many other
species definitions exist (see Scudder‘ 1974 and Mallet 1995 for reviews). The genotypic
cluster species concept rocently proposed by Mallet (1995) considers species as groups that
remain recognisable in sympatry because of morphological and genotypic gaps between |
them. This definition incorporates both genetic information and phenotypic characteristics
and is practical for nematode taxonomy and systematics, however, it still defines a species by
comparison to a given type (morpholoéical or genetic). While the species problem has yet to
be resolved, it is clear that information from multiple markers is desirable especially for
recently diverged taxa (e.g. sibling species) where there rnay be no single diagnostic marker
to differentiate between groups (Avise 1994, Anderson et al. 1998).

Reliable identification of a nematode parasite, irrespective of life cycle stage, is
central to studying its life cycle, population biology, and epidemiology. This is particularly
important when considering nematodes of medical and economic importance, such as human
or agricultural parasites. Every organism bears a unique genetic tag, in the form of its DNA
sequence, which can be applied to a range of taxonomic issues, from identification of
individuals in a population to relationships among phyla (Litvaitis et al. 1994). Analysis of
molecular data, such as DNA sequences, has become increasingly popular for nematode

diagnostics (reviewed in the following section and Chapter 2) and phylogenetic inference

(Vanfleteren et al. 1994; Blaxter et al. 1998; Nadler and Hudspeth 1998).




Ribosomal DNA as a taxonomic marker for nematodes

Molecular anélysis of nematodes can be applied to a range of taxonomic and
systematic problems sﬁch as diagnosis of economically impoftant specieé, phylogenetic
inference, and biodiversity issues. .Ribosomal RNA (rRNA) genes and their associated
spacer regions, collectively called rDNA, héve been applied to studies ranging from the
origin of life to more recent evolutionary events (Hillis and Dixon 1991), and can be a
particularly powerfullitoo'l for nematode species-level diagnosis and phylogenetic studies
(Gasser et al. 1993; Ferris et al. 1993; Powers et al. 1997). Irefer the feader to Hillis et al.
(1996) for a detailed review of molecular systematic techniques and términology used in this
and upcoming sections.

Ribosomes, the organelles that direct protein synthesis from messenger RNA in the
cells of all living organisms, are comprised of several distinct rRNAs and ribosomal proteins.
The rDNA array of a eukaryote nuclear genome typically includes hundreds of tandemly
repeated copies of the transcription unit with a nontranscribed spacer (NTS) separating
adjacent repeats (Figure 1.1). The transcription unit is subdivided into three coding regions
and four noncoding spacers (including the NTS). Two internél transcribed spacers (ITS-1
and ITS-2) that separate the small subunit (SSU, 16-18S), 5.8S, and large subunit (LSU, 23-
288S) genes, and the external transcribed spacer (ETS), located upstream from the SSU, are -
transcribed with the coding regions to form a single precursor RNA molecule (pre-RNA)
(Hillis and Dixon 1991). Ordered cleavage and removal of thé spacers oécurs to produce
mature rRNA (Gerbi 1985). .

Several structural characteristics of IDNA contribute to its wide applicability, and

facilitate nematode rDNA studies in particular. The rDNA repeat unit is divided into




4 .
domains that evolve at different rates (Gerbi 1985) so it can be applied to diagnostic and

evolutionéry‘ pfobléms at different taxonomic levels, allowing é range of pvhyllogenetic.'
questions to be addressed. Copieé of the repeat unit within an interbreeding popul;atlion or
species tend to be identical becausg of concerted evolution (Arnheim 1983) so intefspeciﬁc
variation is greater than intraspecific variation. Polymerase chain reaction (PCR)
amplification from small amounts of tissue (e..g. larval nematodes aﬁd eggs, Gasser et al.
1993) is also facilitated by the abundant and uniform nature of tDNA and the presence of
highly conserved regions within most rDNA genes, which permit construction of “universal”
primers and allow sequences from many different species to be targeted for »comparis‘on
(Hillis and Dixon 1991). |

Nucleaf small ’subunit rDNA (16-1 8S) possesses one of the most slowly evolving
sequences and has been useful for exémining ancient evolutionary events among eukaryote
taxa (Hillié and Dixon 1991) including nematodes (Nadler 1992; Fitch et al. 1995; Blaxter et
al. 1998; Nadler and Hudspeth 1998). While nematode relationships at tﬁe family level may
be resolved using the SSU, intrageneric relationships (e. g within Caenorhabditis spp.) are
not estimated sufficiently by this region because it evolves so slowly (Fitch et al. 1995). The
5.8S is similarly conserved, but its short length (~160 bp) limits its phylogenetic
effectiveness across large time scales (Hillis and Dixon 1991).

The large subunit rDNA (23-28S) of eukaryotes consists of cdnserved “core” regions
interspersed with ten fo twelve variable regions, termed “expansion segments”, which are
absent in prokaryotes (Clark et al. 1984). These divergent segments, or D-domains (D1-

D12), are under relatively reduced evolutionary constraint and length and sequence may vary

considerably among taxa (Hancock and Dover 1988). Expansion segments D2, D3, D8 and




D10 are 'afnong those structurally ;haracterised and appear to exhibit conserved
secondary structure among éukaryotes (Micho_t and Bachellerie 1987; Michot et al. 1990;
Ruiz Linéres etal. 1991; Nunn 1992, 1996). The D3 regi.o.n'has ;;roven to be a good marker
for closely related species (Litvaitis et al. 1994; Nunn 1996) including nematodes (Nunn
1992; Deprés et al. 1995; Brown 1996; Baldwin et al. 1996; Al-Banna et al. 1997) because it
exhibits interspecific, but not intraspecific, variation.

The ITS-1 and ITS;2 regions are noncoding and have no function in mature rRNA, so
they are under fewer evolutionary constraints than TDNA genes (Michot et al. 1983; Hillis
and Dixon 1991). The aésumpﬁén that spacer séquences are completely free to div‘ergé is
questionable. Recent studies indicate a fundamental role for these spacers in processing pre-
RNA which is directly related to their secondary structure (Musters et al. 1990; van der
Sande 1992; van Nués 1994, 1995). Evolutionarily conserved portions of yeast ITS-2 have
been shown to be the most important in post-transcriptional processing (van Nues 1995).
Whil.e some of the spacer sequeﬁce is functionally constrained, the remainder may evolve at
a rate close to neutral (Schlﬁtterer et al. 1994). Since secondary structure plays an important
rolé in ITS function, féstrict_ions to maintain specific structural motifs would be expected,
making it possible to compare taxa that have reduced primary sequence similarity.
Ribosomal DNA secondary structure integﬁty can be maintained despite changes in primary
sequence if mutations are non-disruptive; that is if compensatory nucleotide changes
occurring on both strands of a stem base-pair, and/or insertions which add to stem length or
occur in existing loops or bulges, do not alter the overall folding of the region. Secoﬁdary

structures have been predicted for the ITS regions of plants (Coleman and Mai 1997; Mai

and Coleman 1997), fungi (Musters et al. 1990; van der Sande 1992; van Nues 1994, 1995; :




Lott et al. 1998 Shmohara 1999), insects (W esson et al. 1991 Kwon and Ishikawa - 'A
1992, Schlotterer et al. 1994) mammals (Michot et al. 1983), trematodes (M1chot et al. 1993;
Morgan and Blair 1998), and nematodes (Chllton et al. 1998) Whlle there is little
conservation among the secondary structures of these taxa, common structures, usually
supported by the enistence of compensatory base-pair cha_nges, can be found nvithin each
group despite h1gh l_evlels of seduence variation (Wesson et al. 1992; Schlotterer etal. ] 994;
Mai and Coleman 1997; Chilton et al. 1998; Morgan and Blair 1998; Shinohara 1999).
Nematode spacer sequences serve as valuable diagnostlc tools, allowing researchers _

to identify and differentiate economically important species '(F erris et al. 1993; Campbell et

al. 1995; Hoste et al. 1995; Stevenson et al. 1995, 1996; Hung et al. 1997, 1999; Leignel et

al. 1997; Powers et al. 1997; Newton et al. 1998a, b). The spacers have also provided, in a

more limited way, a basis for phylogeneﬁc inference between closely related nematode

species (Chilton et al. 1997; Hoste et al. 1998; Newton et al. 1998; Zarlenga et al. 1998). .

" Given their increasing popularity as diagnostic and phylogenetic tools, and the growing

number of taxa for which ITS sequences are available, the taxonomic level at which these
regions ale ‘phylogenetilcally informative, or have phylogenetic signal, must be ascertained.
Hypervariability of ITS sequences has generally excluded their application to higher level
phylogenetic analyses (e.g. above the family level), however, since RNA secondary
structure conseryation exceeds that of lts nucleotides, secondary structures may more
accuratelyv guide assignment of homologous positions, in the form of partial sequence

alignment, among taxa (Kjer 1995). Greater potential exists for examining higher level

. phylogenetic relationships using ITS sequences if their secondary structures are used to guide

alignment across a greater taxonomic range. This method has been applied, with the effect of




resolVing phylogenies, to Drosopitila spp.' (Schlotterer et al, 1994), Chlorophyta
(Coleman'and Mai 1997), and trematodes (Morgan and Blair 1998).
Application'of rDNA to problems at different taxonomic levels

When considering close relatives especially morphologically cryptic species‘ |
d1str1but10nal ecological or behavroural differences may first indicate that more than one'
species is involved (Sturhan 1981) Phenotyplc variation in Cystidicola spp. (N ematoda
Sp1rur1da), a common parasite of salmomd ﬁshes, suggests unresolved variation within the
genus. B1olog1cal differences 1nc1ud1ng distinct life histories, host ranges, reproductlve
strategies, and adult and egg morphologles define the two recognlzed Cystzdzcola spp.
Variable host specificity and egg morphology in Cystidicola farionis, however, is difficult to
1nterpret. this variatron could reflect host-induced developmental flexibility or 1ndlcate a
ﬁxed morpholog1cal polymorphism. The latter possibility would suggest genetic specres-
level variation within C. farionis. The current status of the genus is based solelyon
morphological information. Analysis of molecular level differences within Cystidicola spp-
may resolve the above biological and morphological discrepancies and .allow the validity of
the current species designations to be assessed.

The use of morphological characters to establish phylogenetic relationships and
distinguish closely related species within the nematode superfamily Dracunculoidea, which
includes medically and economically important vertebrate parasites, has likewise proven
difficult. The current classification may be based on primitive, phylogenetically
uninformative, characters (Adamson etal. 1987). In addition, morphological similarity
among close relatives (e. g. Philonema spp.) suggests that more precise taxonomic markers

are required to reliably assess species diversity within this superfamily. Therefore, several




issues within the Dracunculoidea can be addressed with the help of appi‘opriate
molecular rilarkeis (i.é. rDNA), ranging from resolving species diversity within Philonema
spp. and classii‘ying unidentified dracunculoid species, to aésessing the validity of tlie eurrenft
dracunculoid classiﬁcatien based on morphological characteristics.

“In this etildy I examine species-level ilaiiation iJvithin aind between Cystidicola spp.
(N ematoda; Hébroneinatoidea) by assessing genetic diiiergence of foiir rDNA regions‘(ITS- v
1, ITS-2, 5.88; D3) relative to morphovlogical variation (egg type and appearance of the oral
opening). Ialso compéire ITS-2 and 'D3 vériation among nine membeis of the | |
Dracunculoidea (Nematoda; Spirurida) to evaluate species diversity and phylogenetic
relatidnships wi_thin‘ tilis Superfamily. i' In addition to resolving taxonomic issues.‘within these
groups of nematodes, results from the tDNA variable regions can be compared to assess their

overall taxonomic usefulness. -
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Figure 1.1 The rDNA tandem repeat is composed of 3 coding reglons (ISS 5. SS and 28S) and
4 non-coding spacers (ITS 1 and ITS-2 shown here). In this study, primer sets (indicated with
arrows) amplified 4 regions: ITS-1 (ITS1 and NC13r) 5.8S (5.8A and 5 8B) ITS-2 (NC13 and .
NC2), and D3 (D3A and D3B). , ‘
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CHAPTER 2: MOLECULAR AND MORPHOLOGICAL VARIATION WITHIN
CYST. IDICOLA SPP.

Introductlon

Nematqdes 6f the genus Cystidicola, Fischer 1798 (Spirurida; Cystidi.c;)lidae) are
common i)araSites in the swirﬁ bladder of physo?stoﬁlloﬁs”ﬁshes. Twﬁ species are recognized:
Cystidicola fa;io‘nis Eischer, 1798 infects fishes ﬂoﬁ Salmonidae and Osmeridae in Europe,
Asia, and North America, and C. stigmatiira (Leidy, 1886) Ward and Magatﬁ, 1917 occurs in
Salvelinﬁs‘ Spp- exélusively iﬁ North Americai The two species are morphologically well-
defined and‘cabn be distiriguished based on tﬁe éppeérancé of the eg'g and oral opening.
Cystidicola farionis has filamented éggs and the anterolateral wall of the buccal cavity lacks a
lip-like projection, whereas C. stigrﬁatura has eggs with lateral lobes aﬁd a lip-like proj ection
fused to ;che medial aspect of the pseudolabium (Ko and Aﬁderson 1969; Black 1983a;
Dextrase 1987). o N | | |

The biblogy of these parasiteé is well documented (Smith and Lankester 1979; Black
and Lankester 1980, 1981; Lankester and Smith 1980; Black 1983a, b, 1984, 1985). The
amphipods Gammarus fasciaius, Hyalella azteca and Pontoporeia affinis are suitable
iﬁtermediate hosts for C, farionis, while C. stigmaiura develops in the opossﬁm shrimp,
Mpysis relicta, before tfansniission to the ﬁﬁal host (Smith and Lankester 1979; Black and
Lankester 1980). Cystid;’éolp’z fdrionis occurs most commonly in whitefish (Coregom;s and
Prosopium spp.), trout (Salmo spp.), and char (Salvelinus spp.) (Black 1983a). Lake trout
~ (Salvelinus namdycﬁsh), Arctic char (S. alpinus) and brook trout (S. fontz;nalils‘) host C.

stigmatura (Black 1983a).

Aside from having distinct morpholo'gies and life cycles, C. farionis and C.
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stigmatura exhlbit strikmg dlfferences in their reproductive strategies Seasonal ﬂuctuatlons

of C. farzoms numbers in many ﬁsh hosts (Lankester and Smith 1980) suggests that itis
relatively short-llved, perhaps a year.or less, while C. stigmatura may live for more than ten
years (Black and Lankester 1981). The_ number of eggs per female worm (absolnte fecundity)
is 10 to 20 times greater in C. farionis than in C. stigmatura (De)rtrase '1987).. The llow
fecundity of C. stigmatura may be related to its long llfespan Populatlons of C stzgmatura
are relatively constant, exh1b1t densrty dependent regulatory mechanisms, and do not have
seasonal changes in abundance or maturity (Black and Lankester 1981). Prevalence and
intensity of C. farionis'populations.tend to fluctuate seasonally and there isa laek of density
dependent regulatory mechanisms (Lankester and Smith 1980).

Considerable eonfusion surrounds the taxonomy of Cystidicola spp. At one time 21
species were assigned to the genus, but Ko and Anderson (1969) recognized only 3 valid
species: C. farionis, C stigmatura and C. cristivomeri White, 1941. The species known as
C. cristivomeri had eggs Abearing laterai lobes and was restricted to Salmoninae in North -
America, while the species with ﬁlamented eggs that infected both Coregoninae and
Salmoninae was calleo C. sti‘gmatura. The third species with filamented eggs from European
Salmonidae and Osmeridae was named C. farionis. Cystidicola stzgmatura was often
considered a synonym for C. farzonzs (Campana—Rouget 1955; Arthur et al. 1976; Ko and
Anderson 1969; Moravec and Ergens 1970; Margolis and Arthur 1979) since both species
appeared morphologically identical. This taxonomic muddle is attributed to the fact that

Leidy (1886) did not describe the egg morphology of C. stigmatura, and later workers (e.g.

Skinker 1930, 1931) assumed that, like those of C. farionis, eggs of C stigmatura were
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filamented. Black (1983a) examined Leidy’s specimens, and noted eggs bearing a pair of

lateral lobes. As‘ a result he proposed C. cristivomeri as a synonym’"of C. stigmatura (Leidy;
1886) Ward »an'd Magath, 1917 which ﬁaé eggs with lateral lobes, whereas C. farionis (syn C.
stigmatura of Si(inker 1931; Ko and Anderson 1969) has filamented eggs. Currently ail
Cystidicbla spp. with filamented eggs from Europe, Asia, and North America, are recognized
as C. farionis. | | |

Further questions about the taxonomic status of Cystidicola spp. have reéently been
iﬂvestigéted, Witil equivocal results. Lankester and Smith (1980) speculated that the worm
maturing in lake whitefish (..Coregonus clupeaformi&) may represent a new species of
Cystidicola. They found few mature C. farionis in lake whitefish from lakes Superiof and
Nipigon, but up to 50% of worms wéfe mature in lake whitefish from Surprise Lake, Black
Sturgeon Lake and Lake Huron. Although adult worms from lake whitefish are otherwise
morphologically indistinguishable from those in other hosts (Dextrase 1987), their eggs have
mostly lateral ﬁlaments while eggs'in other hosts have mainly polar filaments (Smith 1978;
Dextrase 1987). Dextfase (1987) found immature worms that accumulated in the
| swimbladder éf L. Nipigon lake whitefish developed toward sexual maturity in hatchery-
reared lake whitefish from L. Simcoe. He concluded that development of C. farionis is
dependent on host strain, with variation in egg morphology being either host-induced or a
result of genetic differences of the worms involved.

The extent of variation implied by the above biological and morphological

discrepancies has yet to be fully assessed. An approach which combines molecular and

morphological markers may resolve taxonomic issues within Cystidicola spp. Evidence of
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molecular variation could further support the hypothesis that the worm maturing in lake '

whitefish is a distinct species. In this study I investigate variation among Cystidicola isolates
from seven host species and nine locations 1n Ontario, British Columbia, and Finland; I
sequence the spacer regions (ITS-l and I"l“S-2) D3 expansion loop of the large subunit (288)
and 5.8S rDNA and examine morphologlcal features (e g egg type and appearance of the oral

opemng) to assess spec1es level diversny within this genus

Materials and rnethlods
Collection

Nematodes Were collected during 1997-1998 from various host spelcies and localities
across Canada and Europe (Table 2.1). Samples were obtained from fish caught by
commercial fisheries on L. Superior and Arrow L or from swim bladders collected by
anglers in Bntish Columbia (BC) and Ontano (Table 2.1). Worms collected from 1nd1v1dual
host species from each locatlon were pooled, except those from BC rambow trout, and
- Ontario lake whlteﬁsh from Arrow L. and L. Supenor Unpooled worms were counted and
1dent1ﬁed.as male,.female, or juvenile. Mature worms were identified accordlng to Lankester
and Smith (1980). All worrns were ﬁi(ed and stored in 95% ethanol.
Examination of Eggs o

-I detennined the egg type of at least two worms representing each Cystidicola isolate
before I e)itracted DNA lTo do this, I placed mature female Wormson clean rnicroscope
slides and moistened them with proteinase K buffer (0.1M TRIS, 0.05M ED”l‘A l% SDS

0.2M NaCl). Using a sterile scalpel blade, I removed the worm’s midsection (= 2mm) to a



- S . 14
new slide with a drop of glycerine. The rest of the worm was set aside for DNA extraction.

Eggs ‘vyere forced out of the uterus when I placed a cover slip on the slide. Using a light
microscope I determined whether the eggs: had lateral ﬁlaments and/or pdlar ti_iaments, or
lateral lobesi .. ' | | | | |
Seanning Electrali MicroScnpy (SEM)

For SEM examlnatlon nematodes fixed in 95% EtOH were further dehydrated wrth 3
washes of 100% EtOH Dehydrated worms were cntical pomt dried w1th C02 in a Balzers
Union CPD 020 crltical point dryer mounted on aluminum stubs, and gold—coated ina.
Nanotech SEM Prep II sputter coater. Worms were exammed with a Cambridge 250
scanning electron microscope at an accelerating voltage of 10-20kV.

DNA Eixtractinn |

Individual female worms were prepared for DNA extraction as follows: each worm
was cut in 2;3 pieCes and soaked in proteinase‘ K buffer for 45 min. Samples were placed in
1.V7ml microcentrifuge tubes with 0.25 ml proteinase K buffer + 0.1 ml proteinase K enzyme |
(IOmg)ml) and incubated_ at either 65°C for 10 hours or 55°C for 5 hours to digest histenes |
and other protéins associated with DNA. Most extraction replicates represent separate'
individual host infeetions. Worms were takenl from different .ho‘st individuals from BC‘ _
rainbow trout, Arrow L. and L. Superior lake whitefish (e.g. unpooled samples)i Worms
chosen from tlie remaining (pooled) samples may be from different infected hosts.-.

DNA.\‘Nas e)itracted twice yvith phenol followed by one phenol-chloroform-isdamyl

alcolibl (25:24:1) and one chloroform-isoamyl-alcohol (24:1) extraction. DNA was

precipitated overnight in 95% ethanol at -20°C. DNA precipitate was centrifuged and the
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resulting pellet washed twice with 70% ethanol and dried in a vacuum centrifuge. Pellets

were resuspended in 30pl Milli-pore water + 1.5ul RNAse (0.02mg/ml). |
PCR and Sequencing

Prlmers that targeted the ITS- 1 ITS-2, 5.88S, and D3 expanswn loop of the 288 rDNA
were used for PCR amphﬁcatlon of Cystzdzcola spp ‘DNA (Flgure 1.1).
ITS-2: Prlmers der1ved from S. SS (NC13 5 -ATCGATGAAGAACGCAGC 3 Chllton et |
al. 1997) and 28S (NC2 5’ -TTAGTTTCTTTTCCTCCGCT-3 Gasser et al. 1993) rDNA
sequences of C. elegans (Ellis et al. 1986) ampliﬁedthe ITS-2 tDNA region of Cystidr'cola |
o A_ | | - ‘ | _ _ :
D3: Primers (D?tA S’-GACCCGTCTTGAAACACGGA-T and D;}B 5’-
TCGGAAGGAACCAGCTACTA—B’ Nunn 1992). based on C. elegans 28S rDNA sequences
(E111s et al. 1986) amphﬁed a portlon of conserved core DNA as well as the D3 expansion
loop of Cystzdzcola spp. | |
ITS-1: Prlmers based on C. elegans 188 rDNA (Elhs et al. 1986) (ITS1 5°-
CCCTTTGTACACACCGCC-3’) and 5.8S rDNA (NC13r 5°-GCTGCGTTCT TCATCGAT-
3 ’compl.ernentary‘ of NC13 from Chilton et al. 1997) amplified the ITS-l of Cystidicola spp.
5.8S: Primers based on sequences obtained from Cystzdzcola Spp- ITS 1(5. 8A 5’
TTGTTCGAGCTATCGCCCTT 3’)and ITS 2(58B5° -TTGCAACATTGCTCGACG-3’ )
amplified the 5.88 region of Cystidicola spp.

PCR amphﬁcatlon was performed in 25pl reactions containing 0.2mM each dNTP,
_2 SmM MgClz, 1x reactron buffer ( 10x buffer = 200mM (NH4)2$O4, 750mM Tns HCI (pH

8.8) and O.l% Tween 20), 0.6uM each primer and 1.25U Taq polymerase. PCR conditions
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for ITS-1, D3 and 5.8S consisted of one cycle of 95°C for 2 min (denaturauon) followed by

40 cycles of 95°C for 50s (denatunng) 55°C for 25s (anneahng), 2°C for 1 min (extens1on)

A and one cycle of 72°C for 7 min (extension). Identical condltlons were used for ITS-2 except
the annealing phase was 54.5°C for 305.2 1 Vieyyed l’CR products by runmng 4ul PCR product
and 3ul loading buffer (40% sucro‘se, 0.25% xylene cyanol FF, 4and ethidium bromide
0.;20ug/ ul)’on 2.%.TBE (44.5mM ’l“ris, 44.5ml\/l l)oric acid, ImM EDTA) agarose gels.

Sequencmg reactions were done using ﬂuorescently-labelled cham-termmatrng
(dldeoxy) nucleotldes whlch 1nterrupt DNA synthe51s to produce a dlstlnct fragment for each
sequence nosmon. Sequences were generated directly from a gel using the ABI Prism 377
automated DNA sequencer; Both the 5” and 3’ ls'trands were sequenced for three regions
(ITS1, ITS2, D3) for at least two worms of each isolate, except the D3 sequence of only one

worm from Arrow L. lake wh1teﬁsh was obtamed (Table 2.2). Sequencmg in both d1rect10ns '
was done for the 5.8S region of one worm from L. Superior ONT, Squeers L. ONT Baltic
Sea Finland, and Chaunigan L. BC.

| Using the Clustal W version 1.7 program (Thompson et al. 1994), 1 allgned

Cystzdlcola Spp- sequences with rtDNA of C. elegans (Elhs et al. 1986) to determine the ends'
of the four rDNA reglons obta1ned Sequence length in base pairs (bp) and base composmon
(guanine and cytoslne, G + C, content) of each rDNA region is reported. Cystidicola spp.
sequences from eaclr direcfion were compared and overlapping regions aligned manually
using the ESEE version 3.2s program (Cabot 1998). Secondary structure of rRNA is often
more conserved than nucleotilde sequence (see Chepfer 1), therefore I determined the

secondary structure of the D3 and ITS-2 of Cystidicola spp. for comnarison to other
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nematodes (Brown 1996 Chllton 1998) Secondary structure for the D3 reglon was based on

the conserved eukaryote model (Mlchot etal. 1990) and drawn usmg looleoop version 1 2
(Gllbert 1992) The mfold program (Mathews et al. 1999; Zucker et al 1999), based on an
energy mimmlsatlon approach was used to predlct the secondary structure of the ITS 2.
Mfold generates the most energy efﬁc1ent or optimal | foldmg for a glven nucleotide - |
sequence as well as other foldmgs that arc termed suboptimal because they have a higher
free energy (AG) (default_settmg 1s SS% of the optlmal folding’s AG). I comparcd all
predicted secondary structures for Cysti'dicola‘ spp.-'ITS-Zsequences for evidence of -
compensatory‘changes which would suggest ITS-2 secondary structure is maintained within

this genus despite nucleotide changes.

Results

_All eggs examined from C. farionis had polar filaments except those from Chaunigan _
L, which had no ﬁlarnents (Table 22) Cysttdicola Jarionis eggs from lake whitefish had
both polar and lateraldﬁilaments.' Eggs of C. stigmatura from lake trout had lateral lobes and
no filaments (Table ‘2.'2). F_our rDNA regions in Cystidicola spp. (Figure 2.1) were compared
(Table 2.2) ‘for‘variat_ion between isolates. No intraspecific variation was found at any of the
rDNA regions examined. No interspecific variation was detected within the ITS-1, 5.88; or
D3 sequence_s fror'n any Cystidicola isolates.v' Cystidicola farionis from Ontario (ONT) and '
Finland (FlN) were identical at all rDl\IA regions sequenced regardless of whether their eggs
had both polar and lateral ﬁlaments (ONT lake whitefish) or only polar filaments. The ITS-2
was the only rDNA region examined that varied between Cystidicola isolates, but nucleotide

differences in this region did not correspond with egg morphology (Table 2.3). British
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Columbia isolates with polar filamented eggs differed in ITS-2 type from isolates from

Ontario and Finland with lateral and/or polar filaments but were identical in ITS-2 type to -
isolates with lobed eggs. | |

SEM exarnination (Figure 2.2) revealed that C farionis from Ontario were the only
isolates lacking a lip-Tike projection on the anterolateral wall of the buccal cavity. While this
feature distinguished them Trom C. stigmatura as suggested by Black and Lankester (19805 ,
and Dextrase (1987), it also differentiated them from C. farloms BC and FIN and represented
another morphologlcal character shared by C. farionis BC and C. stzgmatura |

ITS-1, 5 8S and D3 rDNA sequences were invariant among all samples analysed The
ITS-1 was 605bp in length Wlth a G + C content of 33.05%. The 5.8S was 158bp in length
and G + C content was 49.37%. The D3 was 171bp in length and G+C content was 41 .86%.
The D3 secondary structure for Cystzdzcola spp. (Fi 1gure 2.3), whlch consisted of the
unlversally conserved H14 stem and 4 subdomains, conforrned to the general eukaryote
model proposed by Michot et al. (1990), and adopted by Nunn ( 1992), Deprés et al. (1995),
and Brown ( 1996)

Two ITS-2 types were identified (Table 2.3): ITS-2 type'l from C. farionis in Ontario
and Finland hosts was 368bp in length and its G + C content yvas 26.63%; ITS-2 type 2 from
C. stigmantra, and C. farionis from BC rainbow trout was v365bp in length with a G+ C |
content of 26 85%. The ITS 2 types dlffered at 4 nucleotide positions (1.1%) which 1ncluded
3 transversmns (G/C T/A G/T) and a3 bp 1nsert10n/delet10n (AAA) (Figure 2.1). -

Mfold produced 12 and 11 possible foldings for the ITS-2 secondary stucture of

Cystidicola spp. type 1 and 2 respectlvely, all of which included a conserved stem (I) formed



by the complementary'pairing' of the 3’ end of the 5.8S gene with the 5° end of the 28S gene.

Optlmal structures (AG =-106.01 type l 106 57 type 2) were not 1dent1cal but companson
of foldmgs within 5% subopt1mahty revealed common structures for the ITS-2 types. Two
poss1bte conﬁguratlons, compnsed of seven hehees in addition to the ‘conservv_ed stem [, are
shown in F rgure A2-.4.' Differences between theb sequences did not represent compensatory
changes. | |

New distribution data t'ound in. this study for C. farionis ‘in British Columoia and |
Ontario are sumniarlzed in Table 2. 4 The range of mature worms (0-77.2%) found in BC
rainbow trout from five BC lakes hlghhghts the importance of broad samphng £ assess host
suitability. Lake Superior lake whitefish had almean intensity of 3.8 worms,.38% of which
were mdturév' fernales (number of mature males not recorded), in contrast to prev.ious studies
where muture C. .fari‘vonis.were rarely:found in lake whitefish from Lake Superior (Lankester

and Smith 1980; Dextrase 1987).

Discuss‘ion
The rDNA of cystédicétd spp.

'Limrted sequence déta is avai_'lable for the rDNA spacer regions of nematodes in the
drder ,S.pirurida._ This study represents the first report of sequences from the D3 expansion .
loop and spenning the rDN‘AV.I'.TS regions of cystidicolid ner_natode's. The conserved nature of
rDNA gene‘s’ flanking the. ITS regions allowed comparison with other nematode sequences to

reliably determine the spacer regions and D3 boundaries for Cystidtcola spp. Comparison of

Cystidicola spp. ITS and D3 characteristics with those of other nematode species is important




because sequence length and G + C content are often diagnostic of group affiliation (Powers

et al. 1997). Vertebrate rDNA sequences are usually longer and have hlgher G + C content
compared to 1nvertebrates (Michot et al. 1983 Hassouna et al. 1984 Mlchot and Bachellerle |
1987 Hancock and Dover 1988) so these charactenstlcs can serve to rule out contamrnatlon '
w1th host DNA, .and confirm amphﬁcatlon of the target sequence. The ITS-1 for Cystidicola
spp. (605bp) is much lonéer than the sarne.region in strongylids (372-404bp, Hoste et al.
1998; Hung et al. 1599' Zarienga 1998) and C. elegans (464bp, Ellts'et al. 1986), but similar

. to Heterorhabdztzs spp (550bp, Adams et al. 1998) The ITS-2 for Cystzdlcola Spp- (365 and
368bp) is shghtly longer than that reported for some nematodes (217 337bp, for strongyhds
Campbell et al. 1995;_Ch11ton et al. 1995; Newton et al. 1998; Romstad et al. 1998; Zhu et al.
1998b, 1999) but s1m11ar to that of C. elegans (3 83bp, Ellis et al. 1986) Hoste et a1 (1998)
noted that the ITS-1 i is usually longer than the ITS-2. The ITS 1 of Cystzdzcola spp is

~235bp longer than the ITS- 2 a much greater difference than that reported for .

T rzchostrongylus Spp- (150bp, Hoste et al. 1998), Cylicocyclus spp. (~50bp, Hung et al. 1997)
and C. elegans (120bp, Ellis et al. 1986). TheS. 8S (158bp) is similar in length to those of C
elegans (15 8bp, Elhs et al. 1986) ascarids (157bp, Zhu et al. 1998a) and strongylids (153bp, -
Chllton et al. 1997). The 5.8S is highly conserved among nematodes: Cystzdzcola spp. ‘and C,
-elegans differ by only 29%. The D3 of Cystidicola spp. (171bp) is similar to C. elegans
(165bp, Ellis et al. 1986) and Philonema spp. (169-172bp, Deprés et al. 1995' Brown 1996).
In comparison, some vertebrate ITS regrons are much longer; in the mouse, the ITS- 1 18

999bp and ITS- 2 is 1089bp long (Mlchot et al. 1984). The ITS of fish is srmllar to some

nematodes; the ITS-1 of Coregonus spp. is 590-725bp (Sajdak and Phillips 1997) and the
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ITS 2 of Salvelmus namaycush is 370bp (Ph1111ps et al. 1994). The thh G+ C content of

these specres ITS reglons drstlngulshes them from nematode ITS sequences .
| Overall the G + C content of Cystulizcola. spp. IDNA was similar to other nematodes.

ITS 1 G + C content for Cystzdzcola Spp. (33 05%) was lower than T rzchostrongylus spp. (40-
42%, Hoste et al 1998) but higher than its ITS 2 G +C content (~27%) as is the case for
other nematodes (e g. 40% and 30% respectlvely for T rzchostrongylus spp Hoste et al
1998) G+ C content for the 5.8S (49. 37%) was s1m11ar to strongyhds (47 7- 49 7%, Chllton
et al. 1997) D3 G + C content was 41 .86%, 51m11ar to thlonema spp (49%, Brown 1996).
In companson rDNA G+ C content for vertebrates 1s much hlgher ranging from 70- 74 3% in
mouse ITS reglons (Mlchot et val. 1983) .and 80-86% in vertebrate LSU expansmn segments (.
(Hassouna et ah 1984;. Michot and 'B.‘achelnlerie '1.987; Hancock and‘Dover' 198S). | |
Genetic variation in Cystidicola spp- |

‘. Evaluating the signtﬁcance of sequence variation and conservation in Cystidicola spp.
requires comparison ’of rDNA variability within other grouns of nematodes. Lack of B
variation in the'5.8S of Cystidicola'Spp; is not surprising given the conserved nature 'of this
gene in nematodes (Ferns et al. 1994; Chilton et al. 1997; Zhu et al. 1998a, b, 1999) and
other eukaryote taxa (H1111s and D1xon 1991). This result confirmed the limitations of 5.88
sequences for dlscnmmatmg between closely related species, but charactensatlon of ' I
Cystidicola spp 5.8S may prove useful for future phylogenetic studies to assess relationships
among nematode orders.

Analysis of the ITS-1 and D3 did not distinguish between C. farionis and C

stigmatura which are biologically and morphologically well-defined. ‘These regions have
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discriminated between other closely related nematOde species (Nunn 1992; Deprés et al.

1995; Hung et al. 1997 Hoste et al. 1998 Zhu et al. 1999) however, their relative ab111ty to
dlstlngulsh between species may vary Studles comparing variation in the ITS-1 and ITS 2
among morphologlcally distinct strongyhd spec1es have shown that the ITS-2‘ reveals more
1nterspec1ﬁc vanatlon than the ITS-1 (Hung etal. 1997; Hoste et al. 1998 Zhu et al. 1998b,
1999). For example between Cylzcostephanus goldz and C. longzbursatus the ITS-1 dlffers
by 0.8% compared to a 3.8% ITS-2 difference (Hung etal. 1997). In contrast, the D3 region
distinguiéhes' betweenl_ln’hilonema sibirica, P. agubernaculum and P. oncorhynchi 7(0."6:-1 .5%,
Deprés et al. i,995 ;‘ Brown 1996; Chapter 3 this study) but the ITS-2 is identical in P.
aguberndculufn and P. oncorhj/nchi while that of P.sibirica differs by 5.1% (Chapter3 thrs‘
study). - |
The ITS-2 of strongyloid nematodes has been studied exteneively, providing.valuable‘
insight'vinto the degree of Variation within this region in relation to other traits, which can be,
applied to an interpretation of rnolecular and morphological variation within Cystidicola sop.'
Studies fall into 3 categories: morphologically distinet species with distinct ITS—2 sequences;
morphologically dietinet ta)ra with identical ITS-2 sequences (dimorphic species, or recent
divergences); and morphologically identical taxa having distinct ITS-2 sequences (cryptic
species). The first eategory includes nine studies using ITS-2 sequences to develop
diagnostic tools for differentiatingbetween nematodes of veterinary importance (Hoste et al.
1995; Campbell etal: 1995; Stevenson et al. 1995, 1996; Leignel et al. 1997; Hung et al.

1997, 1999; Newton et al. 1998a, b). Interspecific ITS-2 variation in these reports ranges

from 1.3-29%." In the second category, morphologically distinct taxa with identical ITS-2




R . . 23
sequences are viewed as dimorphic species if only morphological features support their

distinction’(Stevenson 1996; Newton et al. 1998a). The absence of iTS-i variation 'may
suggest. a relatlvely recent divergence 1f other ev1dence dlfferentiates the taxa. For example
in hght of RAPD and morphologlcal ev1dence Le1gne1 et al. (1997) held that Metastrongylus
confusus and M. salmi are d1st1nct species even though no dlfferences were found in the1r
ITS-2 sequences Simllarly, biochemical 1mmunolog1ca1 morphologlcal (Kunmoto. 1974)
and ITS 1 (1 3%, Zhu et al. 1999) dlfferences suggest that lack of ITS 2 vanatlon between
Ascarzs lumbrzcozdes and A suum reﬂects a recent spec1at10n event w1th1n th1s genus The
third category 1nc1udes ev1dence of cryptlc species, where morphologically identical taxa |
exhibit much greater‘ITS-2 sequence differences between operational taxonomic units
(OTUs) than between morphologically recogmzable species (Chllton et al. 1995; Romstad et
al. 1998; Hung et al. 1999) For example 3 Hypodontus macropz OTUs have ITS-2
dlfferences ranglng from 25-28.3% (Chllton et al. 1995), and 2 Cylzcostephanus minutus
OTUs differ by'7.4% (Hung et al. 1999). o

: ‘G‘iven "the p.re(:eedin.g‘interpretations of ITS-2 Variation, it can be concluded that the
moiecuiar and rn'orbhologicai variation exhibited by C}stidiéoln spp. blaces representatives.in
all three categories: C.' farionis ONT and C. stigmatura are distinct species, C. fnrionis FIN
and C. farzonzs ONT are dimorphic species, C. stzgmatura and C. farzoms BC are recent
dlvergences and C. farionis FIN and C farzoms BC are cryptic species. I further dlscuss the

basis and 1mp11cat10ns of this 1nterpretation in the followmg sectlons on m‘orphologlcal

variation.
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Egg morphology

' The number and arrléingerln’e“n‘t ’of egg ﬁiarﬁenfs is variable within Cystidicola spb;
This study foulid no relatibnship between egg morphology and gerieti:c variation withi.r'i the’
genus -C);stidicl‘o'la. The lack of Va_ria't‘ic-)n in ‘th‘e I.TS‘-‘I‘, 5.8S and D3 of Cystidicofa spl;. was
uninfofmétl’ive{. 1n aﬁéweriné the qﬁesﬁon of Wﬁétflef \"/ariable éég ﬁla'rrient‘place:rnen't '-
con;tif_Utés épééieé-lévél differén;:és; “becaué'e thesé regién's féiled to di.s‘criminate between the
morphplogiCaily well-defined C farfz;onis‘ONT aﬁd C. stigrmatura. More infonnatiyé was the
existéﬁcc of iédlatéé with different ITS-2 fypéS bﬁt'fhé same égg‘typ.e (e. g ﬁolar filamented
eggs‘ of C. farioni; v"fror.n.B.»C ahd ONT/iFIN) ahd identical I’l;S:2 seqiieﬁceé from worms
possessing different egg typés g C. fa;fénis with 'late;al and/or polar filaments ONT and
FIN; BC C.. faﬁioni’s and C. ;;ign;ﬁtufa with lobed eggs). This result supports Ko and
Anderson’s (1969) éssenid‘rl"that filament arrangement is not a good téix’oriomic character, a
conclﬁsion‘bbas}ed g)n obsei'v"ed varia‘t;ility in the number and distribution 6f egg filaments
among worms i;roin‘the same k'_iost.‘ The pAo‘ssibility remaihé that these t'a*a represent a recent.
divérgenée', and a Iﬁofe approl;riafe marker (e. g mitochondrial DNAj could differentiéte
betweén C.- fafz:énis populaﬁqns with different egg typés.

..The caﬁse of variati&n in ﬁlament placement remains unclear. Egg morpholqu méy .
be influenced by environmental ot host cués and 'therefore reflect host-induced |
developmeptal ﬂexibility, of lindicate a fixed morphological polymorphism. The latter
possibilify woﬁld suggest genetic species-level variation between worms from different hosts.
Evideﬁdé suppbﬁing botﬁ pos_sibilities exists. Dextrase (1987) found that eggs' from worms

in lake whitefish have more lateral filaments and a greater ratio of lateral to polar filaments :
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. than eggs from worms in other salmomds Nmety-srx percent of C farzoms eggs from lake -

whrteﬁsh had lateral ﬁlaments and 87% had polar ﬁlaments Only 21% of C. farzoms eges.
from rainbow trout and lake hernng had lateral ﬁlaments while all eggs had polar ﬁlaments
Dextrase (1987) noted srmrlar polar ﬁlament counts for eggs from worms in lake wh1teﬁsh
lake herrmg and rambow trout While eggs frorn lake wh1teﬁsh cons1stently have both polar
and lateral ﬁlaments (Ko and Anderson 1969 Dextrase 1987 th1s study) other fish spec1es
have been found to host worms with the same egg type. For example C farzoms eggs with
polar and lateral ﬁlarnents haye been obtained from brown trout in England (Ko and
Anderson 1969) and lake herrmg, brook trout, and lake trout from Ontano lakes (Ko and
Anderson 1969 Smlth and Lankester 1980 Dextrase 1987). Nmety percent of eggs from
Pettlt L lake trout had lateral ﬁlaments and appeared similar to those in lake whrteﬁsh (100%
laterally ﬁlamented) from the same lake (Dextrase 1987) By comparlson worms from lake
trout from northwestern Canada haye only polar ﬁlaments (Ko and Anderson 1969).
Dlr‘ferences between the egg morphology of C. farzoms and C. stzgmatura seem to -
 facilitate transmlssron to the1r respectrve 1ntermed1ate hosts. Filaments occur on the eggs of
varlous nematodes in the Family Cystidicolidae, many of which use crustaceans, usually
amphipo'ds'v as intermediate hosts (Appy 1981; Moravec and Kazuya 1999). Attachment of
eggs to vegetatlon or to feedmg appendages (e.g. gnathopods) of amphlpods may increase the
probablhty of bemg eaten by this host (Smith 1978 Dextrase 1987) Dextrase (1987) |
observed amphipods using their gnathopods to clean entangled C. farionis eggs from their

setae and antennae. Similarly, Dextrase (1987) suggested that lobes on the eggs of C.

stigmatura may increase their chances of being ingested by the intermediate host Mysis
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relzcta Mpysis relicta feeds on planktomc crustacea espec1ally cladocercans (Cooper and

Goldman 1980) as well as detrltus cysts, and benthic d1atoms (Klnsten and Olsen 1981)
Lobed eggs of C. stigmatura are 40 to 45 um long (Ko and Anderson 1969), similar i.n size '
and shape to many diatoms raising the possiblility that mysids‘ beco'me infected by eating
eggs drrectly or through eating cladocercans wh1ch have already 1ngested eges. Whether the
differences in ﬁlament placement between C Jarionis 1solates present an additional
advantage forlintelrmediate host transmission is unknown, but this could account for.patterns'
observed 1n this '(Table ,2'2) and other studies (Smith 1978; Lankester and Smith' 1980;
Dextrase' 1.987) | | | | I‘ "
Morphology of the oral openlng

Prev1ous studles indicated that Cystzdzcola spp can be dlStll’lgulSth based on
drfferences in the appearance of the1r oral opening (Black and Lankester 1980; Dextrase
1987), however SEM examination of an expanded range of Cystzdzcola 1solates mdlcates this_
feature alone does not distinguish C. fcirionis across éanada and Europe from C. stigmatura. '
Rej ecting the ta);onomic value of this character because of this finding would be unvvise |
given the considerable overlap of other traits within Cystidicola spp., and the likely
signiﬁcance of :an‘y morphological variation between these sister spec'ies;, l\/lorphology of 'the
oral opening isa conserved trait among other nematode isister species. | The cystidicolids -
Salvelinema wallcertf and S. sdlmonicola shovv no substantial interspecific differences in their
cephalic morphology (Moravec and Nagasawa 1999) so the importance of the variable nature

of this trait within Cystidicola spp. should not be dismissed. While the presence or absence

of lips' on the buccal cavity wall alone may not be species-defining, it remains a useful |
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diagnostic character when taken in conjunction with other morphological and molecular data,

' especrally smce it c can d1st1nguish these srster spe01es in some locations (e.g. Ontano)
Cystzdzcola farzonzs BC shares the same ITS-2 and mouth type as C stzgmatura but exhlblts
vastly different egg morphology (ﬁlamented vs. lobed), life hlstory traits (e g mtermediate |
and ﬁnal hosts), and distribution therefore I suggestitis a spec1es distinct from both C.

: stlgmatura and C. farzonzs ONT/ FIN. Cystidicola farzoms FIN and C. farzoms ONT have
different mouth types but share other diagnostic traits (polar egg ﬁlaments ITS-2 type 1) and

therefore represent the same spemes

Glacial history and distributlon of Cystzdzcola spp |
Analysrs of the ITS-2 revealed expected dlfferences betwecn the morphologlcally
distmct C. farzoms and C. stzgmatura but comparison ‘of this region among C. farionis
isolates produced a surprising result: Cystidicola farionis from northwestern Canada (BC
rainbdvv trout) ‘have‘a different ITS-2 sequence from Other C. farionis, but the same ITS-2 .
type as C stighzarura ONT. The I”l"S-Z distinguishes C farionis (BC) from C. farionis (ONT
and ‘FI'N) and ‘irn'plie."s a. closer relationship between' C. farionis (BC) and C. stigmatura. This
result su'ggests tvhatvthe C. farioﬁis population diverged before C. stigmatura arose asa
species, likely before the most recent (Wisconsin) glaciation. - Glaciations during the -
Pleistocene era .signiﬁcantly shaped the evolution and distribution:of aquatic organisms
through tem'porall and geographic isolation in separate refugia while advanc‘_ing‘ice sheets

covered much of Canada and parts of the United States (McPhail and.Lindsey 1970). Details

of glacial events previous to the last glacial period (the Wisconsin, from 50 000 to 10 000 . -
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years ago) are uncertain since each advancing ice sheet tended to cover traces. of its

predecessor (McPhail and Lindsey 1970). While it is not possible to trace the ITS-2 ..
d1vergence to a partrcular isolating event the dlstnbutlon of ITS 2 types across Canada and
Europe in conjunctron w1th the probable gla01al h1story of Cystzdzcola spp. vand its hosts .
suggests that ITS-2 type 1 (ONT and FIN) preceded type 2 (BC and C. stzgmatura) since it is
shared by 1solates that would have been separated long before the last glaciation |

The d1str1but10n of Cystzdzcola spp in some fish hosts has been attnbuted to thelr ‘
1solat10n in separate dralnages dunng the helght of glac1at10n (Black 1983b c). Both ITS 2
data and d1str1but10n patterns support the survival of C. farionis in more than one gla01al
refugla durmg the Wisconsin. Cystidicbla farionis matures 'in a variety of fish species :
throughout North Amerlca but when Black (1983b) examined lake trout from across the
contment he noted that only lake trout from the northwest consrstently hosted mature C B
farzom‘s h He proposed the ex1stence of two C. farionis strains to explaln this dlstnbutron
pattern, suggestlng one straln survrved with fishes in a Bering refugium during the Wisconsin
glamatlon Upon gla01a1 retreat parasrte and host had access to isolated watersheds to o
achleve.thel_r current northwestern distribution. Cystidicola farionis found in hosts other than'
lake trout in eastern North Anderica represent a population (strain) vyhich survived glaciatiOn
ina southern refuglum (e.g. Upper Mississippi River). The ex1stence of different ITS-2 types
from C. farzoms from hosts of Benng BC ralnbow trout) and Mississippi (ONT lake |
whitefish and lake herrmg) or1g1n supports the proposed glacial h1story of parasite and host

The pre_sent d1str1butlon of C. stigmatura is also attributed to its survival in an Upper

Mississippi River refugium during Wisconsin glaciation. Black (1983c) found C. stigmatura
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in laketrout and Arctic char from the Great Lakes and St. Lawrence drainage basins, from

lakes extendlng from northvi/estem Ontario to Great Bear Lake, and from the Canadran Arctic
Archlpelago but not elsewhere This d1str1but10n pattern suggests C. stzgmatura dlspersed
wrth lake trout and M. relzcta from the Upper MlSSlSSlppl refugium, followrng the retreatmg
glacler ina northwesterly direction. Black (1984) found the morphology of C. stzgmatura

varied randomly among populations from dlfferent geographic locatlons which is consrstent

. w1th its survival ina s1ngle glac1a1 refuglum. Furthermore, the apparent restricted preglacial

distrihutio'n of C stigrriqtura and recent history of its intermediate host (M i‘elicta) in :
ﬁesh\uater suggests’ that C. stigmatttra arose as a species during the last glaciation (Black ‘
1983¢). |

Data 'from the ITS-2 region supports the possibility that the Wisconsin glaciation
prouided coriditions for morphological divergence within the genus Cystidicola. ‘Cystidicola
farioriis and C. stigmdturq from the same refugia have distinct ITS-2, egg, and mouth types
which suggest‘s an absence of gene flow between the diverging species. Cystidicola isolates
from BCand C. stigmatura, which represent different glacial refugia share ITS-2 type 2, and
C. farzonzs ONT and FIN share type l therefore rather than acting as the 1solat1ng mechanrsm

respons1ble for the divergent ITS 2 sequences the unique ITS 2 types were apparently

maintained during the last 'glac1ation. '

Development and Host Specificity
. Results of this study conﬁrm that C. farionis has readily transferred from native
hosts to introduced salrnonids such as chinook and pink salmon, and rainbow trout,

(Lankester and Smith 1980; Table 2.2 and 2.3) in Lake Superior, indicating this parasite is
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not always restricted to fish with whjch it has had an historic association as suggested by

Black (1983b c) If a physostomous ﬁsh 1nhab1ts a lake with Cystzdzcola Spp. several
variables could mﬂuence its infection and the nematode s subsequent development host diet
is the first factor determming 1nfectlon Once a host ingests an 1nfected amphipod other
aspccts of the host s blology could affect the ability of larval C. farzonzs to develop to sexual
matunty F or example host habrtat (e.g. depth in the lake) will determme variables such as
temperature and sw1mb1adder gas pressure and composmon, which may in turn affect cues
the paras1te recelves for moultmg/maturation | | -

| The best avarlable index of host spec1es sultability for Cystzdzcola spp. is the |
proportron of mature worms found 1nfect1ng ﬁshes in a given localrty (Lankester and Smith‘ :
1980). To assess thls it is necessary to dlstingulsh between the proportion of hosts infected
with only unmature worms, and the complete absence of Cystidicola spp. in a given host
population. A host group cons1stently 1nfected,w1th only 1mmature worms is v1ewed as
unsuitabvle‘,' whereas the absence of any infection suggests differences in host diet. The
Variable distribution‘and deyelopment of » C. farionis in lake herring and lake whitefish from
across Canada‘ 'selrv‘.es to illustrate this point.

l)extrase (1987) identiﬁed thrce Ontario lakes where lake whiteﬁsh but not lake

hemng, were 1nfected with C farzoms While this may 1mply lake herrlng 1s unsu1table for '

- Cystidicola spp maturmg in lake whrteﬁsh itis also possrble that lake herring in these lakes

do not feed on amphlpods Watson and Dick (1979), for example, noted mature worms in ‘
lake whlteﬁsh but attributed the absence of worms in lake hernng from Southern Indian"

Lake, Mamtoba to the low frequency of amphipods in their diet (<3 %) Samphng Lake o
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Superior, Lankester and Smith (1980) found lake herring were commonly infected with

rrrature worms, whereas all worms from lake vuhiteﬁsh sampled in'the spn'ng, fall, and winter
were 1mmature C’ystidicold fario}rts larvae that accumulated in large"numbers inL. Nlpigon
lake whiteﬁsh deyelope'd'to' sexual matunty in e)rperimentally infected rainbow trout (Black

and Lankester 1980) Not surpnsmgly, these observations along with its distinctive, laterally
' ﬁlamented eggs led researchers to speculate that the worm maturrng in lake wh1teﬁsh is
d1fferent from C farzoms maturlng in other salmonids (Black and Lankester 1980; Lankester ‘
and Smith 1980) leen the extensrve samphng these researchers performed over a number
of years and seasons (sprmg, winter, fall for 2-3 years) it is unhkely that their findings are a
result of samphng error. Dextrase (1987), however, later demonstrated that larval C. farzonzs
from L. Nipigon whrteﬁsh would develop towards matunty in hatchery-reared lake whitefish
of Lake S1rncoel‘stock. Recent samplmg efforts also raise questions about the perce1ved host-
specificity of c fqrionis. |

bistributioh data' obtained in this study does not support previous observations that :

certain C farzoms populat1ons may be h1ghly host specific (Black and Lankester 1980
Lankester and Smlth 1980) Although my collection method did not permit prevalence and
1ntens1ty‘ calculations for C. fqrzoms in Lake Supenor lake whitefish (i.e. commercial
ﬁshermen pooled wyorms: from infected ﬁsh); many mature specimens were obtained (38%
mature females)‘, despite preyious reports suggesting that maturation in this host type is arare :
occurrence (Black and'Lank:e‘ste"r 1980; Lankester and Smith 1980). Population levels of 'this

parasite seem to ‘.ﬂuctuate greatly so rigorous sampling is necessary to determine host type

suitability. This concept is reinforced by the range of mature worms (0-77.2%) obtained o




from BC rainbow trout (Table 2.4) during one season. Also, in the fall of 11988, Mw.

Lankester collected rnatllre C farionis frorn L. Nipigon lake whitefish for the first time,
Attempts toibextract l)NA from .these specimens \Atere unsuccessﬁll'; likely because of
glycerine, 1n the.:_ﬁxative", $O whether the"yvdiffere‘d" genetically from other c farionis isolates is
unknovun. Giuen the comple'te lack of variation be’tvi/een‘ i.solates. froni lahe whiteﬁsh and
lake hemng at all four gene regions sequenced Ipredlct these worms‘ \ivould be 1dent1cal to
other C farzoms from L. Supenor and inland Ontario lakes. These specimens further support
‘the 1dea that only one type of C. farzonzs exists in Ontarlo where lake whlteﬁsh apparently
have Vanable res1stance to thrs parasite. -

" The su1tab111ty of other species hosting Cystidicold Spp. is thought to vary with
locality :For eXample mature C. farionis'are found in smelt (0srherus eperlantls) but not in
whiteﬁsh (Coregonus laveratus) in Bothman Bay, Finland (Fagerholm 1982) Ra1nbow
smelt (Osmerus mordax) and lake Whiteﬁsh from hake Superior are close relatives of these
European fishes, and only lake whiteﬁsh appear suitable'for C. farionis (Lankester and Smith
1980). | Brown_trout (Salmo trutta) is infected with C. farionis in severall British rivers, and
has trans‘ferredthe worni to .rai.nhow trout introduced into River Itchen, Wales (l’oynton
l985). In contrast, C. farioizi's matures in rainhow trout from Lake.Su'perior,‘ but not brown
trout (Lankester land vSmith l980‘). These ex'aniples, along with the‘distribution of Cj)siidicola
spp. in I\lorth American lake trout, may indicate the host specificity of different Cystidicola
strains. Altematlvely, variable host suitability may indicate more about differences in the _

biology ¢ of ﬁsh hosts throughout their range. The lack of rDNA variation in C. farzoms

isolates from Ontario and Finland (Table 2.3) supports the latter hypothesis. -




o _ , : 33
Cystidicola farionis exhibits seasonal fluctuations in prevalence and intensity in a o

nuﬁibef f;f vﬁost sbeciés (Lankester and Smith :1980_). The perceive(i ﬁnéiiitqbiiity of brown
trout invLa.ke'. Superidr 1s based‘ on samples taken 'c.luring one season froiﬁ only 26 fish.’
Prevaienéé and infeﬂsity Was.‘ low in this host (12% and 1% respecti\:/e‘ly.) s0 1t is possib]é that
further sampling would reveal maturé worms. Although BlackA(1983b) _observed C. farionis
to be specific to a Bering straih of lake trout, thelzr:e' is one instarice where C, farionis was |
éollectc_d from lake trout outside the dis;;ersal ;_ahge of this hos'f strain.’ Matufe C. farionis
wef,e‘ fduﬁd in lake trout from Lake Nipigoﬂ, and immature C. farionis have alsd been
collected ﬁom Lake Superior an‘d Lake Huron char (Lankester and Smith 1980). The
per;:ei\‘/'ed .t-lostl‘speciﬁcity of C. farionis rﬁay result from sampling bi'as, but only rigorous
sampling in lakes Nipigon and Superior each season Lfor a number of years could test this
possibility. " Wh%reas ‘Ithe presence éf C. stigmdtur‘a ina pafticular host populatién can be
determined by examining a few hosts in a lake and prevalence is often ﬁear 100% (Black and
Lankester 1981), assessing infection with C. fariqnis is apparently more difficult. Prevalen’cé
of C farion/is vi_n.‘ce;'tain host populatiqns may Be low, so extensive Sampling must be done to

confirm suitability. -



Table 2.1. Cystidicola spp. collected from Canada aﬁd Europe.
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Location Date Collected* - Host
Cystidicola farionis - ' '
Ontario - S , o
o . Novémber 1997 Coregonus clupeaformis
Arrow Lake T (ABM) (lake whitefish®)
.. . May 1999 Oncorhynchus tshawytscha
Nlplgog River (MWL) (chinook salmon®)

Lake Superior

Novémber 1997 -

C. clupeaformis =

(AEM and MK) (lake whlteﬁshc)
 November 1957 BTl
Lake Superior 'S‘e(ﬁsvnﬁbaird' 12]2;7 (%iflg ;;Ztll;f:rﬁ’ )
Lake Superior | AI(,E%% g;gﬁl;l\'istroutp)

British Columbia o |

Cbauhigan I%aike JUI(}]IEIl()g?S | (Oréi’rrglc?istrout)

Ealge Lake Jul(}llﬂl()ggg (Oréﬁiﬁzistrout)

Fish Lake | Jul(}]rﬂlg% | | : '(Oréirr':%)}]cil;irstrout)
Tatlat.ui' Lake - 'Jur(l}fE:Kl)998 ' i (Orég{)}?istfoﬁt)

Finland
Baltic Sea 5@;)998 | ff,i'fiﬁ”;ﬁﬁﬁg?m
C. stigmatura | ,
Squeefs Lake, ONT M(ii\c)&} 298 ﬁi{:ee Zl)ﬁp’;amaybm}l

"Date followed by collectors intials in brackets. AEM=A.E. Mlscampbell MK= M. Klitch, MWL=

M.W. Lankester, EK= E. Keeley, HPF= H.P. Fagerholm.
‘Hosts obtained by commercial fisheries, all other taken by anglers.
PCystidicola isolates from numerous hosts pooled, all others unpooled.
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Table 2.2. Sumniary of éequencesv obtained from 4'regi.o.n's of Cystidicola spp. tDNA.

_Invdividuz.ll Fémaleé Sequenced*

ITS-1. 58S ° ITS-2 D3 (26S)

Origih -~ . Host

Cystidicola farionis

Arrow L, ONT = ' lake whitefish® 2 o | 3 ‘. o 1
Lake Sii:perior; ONT lake Whjteﬁsha : 4 . ’ 3 - 3
Lake Suioeriof, VONT. lake h'errAingb 3 1 3 3
Lake Supefior,'vONT‘, chiﬁook salmon® 2 o 2 | |
Lake Slu;éerior, ONT rair'lbo_wvtroutb 3 : | ‘ 3
Nipigon‘I:{,lONT pink salmon® ' “3" : B 3 | L2
Baltic Sea, FIN ~  smelt® 3 13 3
Chauniga.n‘L,‘BC | réihbov&% trout® 2 | _ 1 ‘.3

Ealue L, BC | ’ rainbow froﬁtb | | ._ R ‘_ . 3

Fish L, BC L rainbow trout’ 2 3

Tatlatui L, BC rainbow trout® - | 2 o ( ) 2v -  3

C. stigmatura
SqueersL, ONT . laketrout® .= 3 1 3 3

a

eggs with both polar and lateral filaments

eggs with predominantly polar filaments

eggs with no filaments

doggs with lateral lobes , oo . . o ,
*worms from numerous hosts pooled ... each replicate likely represents infections from more that one fish.

b

<




Table 2.3. Egg and ITS-2 types of Cystidicola spp. from hosts in Canada and Eﬁrdpé.
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Species and Host Locality

. Egg Type

- ITS-2 Type

C. farionis — lake whitefish
~ (ONT)

C. farionis - lake herring, pink &
chinook salmon, rainbow trout -
(ONT); boreal smelt (FIN)

C. farionis — rainbow trout (BC) = .

C. farionis — rainbow trout (BC)

C. stigmatura — lake trout
(ONT)

A = eggs with both polar & lateral
filaments

B= eggs' with prédo_rninantly polar
filaments

C= éggs with no ﬁlamenfs

D = eggs with lateral lobes

1




Table 2.4. New distribution records of Cystidicola farionis.

37

Mean

% Mature

Location - Host . . N w
intensity worms
British Columbia ' .
Chaunigan Lake Rainbow trout 27.4 (4-78)* 56.3 51°30.9° 123°50.5°
Ealue Lake Rainbow trout 5.2 '(1 -9) 50 57°45.3> 129°50.0°
English Lake Rainbow trout 7.7 (1-15) 31.5 51°30.8° 120°35.8’
Fish Lake Rainbow trout 3.8 (1-14) 77.2 51°25.4°  123°35.3°
Tatlatui Lake Rainbow trout 9.3 (2-36) 67.8 56‘?55.8’ 127°15.3°
Thutade Lake Rainbow trout 1.6 (1-3) 0 56°50.8"  126°50.6’
. Ontario K ' .
Arrow Lake Lake whitefish 6 (1-13) . 46.7 48°09° 90°16’

* range is indicated in brackets



Type 1-

185>
GGGACTGAGCCGTTTCGAGAAACGTGGGGACTGL1bl1111LCGCCAA1111GGTTGGAAATTCTTTAGTGGAAACCATCTTAATCGCA

' ITS-1> .
GTGGCTTGAACCGGGCAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATCGAACCAAGACAAAAAAAAAGTCT

' 5.85>

. ITS-2>

288>

D3>
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Figure 2.1. Sequences spanmng the ITS regions of rDNA (18S 3’ end, ITS-1, 5.8S, ITS-2,28S §°
end) and the D3 expansion segment (28S) from Cystidicola isolates. \/ 1nd1cates an unsequenced
portion of 28S upstream of the D3 region. No variation was found in the ITS-1, 5.8S, or D3 but 4
variable positions (indicated in bold) were identified in the ITS-2 from Type 1 (C. farionis
ONT/FIN) and Type 2 (C. stigmatura & C. farionis BC).
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C. stigmatura from lake trout, Squeers L. ONT C. farionis from rainbow trout, Tatlatui L. BC

C. farionis from lake whitefish, Lake Superior ONT C. farionis from Osmerus eperlanus, Baltic Sea Finland

Figure 2.2. SEM photos showing the oral opening of Cystidicola spp. from Ontario, British
Columbia and Finland.
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Figure 23. Proposed secondary structure of the D3 expansion segment of Cystzdzcola spp .
based on the conserved eukaryote model (Michot et al. 1990) and drawn using loopDloop
(Gllbert et al 1992) This rRNA reglon was 1dentlca1 for all Cystzdzcola 1solates examined.




41

A éé:/
" j7 ]
~£“ -
C \i\ r//.(
) &
@ . JT“#"'X
N Y . r&:ﬂ%’{\@‘fﬁ‘lhv 1
f:*({\ﬂ‘x ‘--‘::\ ; ‘r( 58 -~=-~~.~"~.~.{£§f£i"{{aﬁb_{w
e " gy
P g3 o B
K/"
,{if{\‘\u—rl
e
5
AT T
w\{“g o 9
g}f'i . é‘
. »m"‘('{ i
(u\?,r ¢
((':(-x,_ o
,("gg'g‘( \'
,;c?f((j“«
Frg A
A
B
.r"\‘ -
\uﬂ:-;\(m { "\f—w
M A
K"«(\»‘“K %
e %
%, u:!\» o
TN Ao -
i )‘
L Po C P
Vinels Y 8
b1l N
L S AT g fﬁ\\"}f"‘
\.._r,--/’%u\ ; )'”\ra:f,{,,;"" 28 fﬂ:ﬁ"g{’.ﬁ:{i‘ri?‘{’w1, A ‘\ﬂ
o s P iE T i S "“-*"*ihf"*cr
R v, e TR AT LR X i gl T
O, s Ry
x::':
ﬁi{"/
»{4(' 1
-:"/"‘/f f
4 Pt
4 e
4 { /1
{ i
7 j:
k
io proseh
A
o
\

Figure 2.4. Predicted secondary structures of the ITS-2 for Cystidicola spp. Type 1 and 2. A is the
most energy efficient folding for Type 1 (dG =-106.01) and the second suboptimal folding for Type
2 (dG =-106.31). B is the most energy efficient folding for Type 2 (dG = -106.57) and third
suboptimal folding for Type 1 (dG = -102.9). Differences between ITS-2 Type 1 sequence (shown
here) and Type 2 are indicated by circles and arrows and do not represent compensatory changes.
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CHAPTER 3: RIBOSOMAL DNA VARIATION WITHIN THE DRACUNCULOIDEA

Introduction

‘Nematodes of thej superfamily Dracunculoidea occur in extra.intestin‘alA ﬁssues of fish,
reptilés, birds, and mammals (Chabaﬁd 1975). Mo:avéc énd Kaie (1987) re.vAis;:d Chabaud’s
(1975) ﬁve‘ family classiﬁcatién based on structure of the buccal capsule, esophagus,
reproductive system in females, a_nd‘ caudal extremity in niales? a_nd further diﬁded the
superfamily among 7 fé.miliésf Anguillicolidae, Daniconématidae, Dracunculidae,
Guyanémidae, Micropieuridae, Philometridae, and Skrj‘abillanidae..' T'he‘ use of mbrphological
characters to establish phylogenetic relationships and distinguish closely related species within

the Drécunculbidea; however, has proven difficult. The cqrreht ¢la-ssiﬁqation‘ may be based on
primitive, phylogenetically ilniriformative, characters (Adamson et al. 1987). In addition,
morphological similarity among close relatives suggesfs thaf more precis¢ taxonomic markers
are required to reliably assess species diversity within this superfamily.

Recent researgh has focussed on using molecular @echnique's to address phylogenetic and
species diagnosﬁc problems witﬁiﬁ the Dracunculoidea (Adafnson et al. 1992, Depré§ et al.
1995; Brown 1996). ' The D3 expansion segment of 28S rDNA has been particularly useful for
discriminating members Qf the holarctic genus Philonema (Dracunculoidea; Philometridae),
which are parasites in the body cavity of salmonids. The 9 nominal Philonema species were
previously deﬁnéd oﬁly in terms of host or zoogeographiéal differences and considerable
morphologicial overlap (Platzer 1964) suggested the existence of only 2 or 3 valid species.

Molecular characterisation of four species, P. agubernaculum, P. oncorhynchi, P. sibirica and

- P. tenuicauda, establishéd species-level differences in the D3 region (Deprés et al. 1995; Brown




1996) Although morphologlcally cryptic, Philonema agubernaculum and P.. oncorhynchz ®
represent d1st1nct genetlc stocks (Adamson et al 1992; Deprés et al 1995; Brown 1996).
Slmrlarly, while morphology and measurements of P. szbzrzca and P. agubernaculum suggest
they may be synonymous (Moravec 1994), the D3 reglon dlstlngulshed these two species
(Brown 1996). | |

"The Guyanemldae which includes Guyanema Petter, 1975 and Pseudodelphzs Adamson
and Roth 1990 presents another taxonomic challenge. This family consists of spe01es that occur
in distantly related hosts 1nhab1t1ng diffuse zoogeographic regions and different habitats (marine
and freshwater),-suggesting the farnily is artificial, or that known guyanemids"represent only a |
small fraction of those that exist (Adamson and Roth 1990). An undescribed nematode obtained
from slender sole, Eopsetta exilts, appears to be closely related to Pseudodelphis oligocotti
because of shared guyanemid characteristics (e.g. anterior pos'ition of the vulva, pseudodelphic
condition) and rnay rer)resent anew guyanemid species. Phylogenetic analysis using the D3
region placed P. oligocotti within the Philometridae (Brown 1996), and suggested P. oligocotti
was closer to Philonema spp. than Philonema spp. are to other philometrids (e.g. Clavinema
mariae) but Guyanenta spp. could not be included in the analysis. Further molecular analysis of

the Dracunculoidea including other guyanemid (e.g. the slender sole worm) and philometrid

' species (e.g. Philometroides huronensis), may resolve this questionable affiliation.

In this study I investigate genetic variation within the Dracunculoidea; I characterise the
D3 and ITS-2 of two and nine dracunculoid species respectively to evaluate species diversity
and phylogenetic relationships within this superfamily. Dracunculoid relationships are assessed

using sequences from the D3 region of two species, the slender sole worm and P. huronensis,




o . . ‘ ‘ S 44
added to an existing D3 data set of seven dracunculoid species (Brown 1996), and ITS-2 -

sequenees from all nine spec'iesl. The relative ability of these regions to distinguish 'cryntic
speciea (e.g. Philonema spp-), place nnidentiﬁed nematodes Within the current .elassiﬁcation
system, and infer phylogenetic relationship‘s' (e.g. within the Philometridae and Guyanemidae) is
: compared. I also explore ITS-2 secondary structure characteristics to determine. if there is a
discernable common structure wh1ch could guide sequence ahgnment. and thus expand the

phylogenetlc utxhty of this region. . -

Materials and methvods

Two nematode species were eollected in May 1999: Philometrfoides huronensis from the
fin of white sucker (Catastomus commersoni) from Timber L. drainage, Nova Scotia, and an
undescribed nematode species from slender sole (Eopsetta exilis) canght during a research trawl
south of Barkley Sound BC (Tahle 3.1). The undescribed nematodes. were found encysted ina
mass of 20-25 wonns in the body cavity of slender sole. M.L. Adamson identiﬁed the species
as a close relative to Pseudodelphis oligocotti because of shared morphological features
characteristic of the Guyanemidae (e.g. anterior position of the vulva; pseudodelphic condition).
DNA extraction of these éamples followed the protocol outlined for Cystidicola spp. (Chapter 2
this study). A.M.V. Blrovsln pro{/ided DNA extracted from 7 other nematode specles
representing 4 families within the superfamily Dracunculoidea (Table 3.1).

Two rDNA regions were targeted for PCR: primers I\lCl3 and NC2 amplified the ITS-2
while D3A and D3B amplified the D3 region of 9 and 2 dracnncnlolds respectively (’l’able 3‘.1).

Primers, PCR cYcles, and 'sequencing methods followed those for Cystidicola spp. (Chapter 2
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this study). When possible both the 5’and 3’ directions of each region were sequenced for 2

worms per‘s‘pecies.‘ ‘

The ITS-2 and D3 boundaries were determined using the Clustal W version 1.7 program
(Thompson et al 1994) 0 align these reglons ‘with those of C elegans (Ellis et al. 1986) ITS 2
sequences were aligned with mult1ple al1gnment parameters set at gap opening penalty =.10 (on
a scale of 1- 100) and gap extensron penalty 4 (ona scale of 1-8) to allow the conserved ends
of the ﬂankmg 5.8S and 28S genes to ahgn since large size differences ex1st in the enclosed
- ITS-2 sequences. Secondary structures for_the D3» region of P. huror_zenszs and the unde.scribed
guyanemid worm from slender sole (SSl) were modelled after those of C 'elegans.(Ellis et al.
1986; Nunn 1992) and Philonema spp. (Brown 1996; Deprés et al. 1995) and drawn using
looleoop Version 1.2 (Gilbert 1992). D3 sequences from P huronensis, SSl, Cystia’icola spp-,
and 7 dracunculoids (Broyvn 1996) were aligned manually in ESEE Version :3.2s (Cabot 1998)
using secondary structure as a guide, and automatically in Clustal W (Thompson et al. 1994)

Sequence data was analysed using the Unwe1ghted Pair Group Method using Anthmetics
averages (UPGMA) included in the PAUP * 4.0 package (Swofford et al. 1998). UPGMA
calculates pairwise comparisons based on sequence dissimilarity which is equal to the number |
of alignment positions. containing non-identical vbases divided by the total numher of sequence
positions compared (Swofford etal. 1996). Gaps were treated as missing data. Bootstrap values
(n=100) calculated according to 50% majority rule (Swofford et al. 1998). Phenograms
generated by UPGMA were drawn and Viewed using TreeView 1.6 (Page 1996).

.Th'e mfold program (Mathews et al. 1999; Zucker et al. 1999), based on _'an energy

minimization approach, was used to generate ITS-2 secondary structures for all 9 dracunculoid
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species and to confirm D3 secondary structure. Aligned ITS-2 sequences were examined to

identify close species pairs with potentially common structures. Optimal and suboptimal (< 5%)
foldings were compared within and between species pairs to find conserved stems. When

secondary structures differed, but sequence alignment strongly indicated a close relationship

" between species, a common stem was forced. Forced structures within 10% suboptimélity were

considered acceptable. Stems were then compared between species pairs to find any conserved

domains, and to determine an overall ITS-2 structure for dracunculoids.

Results

ITS-2 sequence comparisons

Thé ITS-2 of 9 dracunculoid species was 299-523 bp in length, and G + C content
ranged from 2}8.8(—55.3% (Table 3;2). The ITS-2 distinguished all specjes examiped, except
Philonema agubernaculum and P. oncorhynchi which had identical sequences. Perce’ﬁt
difference between dracunculoid speéies’ ITS-2 sequencés ranged from 0-58% (Table 3.4).
Avioserpens sp.. had the n‘10st distinct ITS-2 compared to the other 8 taxaA(52.8-5 8% difference),
while P. agubernaculum/P. oncorh);nchi and P. sibirica were least distinct (5. 1%). Their
sequences differed at 49 nﬁcieotide positions including 22 substitutions and 27 |
insertions/deletions. Of the 22 substitutions, 5 were transitions between puﬁnes (e.g. A and G),
7 were transitions between pyrimidines (e.g. C and T), and 10 were tra‘nsAxllersions (e. g.‘
substitutions between pﬁrines and pyrimidihes). Sequenée alignment and conséduéntly
intergeneric ITS-2 comparisons were complicated by a number of factors such as séqﬁence

hypervariability resulting from point mutations/substitutions, and repeat motif




47
insertion/deletions which produced large size differences and questionable sequence 4

homology between taxa.

Pred1cted ITS-2 secondary structures representmg the most energy efﬁcwnt shape for
each spec1es (AG values of 144 6 FIN 13271 PAG&PON -142.1 PSE -151.1 SS1, -132 15
PHU 174 84 CLA -99.37 ANG and -154.93 AVI) were composed of 6-8 d1st1nct domains
(not shown). All structures included a central helix (I) formed by complementary base pairing
of the 5.8S 3’ en_d with the 28S §° end (approximately 20 bps long). Attempts .to predict a. .
universally conserved dracunculoid structllre were confounded bythe high degree of .sequence
variation between species, and the large number of competing structures generated by Mfold.
Analysis Ol‘ optimal and suboptimal foldings indicated structures with a similar overall structural
morphology could.be achieved, composed of helix I plus an additiOnal 5-6 distinct domains
(Figure 3.1). This usually involved altering at least one stem per species to resemble presumed
homologous stems All configurations maintained helices from their most energy efﬁcient |
folding and were w1th1n 5% suboptimality, except FIN (11% suboptimal), and PHU and AVI
which ma1nta1ned the most energy efficient folding in its entirety (AG values of -128.44 FIN - "
129.76 PAG&PON, -138.66 PSE, -143.04 SS1, -132.15- PHU, -168.96 CLA, -101.35 ANG, -
154.93. AVI). |

Predicting common ITS-2 secondary structures did not facilitate ITS-2 sequence
alignment Determining homologous stems even arnong close relatives was problematic. For
example, P. ohgocottz and SS1 (25.3% different) shared many regions of primary sequence
conservation Wthh occurred 1n stems of questionable homology. Forcing conserved nucleotlde

regions to form presumed common stems in one area would often disrupt the best primary
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sequence alignment of subsequent conserved regions. On the other hand, some of the most

variabyle and virtually unalignabie sequences folded into similar structnr'es with mim'mal .
interference (e. g P. huronensis and P. sibirica 48% difference).

- Optimal structures for P agubernaculum/P. Oncorhynchi and P. sibirica were similar,
but ‘notv identical; deepite mfnimaf seciuence variation (5;1%). 'éomparivson of consensus
structures (F igure 3‘.2) shovsred 7 seqnence differences in helix loop's'or'lbulge; that did not affect
base pairing m the Stem structures. Remaining substitutions and indels occurred Withfn stems
and did not malntam base pairing (i.e. were drsruptlve or non- compensatory) “ The most stnkmg
secondary structure d1fference between all foldlngs for these taxa resulted from 10 and 8
nucleotide 1ndels on each sides of stem IV. These caused an additional 8 bp stem to form near
the terminal loop of stem IV in P. 'sibirica’s optimal folding. Incorporating these nucleotides
into stem IV increased the free energy of the resulting structure to 11% suboptlmahty (Figure
3.1a) for the 6 domain model and 3% suboptrmallty for the 7 domaln consensus structure
(Figure 3.2). |
D3 expansion segment

The 28S rDNA region sequenced for P. huronenszs and SS1 included 138 bp conserved
core ﬂankmg the D3 expansion segment of 240 bp and 179 bp respectively (Figure 3.3). G +C
content was 46% and 50.3% respectively. No intraspecific variation was detected. Secondary
structures based on the universal eukaryote model (Michot et al. 1990) matched those generated
by Mfold (Mathews et al. 1999; Zucker et al. 1999) in all but stem IL. >Comparison over an
alignment length of 398 bp indicated a 17.7% difference between these species.. The D3

expansion seginent of P. huronensis and SS1 consisted of 4 variable subdomains and the
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universally conserved H14 stem as in Michot et al. (1990). One partially compensatory

transversion (Tto .G) and 2 compensatory transitions existed in stem Hl14 of P huronensis and
SSI." The?e wére four suhStimtrons 1n stem I, which was the rnost conserved subdomain of the 2
species.- Stems I, 110, and IV exhibited large size and sequence yariation between the speciesv,
making substitutions/indels ‘difﬁcult to discern. Comparrson of the core region in these 2 |
species revealed 2 transitions over 1'38 bp representing a 1.5%‘ difference. In eontrast,
differenees in the core reéion between CyStidicofa spp. and these dracuricnloids was 2':17_ -
2.90%. " |

Pairwise com'pari‘sons of percent differences among D3 seouences (plus 13'8bp
conserved core reglon) from this study and Brown (1996) are shown in Table 3.3. Interspec1ﬁc
dlfferences between dracuncu101d spe01es ahgned based on secondary strncture were usually
greater than those obtamed using the Clustal W ahgnment (0.6%-26. 2% vs 0.6%-26.8%
respectlvely) szoserpens sp. was most genetlcally dlstmct (18.8- 26. 8%) from the other 8
species, while P. oncorhynchi and P. s1btrzca were the most genetically s1m11ar (0.6%
difference). |

Pairwise D3 eomparisons revealed SS1 was most genetically similar to .P.“oligocott‘z.' h
(Brown 1996) (5.0% differenee) while P. huronensis was mostvsimilar to czafiﬁéma man'ae“
(Brown 1996) (1 1% dlfference) SSI and P. oligocotti had 1dent1cal core regions, and their D3
differed at 31 nucleotlde positions, con51st1ng of 11 substitutions and 20 1nde1s overall4
subdomains, with Il and IV being the rnost variable_(Figure 4b). There were 6 transitions G
between pﬁmidines, 1 between purines), and S transversions. Subst_itutionsl occurring in stem

regions were partially compensatory (e.g. a substitution on one side of a helix to maintain base
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pairing, 5 in total) or completely compensatory (substitutions/indels on both sides of a helix to

mairitain base pairing, 8 in total) with the remainder being non-compensatory. \Twelve
substitutions/indels occurred in loops and thus did not affect.stem base-pairing.

No d'ifferer.lces existed be@een core regions of P. huronensis and C. mariae. -
Comparison of their predicted D3 secondary structures revealed a trensversion in the terminel
loop of subdomain I'and higﬁly variable subdomains II, 11, andIV These stems exhibited large
mutatiosal differences and Qere too variable to diffefentiate substimfions/indels eetween the 2
species. While the base of eaeh subciomain was conserved,l considerable variation oceurred at
the ferminal ends in both stem and loep regions. P', huroeensis maintained the fllrst'3 bp of stem
I and 8 bp of s.tem III, but the fest of 4these stems wefe elongéted by releeat insertioﬁs. Most of
subdomain IV was conserved, ‘w1th 5 substltutlons (2 transitions, 3 transver51ons) anci 3 indels in
the ﬁrst 21 bp; the terminal portlons were too d1vergent for comparison.

Figure 8 shows phenograms depicﬁng genetic similarity of 9 dracuhculdid species, as
well as C. elegans and Cystzdzcola spp. type 1, based on their ITS 2 and D3 sequences |
Phenograms based on Clustal W or secondary structure ahgnments of the D3 region dlffered in
their branch lengths, however, except for the placement of Avioserpens si). and Anguillicola
crassus, taxa clustere'(i identically; ITS-2 and D3 phenograms both split members of the family
Philometridae, and placed Philonema spp. witﬁ P. oligocotti (Guyanemidae) and SS1 rather than
with the other philometrids, P. huronensis and Clavinéha mariae. The D3 showed more
similarity axﬁeng these 7 species (Pﬁiiometridae/Guyanemidae) than other dracunculoids 4.

crassus and Avioserpens sp., but the ITS-2 did not. The ITS-2 showed the Philometridae as )
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highly diverged and Philonema spp. and the Guyanemidae as more similar to 4. crassus and

C. elegans than to other philometrids.

Discussion -

"D3 and ITS-2 séquences caﬁ resolve .sys.tematic and ta);onomic issues within the
Dracuncgioideé, but the ext‘ent o.fAtheir usefulnéss depénds bn the taxonomic level to which they
are appliea. hilpoftanf issu;s iﬁcludé the apbrobriatengss of ITS-Z and D3 da@_f(;r detérrniriing
the validity of tﬁe (l:ur.ren.t'. dfacuncﬁloid claésiﬁcation and whethér‘ the cifadunéﬁiéidé répresent a
coherent taxonomic group. Before such quéstioﬁs can be addressed, it is ﬁecessary to assess the
ext.ent‘ of D3 aﬁd ITSfZ variation, and hence the phylogenetic utility, éf these vériable regions. '
Although the phylo'genetic value of fhg ITS-2 acfoss the 4 &acunculoid fami}ies analysed in this
study wa s limiiéd .by the'smail numbér of taxa I was able to exéming:, compariédn of D3 and
ITS;2 variation Within the Dracunculoidea allowed geheral observations ail‘)out the evolution of
rDNA expﬁﬁsién and spacer regions. I will first discuss characteristics of dracunculoid ITS-2

and D3 regions before extending an'interpretation of their diagnostic value.

ITS-2 cjharactevri‘stics

Dracur}'culoid ITS-2 sequences ranged from 299-521 bp (Table 3.2), consistent with ITS-
2 sequence lengths of otﬁer némato‘des (strongylids 217-337 bp, C. elegans 383 bp, Cy;etidicola
spp. 365-368 bia’, as discﬁssed iﬁ Chapter 2 this study), but the ITS-2 6f Avioserpens sp. at 521

bp’ was ‘except'ionally. long. G + C contenf (2.8.8—55.3%) was higher than for other nematodes

(e.g. Cystidicola spp. G + C = 27% and Trichostrongylids G + C ~30%). Further comparison of




ITS-2 sequence characteristics, except within Philonema spp., was hindered by the high

degree of variability in length and nucleotide composition within this g'roup..’Phylogenetic o
analysis using dracunculoid ITS-2 sequence data \vas not performed because the ITS-2 was so
divergent among the species analysed that the alignment was questionable and a robust
phylogeny unllkely Establlshmg a common secondary structure might have allowed more
reliable 1dent1ﬁcat10n of homologous regions and guided ITS-2 ahgnment across this broad
assemblage This technique has been successfully applied to plants (Mai and Coleman 1997)
trematodes (Morgan and Blair 1997), and Drosophila spp. (Schlotter et al. 1994), y1eld1ng
phylogenies Wthh agree w1th those derlved usmg morphological data

Conserved ITS-2 secondary structures have been predicted for severa-l' groups (Wesson et
al. 1992; Schlotterer et al. 1994; Ma1 and Coleman 1997; Chilton et al 1998; Morgan and Blair ‘
1998; Shinohara 1999) however the only ITS-2 structure unambiguously resolved is that of
Saccharomyces cerevisiae. Determming this structure 1nvolved an approach Wthh comblned
enzymatic and chemical probing, minimum free energy calculations and mutation and‘ |
insertion/deletion experiments (Yeh and Lee 1990; van der Sande et al. 1992; van Nues et al.”
l995)§ Computer modelling is now the technique most COmmonly used to predict secondary
structures. Tln's involves generating :models that rely on algorithms that search for the state of
minimum energy based on stacking and destabilizing energies hbweverv since some‘ molecules
may not adopt the minimum energy structure, additional algorithms allow suboptimal structures
to also be generated (Zucker et al. 1999) The 1ncreased rRNA database has facﬂltated a |
combined comparatlve and energetic approach resulting in improved secondary structure

estimates since those based solely on computer-generated energetic calculations are poor
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predictors of rRNA secondary structure because they ignore the contributions of ribosomal

proteins (Kjer1995). _Results from this study confirm the limitations of a strictly energetic -
approach as ‘Mfold.‘ COuld not form D3 structures that should conform to a universally 'conserve_o
moclel and are easily 'pr.oducecl manually. |

A comrnOn s_econ(iary Structure i‘or tﬁcnostrongylid nematorleslwas predicted despite
distinct interspecific sequence differences (1.3-26%, Chilton et al. 1998). This 'common
structure represented the.most energy efﬁcient shape lfor 6 of 7 species analysed.. In light of '
these results it is surpnsmg that the most energy efficient foldings for P. agubernaculum/P
oncorhynchz and P szbzrzca were not identical, since their sequence d1fferences were relatively
minor (5.1%).. : Arriving ata common ITS-2 secondary structure for a given group can be
complicatecl by either a high rate of sequence divergence among distantly related organisms ora
level of conservatlon too great to be structurally reveahng wrthm a group of close relatrves (Mai
and Coleman 1997) A greater range of taxa spanmng more approprlate levels of conservation
(e.g. more Philonema spp. and ph1lometr1ds), should be exammed in order to est1mate a
common dracunculord structure which could then be apphed to phylogenetic analysis.
D3 characteristics | |

The D3 expansion segment of 28S rDNA has been studiedn extensively from a variety of |
organisms; including crustaceans (Nunn 1996), free—living nematodes‘ (Nunn 1992), r)lant
parasitic nematodes (Al-Banna et al.’ 1997) and dracunculoids (Adamson et al. 1992; l)eprés et
al. 1995; Brown 1996). Characterisation of the D3 regions from P. huronensis and the slender '

sole worm provides further insight into dracunculoid molecular diversity and :evolutionary N

relationships. In addition, detailed examination and comparison of proposed D3 structures for
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P. huronensis and SS1 with those of other organisms (Nunn 1992, 1996), particularly

dracuncnloid nernatodes (Brown 1996), supports current Views on patterns ol_' divergence and '
possible evolutionary Inechanisms w1th1n rDNA expansion segments. In the following section 1
ﬁrst examineyariation in the D3 regions of P. huronensis, SS1, and other dracunculoids, before
focussing on ‘more' general evolutionary patterns vt/ithin the D3 regiOn- _— |

The length and G+C content of the D3 reg10n from SS1 (179 bp and 50 3%) and P.
huronenszs (240 bp and 46%) are comparable to those obtamed from other dracuncu101ds (160-
232 bpin length 31- 55 1% G + C content, Brown 1996), C. elegans (Elhs et al. 1986) and
Cystzdzcola spp (172 bp and 41. 86%) The absence of intraspecific D3 variat1on noted in this
study is consistent with ﬁndmgs from other nematodes (Adamson et al 1992 Nunn 1992
Depres et al 1995; Brown 1996 Al—Barra 1997). -

Several patterns of divergence observed in this study reflect apparent general
characteristics of the D3 expansion segment, including conserved secondary structure despite
consideriable size and sequence variation (Michot et al. 1990; Nunn l992§ Deprés et al. 1995;
Brown 19965; highly conser\ied single-stranded regions between subdomains (Michot et al.
1990; Nunn 1992); and subdomains II-IV which sustain considerable variation, often exhibiting
repeat insertion motifs perhaps generated by replication slippage (Hancock and DO\ier 1988;
Nunn 1996). The first trend is apparent when comparing the D3 of diStant nematode species;
for example,‘_' despite the high level of .D3 sequence divergence between P. hurortensis and C.
elegans (26.9%), a common overall secondary structure is niaintained which resembles models

proposed for other .nematodes (Nunn 1992; Brown 1996) and conforms to the general eukaryote

structural model (Michot et al. 1990).
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The pattern of conserved and vanable reglons I observed within the D3 expansion

segment corresponds with prev1ous findings (Mlchot et al 1990; Nunn 1992 Brown 1996) |
The most conserved areas of D3 pnmary sequence were the s1ng1e stranded regions between
stem-loops. Nucleotldes in stem I were the next most conserved between taxa compared in this
study (P. huronenszs/C mariae; P. huronenszs/SSl and SS1/P. oligocotti), a characterlstlc
shared by other dracunculords (Brown 1996), Caenorhabdztzs spp and Heterorhabdztzs spp
(Nunn 1992) Stems II- IV are cons1derab1y more var1ab1e Stem II may exhlblt large variation
in pnmary sequence, but is usually structurally conserved. Internal ‘bulg'es are absent in this E
region of Caenorhabditis‘ spp. and Heterorhabditis spp. (Nunn 1992),Phi‘lonema'spp., C |
mari'ae, P. oligocotti (Iérown 1996) P. huronensis and SS1, but are present in other |
dracuncu101ds 1nclud1ng Dracunculus insignis, A. crassus, and szoserpens sp. (lérown 1996)
Stem Il is hlghly variable in size and structure but remains extensrvely base-pa1red Although
in some nematodes (Caenorhabditis spp., and Heterorhabditis spp-) insertion‘ events are mainly
single nucleotides inserted in tenninal loops' (Nunn 1992), I found evidence of base-pair inserts ‘
looklng motif like (e g TGx 6 repeat in stem II and GTT x5 repeat in stem M of P.-
huronenszs) wh1ch is also charactenst1c of stems in other organisms (e.g. 1sopods Nunn 1996)
Dlagnostlc value of rDNA variable regions: D3 and ITS-2 sequences _ -

Comparison of dracunculoid D3 and ITS-2 sequence data allowed the diagniostic value -

of these rDNA regions to be assessed. Since they are non-coding, spacer regions probably

experience' fewer evolutionary constraints and thus display greater variation than rDNA gehe
expansion segments IfITS-2 sequences w1th1n a given 11neage change ata umformly hlgher

rate than the D3 expansron segment then we would expect that ITS-2 differences within the



group will always be higher than D3 differences. The degree of interspeciﬁc/intrageneric D3 -

and ITS- 2 variation; however, was found here to be 1ncons1stent W1th1n thlonema spp the
range of variatlon between D3 (O 6-1. 3%) and ITS 2 (0-5. 1%) sequences did not reveal the |
predlcted pattern. The D3 reglon discriminated between all Philonema Spp. examined,
indicating that P. sihirica and P. oncorhynchi were as closely related as"P. oncbrhynéhi and P.
agubernaéuluin 4(0.46% difference between each pair), while P agubernaculum and P. sibirica
(1.3% difference)were.rnore diVerged _(Brown 19965. The ‘I;FS;Z?_' gave an alternativé view of
variation within Ph.ilonevma spp- This spacer distinguished 511' dracunculoids examined, with
one exception:‘ ITS-Z sequences from P. agubernaculum and P. oncorhynchi were identicai On
the other hand ITS- 2 variation between these spec1es and P: sibirica was substantiaily greater
(5 1% difference) than the D3 (l 3%)

R1bosomal DNA variation within Cystzdzcola spp. (Figure 1 Chapter 2 this study) also
111ustrated D3 and ITS-2 dlsagreement This genus demonstrated greater conservation in its D3
than in its ITS-2; Cystidicola 1solates had identical D3 but variable ITS-2 regions. Examination
ofa broader range of Cystidicola isolates as well as other members of the Cystidicolidae may
provide a more consistent pattern of D3 and ITS-2 divergence rates.‘ At this point the
discrepancy between D3 and ITS-2 divergence within Philonema spp. and Cystidicola spp.
suggests that thesernarkers vary in their ability to discriminate interspecific relationshjps,
depending on the taxa, so examining both regions for species identiﬁcation is advisabie.

. The ITS-1 in nematodes displays a similarly variable diagnostic value. For example,
Ascaris lun_rbricoides and Ascaris suum had identical ITS-2 sequences, but their ITS-1

sequences differed by 1.3% (Zhu et al. 1999), whereas in other species the ITS-1 is less variable
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than the ITS-2 (see discussion Chapter 2). Phenograms depicting genetic similarity among

Trichostrongylus spp- differed depending on whether they were derived using ITS-1 or ITS-2 ‘
sequence data (Hoste et al. 1998)..‘ | -

ITS 2 and D3 data reveal comparable 1ntergener1c afﬁhations For example these |
reglons allyP huronenszs w1th C. mariae and SSl w1th P. olzgocottz their morphologlcally
closest relatrves for wh1ch rDNA sequence data is available. The D3 and ITS-2 reglons also
agree in the1r placement of Pseudodelphzs olzgocottz and SS1 within the Phllometrldae as thelr "
sequences are mores1m1'1ar to Phlloriema spp. (an average dlfference of 7.65% and 37.‘ 88% I'
respectively)‘ than Philonenia spp are toother philometrids (an aVerage difference of 1_5.65% '
and 49.38% respectively). Phylogenetic analysis of the Dracunculoidea using the D3 also
supported Psettdodelphis oligocoiti ’s affiliation with Philonema spp. (Brown 1996).

In comparison to D3 dlvergence the ITS-2 demonstrated an accelerated rate of change
between dracunculoid fam111es Withln the Dracuncu101dea D3 d1fferences ranged from 0.6-
26. 8% compared to 0- 58% for ITS 2 sequences. ITS-2 differences among S spe01es within the
family Philometridae alone were 0-50.3%. This increased ITS-2 diyergence rate is consistent
with that fonnd in other nematode superfamilies; within the Strongyloidea ITS42 differences |
ranged from 8.§-KS7.5%,‘and“in'trafamilial differences were as followsi Fam1ly Cloacinidae 8.9-
42.8%, Family Strongylidas 11.3-50.1%, Family Chabertiidac 29.2% (Chilton ctal. 1997).
Variation among 3 genera within the subfamﬂy Anisakinae (Ascandmdea Anisakidae) (49 9-
53, 4%) was also considerable (Zhu et al. 1998). |

The diagnostic value of the ITS-2 becomes far less reliable ahove the family level. This

is most apparent when compating dracunculoid sequence differences with the outgroup species
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C elegans and Cystzdzcola spp H1gh ITS-2 vanablity causes some dracuncu101ds (e g

Avioserpens sp ) to appear closer to Cysttdzcola spp- than to other superfam1ly members This
unlikely represention is presumably an artifact of sequence allgnment Homologous sites
become increasingly difficult to 1dent1fy and ahgnments less robust among highly d1vergent
sequences When paired sequences differ by more than 30% in a given region the probability of
homoplasy (parallellsm, convergences and reversals) increases and short areas of sequence
similarity are more likely to miatch at fandom (Hillis and Dixon 1 9491'), ‘Thiis problem may be
partially related toi tl1e method of analysis (UPGMA vs parsimony) as Chilton et al. (1997)
found strongyloid families were not 'upheld when percenf nucleotide similarity was the criteria

for analysis, but parsimony analysis supported recognized family affiliations.
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Table 3.1. Dracunculoid nematode sequences used to compare utility of ITS-2 (thls study)
and D3 regions (Brown 1996, except x,y) for species 1dent1ﬁcat10n and genetic 51m11ar1ty

Indnvxduals

sequenced

Famllyeand Specles Locatlon Host

ITS-2

D3

Anguillicolidae
Anguillicola crassus

Dracunculidae
Avioserpens sp.

Guyanemidae

Pseudodelphis oligocotti

Undescribed species

Philometridae
Clavinema mariae

Philometroides huronensis’
Philonema agubernaculum

.P. agubernaculum

P. oncorhynchi

P. sibirica

Bracciano L. Ttaly

Vancouver BC

Stanley Park BC

Barkley Sound BC

Stanley Park BC

Timber L, NS

Fulton R, BC

O’Connor L, BC

Lake Kuril

Kamchatka Russia

Lake Yli-Katka
Finland

Anguilla anguilla
(European eel)

Ardea herodias
(great blue heron)

Apodichthys flavidus
(penpoint gunnel)

Eopsetta exilis
(slender sole)

Platichthys stellatus
(starry flounder)

Catostomus commersoni
(white sucker)

Oncorhynchus mykiss
(steelhead trout)

Oncorhynchus mykiss
(rainbow trout)

Oncorhynchus nerka
(sockeye salmon)

Coregonus albula
(vendace)

Brown
1996

Brown
1996

Brown
1996

Brown
1996

Brown
1996

Brown
1996

Brown
1996

Brown
1996




Table 3.2. ITS-2 length and G+C content of 9 dracuncu101d nematodes Specws

abbreviations are indicated in parentheses

Species ITS-2 length | G+C content
Aﬁguillicola crassus (ANG) - - 299 bp , - 49.8% ’
Pseudodelp'hz;s oligocotti (PSE) ~ 338bp . 553%
Philometroides héronensis (PHU) , .406 bp . .38'.4% o
Slender sole worm (SS1) o Allbp 482%
ST P g
P. sibirica (FIN) 435bp 42.3% .
Clavinema mariae (CLA) 448bp ' 40.2:% '
Aviosefp‘ens Sp; (AVI) | '521pr | | ‘ _2818%"] E :

Table 3.3. Pairwise comparisens of % differences in D3 sequences. Secondary: structure

60

alignment (upper diagonal) and Clustal W alignment (lower diagonal). Dracunculoid 'spe01es
abbrev1at10ns are glven in Table 3.2, with CEL—C elegans and CY1= Cystzdzcola spp. type 1.

_PHU CLA PAG PON FIN SS1- PSE ANG CEL AVI CYl
PHU - 160 - 204 208 213 217 185 238 321 262 23.1
CLA- 110 - 169" 167 172 171 134 228 288 197 223
PAG 163 148 - 06 13 72 54 200 298 189 218
PON 158 149 06 .- 06 72 58 205 294 193 218
FIN 164 157 13 06 - 81 64 213 292 197 221
'$S1 177 165 87 86 88 - 51 . 206 301 214 211 -
PSE 150 121 64 67 67 50 - . 187 299 188 204
ANG 210 183 204 207 207 215 184 - - 304 230 204
CEL 269 272 271 269 269 289 265 244. - . 312 322
AVI 268 214 188 192 197 220 197 236 289 - 225

22.5 17.5 17.8 182 178 265 165 -

CYy1

19.7

17.7

18.7-




Table 3.4. Pairwise comparisons of % Adi.fvferenc'es in D3 sequences (upber diagonal) and

ITS-2 sequences clustal (lower diagonal).

61

PHU CLA PAG PON FIN SS1 PSE ANG CEL AVI CYl
"PHU - 110 - 163 158. 164 '17.7 150 21.0 269 268 22.5.
CLA. 414 - 148 149.- 157 165 121 183 . 272 :-21.4 '19.7
PAG 488 . 500 - 06 13 87 64 204 27.1 188 175
PON 488 500 0 . - -~ 06 . 86. 67 207 269 192 177
FIN 484 503 51 51 - 88 .67 207 269 19.7 178
SS1 509 572 '37.0 370 378 - 50 215 289 220 187
PSE 520 578 381 381 393 253 - 184 265 197 182
ANG' 53.6 555 475 475 473 542 541 - 244 236 178
CEL 506 542 451 451. 466 541 550 556 - 289 265
~AVI 539: 572 532 532 528 566 58.0 533 585 - 165

1 45.8 50.6 - 46.8 -

€Y1

50.4

50.7

.45.8

452

54.8

57.0

51.7



62

"UIeLI0UN SeM AS0[OWOY J19Y) ‘SUTRWOP ¢ PAULIO} A[JUS)ISISU0D 3ouanbas yoes

JO pud ¢ a4} y3noy) pue pajedtpul a1e (A]-]) SWals sno3ojowoy ‘[(sermonns Juardnge A310us jsow) “ds suadiasoay
pue sisuauo.ny " pue (%] 1) voriqis “g 1dooxa] Aijewndoqns 9,6 uryim a19m pue Surpjoy rewndo ,saroads

[OB2 W01} PIUTEII AIOM SIOIOY ‘[ WS SUIPOD 0} UONIPPE UI SUTBWOP JoUNSIP 9-¢ Jo Funsisuod A3ojoydiow
[eIONS [[ISA0 Je[Iwis e Junoldop sa10ads PIo[noundeIp £ I0J SAIMONNS ATBPU0das Z-S 1T PAIOIPaId [ ¢ a1y

9L°6C1- = DV 14oudy.100uo g pue wnjnovuiognao ‘g Vy'8C1-= DV HIqIs °d




63

96°'89 - = DV VLU DUUIAD] )

S1°ZEL- = DV SISUaUO.INY SIP10.41oU0J1Y ]



64

}0"€F1- = DV ULOM 3[0S 19pUa]S

99°8€[- = DV W02031j0 stydjapopnasq




Figure 3.2. Consensus ITS-2 secondary structure for Philonema spp. Substitutions between the
ITS-2 sequence of P. agubernaculum/P. oncorhynchi (shown here) and P. sibirica are
indicated, but do not represent compensatory changes.

65



I c-g
Nl 4
\AAA AN A=U
a o U~A
ry A : A~y €
U_gn C-cc
A
) c.g HI4
. G-~c
: A-U
ueg
~—> C~0 «—
' §$ -y B3
AN

Philometroides huronensis

66

!y
189
O Ag. a0 “ ca

;A'A,I.I -
C~G [ o
g"‘g K \ G?
20 -
A~V :
U~A
A-U
£°% Hu4
[}
. G=C .
A= U200
veg
c-¢
$ ey G-

- Clavinema mariae

Figure 3.3. Proposed secondary structures for the D3 expansion segment of Philometroides
huronensis and the slender sole worm, in comparison to those determined for their relatives,
Clavinema mariae and Pseudodelphis oligocotti (Brown 1996). Differences between P. huronensis

and slender sole worm are indicated by open arrows, and between P. huronensis and C. mariae, and
SS1 and P. oligocotti with closed arrows. o
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Figure 3.4. Phenograms depicting the percent genetic differences between 9 dfécunculoid species based
on the D3 (a = clustal and b = secondary structure alignment) or ITS-2 reglons Bootstrap Values are
indicated on branches (n—lOO) values under 50% not shown.
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CHAPTER 4: GENERAL CONCLUSIONS

Thé cdnsiderable morphological differences within species and 6verlap'b:etwe'en épecies
within the genus Cysiidicola are difficult to interpret. Cystidi?ola spp. 'aépear t(; exhill)'itﬁa
continuum of variation Wﬁere species. are defined by a set of shared traits which if consideredl.
individﬁélly are not diagnostic. Egg mofphology alone is not é' good tﬁxonbmic indicatér since
Cystidic.o.la spp- With momholdgically distinctive eggs can be identical in rDNA sequence, and
those with morpho'ldgically identiéal eggs”can bev genetically distinct. Morphology of the olral'
opening is also a dubioué taxonomic indicator if viewed in ‘isolation. The range of variation
obserQed wit.hiny.Cys.tidic.ola spp. suggests that unless it is aséuined that none of the
characteristiqs examined here éfe informative, a suite of traits must be considered before
determining the sigﬁiﬁcance bf differences in a givén trait between Cystidicola isolates. |
Information from multiple markers is desirable especially for recently diverged taxa (e.g.
sibling spe;:ies) where there may be no single diagnostic.marker to differentiate Between groups
(Avise 1994, AﬁderSdn etal. 1 998). Based on the morphological and geﬁetic differencés
observed in this study, I conclude thait‘: C. farionis with laterally filamented eggs from lake
whitefish is the same species that infects o;ther Ontério salmonids; C. stigmatura and C.
farionis ON/FIN are separate 'épecies; C. fario‘nis FIN and BC are cryptic species; C. farionis
BC is sufficiently different from C. farionis ON/FIN to be cons'iderecli a. .separatc.e species; C.
farionis BC and 'C. stigmatura represent a recent divergence and thus share the same ITS-2 |
type, but since other Biological traits distinguish these species (intermediate and definitive
hosts, distribution, egg morphology) I suggestlthey be viewed as separate species. Therefore

there may be 3 species belonging to the genus Cystidicola: C. fari'onis, C. stigmatura and




Cystidicéla sp.‘ ﬁom BC. The biology aﬁd .morphélogy of C’ystidicola sp. from BC deserves
further study, énd may support re-riamiﬁg this ‘species. |

Fuifther molecuia’r anaiysis of Cystidicola isolates, iﬁpluding a broader range of isolates
from across Canada (e. g Mahitobd, Yukbn) and Europe, using a more rapialy eVolvihg'markef
such as mitochdndrial DNA mdy resolve’the pattern of molecular aﬁd morphologi‘qal A
variation/conservation observéd in this study. éharacterisation of the D3 and ITS-Z .regiéns '
from other cystidicolids, eépecially other sister species, may rﬁore clearly indicéI;e the
connection bet&&een mérphdlogical and molecular variation and thus confirm the téxonf;mic
value of fhese rDNA regions for the Cystidicolidae. Assessing the degree of variation within
these regions in Salvelz.'nema Walkeri and S. salmonicola would be particﬁlarly interésﬁng, since
these cystidicolids are morbhologically very similar, and are distinguished only by their egg
morpholqu (e.g. placement and number of egg ﬁiaments).

D3 an(i ITS-2 sequences can resolve syétematic and taxonomic préblerhs within the
Dracunculoidea; but tﬁeir diagnostic value depends on the taxonomic le\‘/el being exarrvﬁned.'

These rDNA regions vary in their ability to differentiate close relatives (e.g. Cystidicola spp.

and Philonema spp.), so characterising both sequences is advisable for species diagnosis. ITS; '

2 and D3 data revealed comparable intergeneric dracunculoid relationships, and supported

previous suggestions that the family Philometridae may be artificial, and that P. oligocotti and

SS1 (currently within Guyanemidae) are affiliated with others in this family (e.g. Philonema
spp.).' The diagnostic value of dracunculoid ITS-2 sequences was poor above the family level.
At this level sequences were too divergent to reliably assess homology without using a more

conserved feature, such as secondary structure, for alignment. Attempts to predict a common .
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“dracunculoid secondary structure were confounded by high levels of vaﬁation in ITS-2 "
sequence length and nucleotide composjtion, and the large number of competing structu‘res
generated by mfold. Atteﬁlpts to predict a commcn strucﬂire,‘which could be applied tc .
phylogenetic anglysis ,wouid be improved by exemining ITS-2 seqﬁences from a greater range
of taxa, especially more genefa within a parficuiar family (e. g; more philometrids). Overall the .
‘relatlvely reduced sequence variability exh1b1ted by the D3 region produced more reliable |
alignments than the ITS-2, so phylogenetlc relat10nsh1ps would be expected to be 1nferred with

greater conﬁdence Asa result the D3 appears to be a more precise taxonomic marker for the

dracunculoids, partlcularly above the famlly level, and is better suited for phylogenetlc studies

within this group.




o 72
Literature Cited '

Adams, B.J., A M. Bumell and T.O. Powers 1998 A phylogenetlc analys1s of :
Heterorhabditis (Nemata: Rhabdltldae) based on internal transcribed spacer 1
DNA sequence data Journal of Nematology 30(1): 22- 39

Adamson, M.L., G.B. Deets and G. W Benz. 1987 Descnptlon of male and redescrlptlon
of female Phlyctainophora squali Mudry and Dailey, 1969 (Nematoda;
Dracunculmdea) from elasmobranchs Canadian J ournal of Zoology 65 (12)
3006-3010. : « :

Adamson, M.L., D.F. Clease and L. Margolis. 1992. Differentiation of Philonemd spp.
(Nematoda; Philometridae) in British Columbia salmonid fishes using DNA

restriction fragment length differences. Canadlan Journal of Flshenes and Aquatic
Sciences 49: 1650-1656.

Adamson, M. L and M. Roth. 1990. Prevalence and intensity of Pseudodelphzs oltgocottz
n. gen., n. sp. (Dracunculoidea; Guyanemidae) in the tidepool sculpin ,

Oligocottus maculosis (Scorpaemformes Cottldae) Journal of Parasitology 76(4):
509-514.

Al-Banna, L., V. Williamson and S. L. Gardner. Phylogenetic analysis of nematodes of
the genus Pratylenchus using nuclear 26S rDNA. Molecular Phylogeneucs and
Evolution 7(1): 94-102. '

Appy, R.G. 1981. Species of Ascarophis van Beneden, 1870 (Nematoda: Cystidicolidae)
in North Atlantic fishes. Canadian Journal of Zoology 59: 2193-2205.

Anderson, R.C. 1992. Nematode parasites of vertebrates: their development and
transmission. C.A.B. International, Wallingford, UK, 578p. '

Arthur, J.R., L. Margolis and H.P. Arai. 1976. Parasites of fishes of Aishihik and Stevens
Lakes, Yukon Territory, and potential consequences of their interlake transfer

through a proposed water diversion for hydroelectrical purposes. Journal of the -
Fisheries Research Board of Canada 33: 2489-2499.

Armheim, N. 1985. Concerted evolution of multi-gene families. n M. Nei and R. K.
Koehn (eds.) Evolution of genes and proteins. Sinauer Associates Inc.,
Sunderland MA: 38-61.

Baldwin, J.G. and T.O. Powers. 1987. Use of fine structure and nucleic acid analysis in
- systematics. In J.A Veech and D:W. Dickson (eds.) Vistas on nematology: a
commemoration of the twenty-fifth anniversary of the society of nematologists.
Society of nematologists Inc. Hyattsville, MD: 336-345. ‘




73
Baldwin, J.G., R.M. G1b11n-Dav1s C.D. Eddleman D.S. Williams, J.T. Vida and W K.
Thomas 1997a. The buccal capsule of Aduncospiculum halicti (Nemata: .
Diplogasterina): and ultrastructural and molecular phylogenetlc study. Canad1an
Journal of Zoology 75 407- 423 :

Baldwm 1.G,, L M Frisse, J.T. Vida, C.D. Eddleman and W.K Thomas. 1997b. An
evolutionary framework for the study of developmental evolution in a set of -

nematodes related to Caenorhabditis elegans. Molecular Phylogenetics and
Evolution 8(2): 249-259.

, Black,' G.A. 1983a. Taxonomy of a sWinibladder nematode, Cystidicola stigmatura

(Leidy), and evidence of its decline in the Great Lakes. Canadian Journal of
Fisheries and Aquatic Sciences 40: 643-647. '

Black, G.A. 1983b. A strain of Cystidicola farionis (Nematoda) as an indicator of lake
trout of Bering ancestry. Canadian Journal of Fisheries and Aquatic Sciences 40:
2034-2040.

Black, G.A. 1983c. Origin, distribution and postglacial dispersal of a swimbladder
nematode, Cystidicola stigmatura. Canadian Journal of Fisheries and Aquatic
Sciences 40: 1244-1253. -

Black, G.A. and M. W. Lankester. 1980. Migration and development of swimbladder

nematodes, Cystidicola spp. (Habronematoidea), in their definitive hosts.
Canadian Journal of Zoology 58: 1997-2005.

Black, G.A. and M.W. Lankester. 1981. The transmission, life span, and population
biology of Cystidicola cristivomeri White, 1941 (Nematoda: Habronematoidea) in
char, Salvelinus spp. Canadian Journal of Zoology 59: 498-509.

Blaxter, M.L., P. DoLey, J.R. Garey, L.X. Lui, P. Scheldeman, A. Viestraeté, J R
Vanfleteren, L.Y. Mackey, M. Dorris, L. M. Frisse, J. T. Vida, W. K. Thomas.
1998. A molecular framework for the phylum Nematoda. Nature. 392: 71-76.

Brown, A.M.V. 1996. Speciation within a holarctic genus of parasitic nematode:
Philonema (Dracunculoidea; Philometridae) Honours thesis, University of British
Columbia, Vancouver, BC., Canada.

Cabot, E. 1998. ESEE: Eyeball sequence editor, version 3.2. Distributed by E. Cabot,
Department of Biological Sciences, Simon Fraser University, Vancouver, BC.
Canada.

Campbell, A J.D., R.B. Gasser, and N.B. Chilton. 1995. Differences in a ribosomal DNA
sequence of Strongylus species allows identification of single eggs. International
Journal for Parasitology 25(3): 359-365.




74
Campana-Rouget Y. 1955. Sur deux nouveaux genres de spirurides parasites de '
“poisson discussion systemathue des genres voisins. Annales de Parasitologie
‘Humaine et Comparee 30: 346-362. :

Chabaud, A.G. 1975. Keys to the genera of the order Spirurida. Part 1 Camallanoidea,
Dracunculoidea, Gnathostomatoidea, Physalopteroidea, Rictularioidea, and
Thelazioidea. In A.G. Chabaud, R.C Anderson and S. Willmott (eds). CIH Keys
to the Nematode parasites of Vertebrates. Commonwealth Agncultural Bureaux,
Farnham Royal, England 27p.

Chilton, N.B., H. Hoste, G.—C. Hung, I. Beveridge, R.B. Gasser. 1997. The 5.8S rDNA
sequences of 18 species of bursate nematodes (Order Strongylida): comparsion

with rhabditid and tylenchid nematodes. International Journal for Parasitology
27(1): 119-124. o

Chilton, N.B., R.B. Gasser and L. Beveridge. 1995. Differences in a ribosomal DNA
sequence of morphologically indistinguishable species within the Hypodontus

macropi complex (Nematoda: Strongyloidea). International Journal for
Parasitology 25(5): 647-651.

Chilton, N.B., R. B. Gasser and I. Beveridge. 1997. Phylogehetic relationships of
Australian strongyloid nematodes inferred from ribosomal DNA sequence data.
International Journal for Parasitology 27(12): 1481-1494.

Chilton, N.B., H. Hoste, L.A. Newton, 1. Beveridge and R.B. Gasser. 1998. Common
secondary structures for the second internal transcribed spacer pre-rRNA of two
subfamilies of trichostrongylid nematodes. International Journal for Parasitology
28:1765-1773.

Clark, C.G., B.W. Tague, V.C. Ware and S.A. Gerbi. 1984. Xenopus laevis 28S
ribosomal RNA: a secondary structure model and its evolutionary and functional
implications. Nucleic Acids Research 12: 6197- 6220.

Coleman, A.-W. and J.C. Mai. 1997. Ribosomal DNA ITS-1 and ITS-2 sequence
comparisons as a tool for predicting genetic relatedness. Journal of Molecular
Evolution 45: 168-177.

Cooper, S.D. and C.R. Goldman. 1980. Opossum shrimp (Mysis relicta) predation on
zooplankton. Canadian Journal of Fisheries and Aquatic Sciences 37: 909-919.

. Depres, L., M.L. Adamson, and T.E. McDonald. 1995. Development of a diagnostic
' molecular marker for Philonema spp. (Nematoda; Dracunculoidea) infecting
salmonids in British Columbia. Canadian Journal of Fisheries and Aquatic
Sciences 52(Suppl 1): 129-133.




| . 75
Dextrase, A.J. 1987. The biology of Cystidicola farionis Fischer 1798 (Nematoda:

' -Cystidicolidae) in salmonid ﬁshes M.Sc. Thesis, Lakehead University, Thunder
Bay, ON., Canada.

Ellis, R.E., J.E. Sulston and A.R. Coulson 1986. The rDNA of C. elegans sequence and
structure. Nuclelc Acids Research 14: 2345 2367. :

Fagerholm, H.P. 1982 Parasites of ﬁsh in Finland. VI Nematodes. Acta Academlae
Aboens1s (B) 40: 128p.

Ferris, V.R. 1983. Phylogeny, historical biogeography and the species concept in soil
~ nematodes. In A.R. Stone, H.M. Platt and L.F. Khalil (eds). Concepts in nematode
systematlcs Academlc Press, London 143 161. '

Ferris, V.R. 1994 The future of nematode systematlcs Fundamental and Applled
Nematology 17(2): 97-101.

Ferris, V R. and J.M. Ferrls 1987. Phylogenetic concepts and methods. In J.A Veech and
D.W. Dickson (eds). Vistas on nematology: a commemoration of the twenty-fifth

anniversary of the society of nematologists. Somety of nematologists Inc.,
Hyattsville, Maryland: 346-353.

Ferris, V.R., J .M."Fefris and J. Faghihi. 1993. Variation in spacer rib'osomal' DNA in
some cyst-forming species of plant parasitic nematodes. Fundamental and
Applied Nematology 16(2): 177-1 84.

Fischer von Waldheim, G. 1798. Sur un nouveau genre des vers intestins Cystidicola
Jarionis suivi de quelques remarques sur les milieux dans lesquels les vers intestin
vivent. J. Phyd. Chim Hist. Nat. Paris. 4: 304-309.

Fitch, DH.A., B. BugaJ -Gaweda and S W. Emmons. 1995. 18S nbosomal RNA gene
phylogeny for some Rhabditidae related to Caenorhabditis. Molecular Blology
and Evolution 12(2): 346-358. :

Gasser, R.B. and H. Hoste. 1995. Genetic markers for closely-related parasitic
nematodes. Molecular and Cellular Probes. 9: 315-320.

Gasser, R.B., N.B. Chilton, H.Hoste and I. Be(zeridge. 1993. Rapid sequencing of rDNA
from single worms and eggs of parasitic helminths. Nucleic Acids Research- -
21(10): 2525-2526.

Gerbi, S.A. 1985. Evolution of ribosomal DNA. In R.J. Maclntyre (ed.) Molecular -
evolutionary genetics. Plenum Press, New York: 419-517.

Gilbert, D. G. 1992. LoopDloop. Distributed by D.G. Gilbert. Biocomputing Office,
Biology Department, Indiana University, Bloomington Indiana. :




- 76

Hancock, J.M., and G. A Dover. 1988. Molecular coevolution among cryptically s1mple
expansion segments of eukaryotic 26S/2SS rRNAs Molecular Biology and - '
Evolution 5(4) 377-391.

Hillis, D.M., and M T. Dixon. 1991. Ribosomal DNA: molecular evolution and
: phylogenetlc 1nference The Quarterly Review of Biology 66(4): 411-453.

Hillis, D.M. C. Mor1tz and B.K. Mable 1996 Molecular systematics, second edltlon
Smauer Assoc1ates Inc., Sunderland, MA, 655p

Hoste, H., N.B. Chrlton R.B. Gasser and L. Bevendge 1995. Differences in the second
internal transcribed spacer (ribosomal DNA) between five species of

Trichostrongylus (Nematodea: Trichostrongylidae). International Journal for
Paras1tology 25(1) 75-80.

Hoste, H., N.B. Ch11ton, I. Beveridge and R.B. Gasser. 1998. A conrparisoh of the first
internal transcribed spacer of ribosomal DNA in seven species of

Trichostrongylus (Nematoda: Tnchostrongyhdae) Internat1onal Journal for
Parasitology 28 1251-1260.

Hung, G.-C., N.B. Chilton, I. Beveridge, J.R. Lichtenfels and R.B. Gasser. 1997.
Molecular delineation of Cylicocyclus nassatus and C. ashworthi (Nematoda:
Stongylida). International Journal for Parasitology 27: 601 -605.

Hung, G.-C., N.B. Chilton, 1. Beveridge, XQ Zhu, J R. Lichtenfels and R.B. Gasser. -
1999. Molecular evidence for cryptic species within Cylicostephanus minutus
(Nematoda: Strongylidae). International Journal for ParaSItology 29: 285-291.

Hyman, B.C. and T.O. Powers. 1991. Integration of molecular data with systematics of
plant parasitic nematodes. Annual Review of Phytopathology 29: 89-107.

Kinsten, B. and P. Olsen. 1981. Impact of Mysis relicta Loven introduction on the
plankton of two mountain lakes, Sweden. Reports of the Inst1tute of Freshwater
Research Drottningholm 59: 64-74.

Kjer, K.M. 1995. Use of secondary structure in phylogenet1c studies to 1dent1fy
. homologous positions: an example of alignment and data presentation from the
frogs. Molecular Phylogenetics and Evolution 4(3): 314-330. ~

Ko,lR C. and R.C. Anderson. 1969. A revision of the genus Cystidicola Fischer, 1798
(Nematoda: Spiruroidea) of the swim bladder of fishes. Journal of the Fisheries
Research Board of Canada 26(4): 849-864.




. ' g 77
Kurimoto, H. 1974. Morphological, biochemical and immunological studies on the
differences between Ascaris lumbricoides Linnaeus, 1758 and Ascaris suum’
Goeze, 1782. Japanese Journal of Parasitology 23: 251-267.

Kwon 0.-Y., and H. Ishikawa. 1992. Nucleotide sequence and presumed secondary
structure of the internal transcribed spacers of IDNA of the pea aphid |
Acyrthoszphon pisum. Comparative Biochemistry and Phys1ology 103B(3): 651-

- 655,

Lankester, M.W. and J.D. Smith. 1980. Host specificity and distribution of the
swimbladder nematodes Cystidicola farionis Fischer, 1798 and C. cristivomeri

White, 1941 (Habronemat01dea) in salmonid fishes of Ontario. Canadlan J oumal
of Zoology 58: 1298-1305. L

Leidy, J. 1886. Notices of nemat01d worms. Proceedings of the Academy of Natural
Sc1ences of Phrladelph1a 38: 308 313.

Leignel, V.J., F. Humbert and L. Elard.1997. Study by ribosomal DNA ITS-2 sequencing
and RAPD analysis on the systematics of four Metastrongylus species (Nematoda:
Metastrongylordea) ‘Journal of Parastology. 83(4): 606-611.

Litvaitis, M.K., G Nunn, W.K. Thomas, T.D. Kocher. A molecular approach for the
1dent1ﬁcatlon of meiofaunal turbellarians (Platyhelminthes, Turbellaria). Marine
Biology 120: 437-442.

Lott, T.J., B.M. Burns, R. Zancope-Oliveira, C.M. Elie and E Reiss. 1998. Sequence'
analysis of the internal transcribed spacer 2 (ITS2) from yeast species within the
genus Candida. Current Microbiology. 36: 63-69.

Mai, J.C. and A.W. Coleman. 1997. The internal transcribed spacer 2 exhrbits a common
secondary structure in green algae and flowering plants. Journal of Molecular and -
Biological Evolution 44: 258-271.

Mallet, J. 1995. A species definition for the modern synthesis. Trends in Ecology and
Evolution 10(7): 294-299.

Margolis, L. and J.R. Arthur. 1979. Synopsis of the parasites of fishes of Canada.
Bulletin of the Fisheries Research Board of Canada Number 199.

Mathews, D.H., J. Sabina, M. Zuker and D.H. Turner. 1999. Expanded Sequence
Dependence of Thermodynamic Parameters Improves Prediction of RNA
Secondary Structure. Journal of Molecular Biology 288: 911-940.

Mayr, E. 1963. Animal species and evolution. Belknap Press, Cambridge Massachusetts.




. 78
McPhail, J.D. and C.C. Lindsey. 1970. Freshwater fishes of northwestern Canada and
Alaska. F 1sher1es Research Board of Canada Bulletin Number 173 381 pp. .

Michot, B., and J.-P. Bachellerie. 1987. Comparisons of large subunit rRNAs reveal
some eukaryote-specific elements of secondary structure. Biochimie 69: 11-23.

Michot, B., J. -P. Bachellerie and F. Raynal. 1983. Structure of mouse rRNA preéufsors
Complete sequence and potential folding of the spacer regions between lSS and -
28S rRNA. Nuclelc Acids Research 11(10): 3375-3391.

Michot, B., L. Deprés, F. Bonhomme and J. P. Bachellerie. 1993. Conserved secondary
structure in the ITS-2 of trematode pre-RNA. F. E. B. S. Letters. 316: 247-252.

Michot, B., L.-H. Qu and J.-P. Bachellerie. 1990. Evolution of large subunit rRNA
structure: the diversification of divergent D3 domain among maj or phylogenetlc
groups. European Journal of Biochemistry 188: 219-229. :

Moravec, F. 1994, Parasmc nematodes of freshwater fishes of Europe. Kluwer Academlc '
Publishers, Dordrecht 473 p..

Moravec, F. and R. Ergens. 1970. Nematodes from ﬁshes and cyclostomes of Mongolia.
Folia Paras1tolog1a 17:217- 232

Moravec, F. and M. Keie. 1987. Daniconema anguillae gen. et sp. ., a new nematode of
a new family Daniconematidae fam. n., parasitic in European eels Folia
Parastlologla 34: 335-340.

Moravec, F.M. and K. Nagasawa. 1999, Morphology and taxonomy of Salvelmema
species (Nematoda:Cystidicolidae, swimbladder parasites of Pacific area
salmonids. Folia Parasitologia. 46: 123-131.

Morgan, J.A.T., and D. Blair. 1998. Trematode and mongenean rRNA ITS2 secondary
structures support a four-domain model. Journal of Molecular Evolution 47: 407-
419.

Musters, W., K. Boon, C.A.F.M. van der Sande, H. van Heerikuizen, R.J. Planta. 1990.
Functional analysis of transcribed spacers of yeast ribosomal DNA. European
Molecular Biology Organization Journal 9(12): 3989-3996.

Nadler, S.A. 1992. Phylbgeny of some Ascaridoid nematodes, inferred from comparison
of 18S and 28S rRNA sequences. Molecular Biology and Evolution 9(5) 932-
1944,

Nadler, S.A. and D.S.S. Hudspeth. 1998. Ribosomal DNA and phylogeny of the A
Ascaridoidea (Nemata: Secernentea): implications for morphological evolution
and classification. Molecular Phylogenetics and Evolution 10(2): 221-236.




.79

Newton, L.A., N.B. Chilton, L. Beveridge and R B. Gasser. 1998a. Genetic evidence
1nd1catmg that Cooperia surnabada and Cooperia oncophora are one spec1es.
Internatlonal J ournal for Parasitology 28:331-336.

Newton LA, 'N.B. Chllton I. Beveridge and R.B. Gasser. l998b leferences in the ‘
second internal transcribed spacer of four species of Nematodirus (N ematoda;
Mollneldae) Internat1onal Journal for Paras1tology 28 337-341.

Nunn, G.B. 1992. Nematode molecular evolution. Ph.D. Thes1s Umvers1ty of
Nottlngham Nottmgham UK.

Nunn, G.B. 1996. Slmpl1c1ty correlated size growth of the nuclear 28S ribosomal RNA
D3 expansion domain segment in the crustacean order Isopoda Journal of
Molecular Evolution 42: 211-223.

Page, R. D. M. 1996. Treeview: An application to display phylogenetic trees on personal
"~ computers. Computer Applications in the Biosciences. 12: 357-358.

Petter, A.J. 1975. Deux nouvelles espéces de nématodes de Hoplerythrinus unitaeniatus
- (Characidae: Cypriniformes) en Guyane; création d’une nouvelle famille: Les
Guyanemidae (Dracunculoidea). Bulletin du Museum National d’Histoire
Naturelle, Paris, 3¢ém Série, No. 232, Zoologies 156: 803-812.

Phillips, R.B., ‘S.A Manley and T.J. Daniels. 1994. Systematics of the salmonid genus
Salvelinus inferred from ribosomal DNA sequences. Canadian Journal of '
Fisheries and Aquatic Sciences 51: 198-204.

Platzer, E.G. 1964. The life history of Philonema oncorhynchi in sockeye salmon from
' Cultus Lake and the morphometric variation in adult nematodes M.Sc. Thes1s
University of British Columbia, Vancouver BC. Canada.

Poynton, S.L. 1985. Paras1tes of trout: Eplzoot1ology and transmission in the River Itchen
and three of its fish farms. PhD. Thesis, Umvers1ty of Southampton
Southampton, England.

Romstad, A., R.B. Gasser, P. Nansen, A.M. Polerman and N.B. Chilton. 1998. Necator
americanus (Nematoda: Ancylostomatidae) from Africa and Malaysia have

different ITS-2 rDNA sequences. International Journal for Parasitology 28: 61 l-
615.

Ruiz Linares, A., .M. Hancock, and G.A. Dover. 1991. Secondary structure.constraints '
on the evolutlon of Drosophila 28S ribosomal RNA expansion segments. Journal
" of Molecular Biology 219: 318-390.




.80
Sajdak, S.L. and R B. Ph1111ps 1997 Phylogenetlc relationships among Coregonus

species inferred from the DNA sequence of the first internal transcribed spacer.
ITS1 of nbosomal DNA. Canadian Journal of F1sher1es and Aquatlc Sciences 54:
1494- 1503

Schiotterer, C., M.-T. Hauser, A. von Haeseler and D. Tautz. 1994. Comparative
evolut1onary analysis of rDNA ITS regions in Drosophzla Molecular B1ology and.
Evolut1on 11(3) 513-522. (

Scudder, G.G.E: 1974 Spec1es concepts and spec1at10n Canadian J ournal of Zoology 52:
1121 1134. ' : ‘

Sh1nohara M.L,, K.F. LoBuglio and S.O. Rogers 1999. Companson of ribosomal DNA

ITS regions among geographic isolates of Cenococcum geophilum. Current
Genet1cs 35:527- 535

Skmker M.S. 1930 Cystzdzcola canadensis, a new species of nematode from ﬁshes
Journal of Parasitology 16: 167.

Skinker, M.S. 1931. A redescription of Cystidicola stigmatura (Leidy), a nematode
parasitic in the swim bladder of salmonoid fishes, and a decription of a new
nematode genus. Transactions of the Amercian Microscopy Society 5: 372-379.

Smith, J.D. 1978. Studies of the biology of swimbladder nematodes, Cystzdzeola spp-
(Habronematoidea) M.Sc. Thesis, Lakehead University, Thunder Bay, ON,,
Canada. - :

Smith, J.D. and M.W. Lankester. 1979. Development of swimbladder nematodes
(Cystidicola spp.) in their intermediate hosts. Canadian Journal of Zoology 57:
1736-1744.

Stevenson, L.A., N.B. Chilton, R.B. Gasser. 1995. Differentiation of Hdemonchus placei
from H. contortus (Nematoda: Trichostrongylidae) by the ribosomal DNA second
internal transcribed spacer. Internatlonal Journal for Paras1tology 25(4) 483 -488.

Stevenson, L.A., R. B Gasser, and N B. Chllton 1996. The ITS-2 rDNA of T eladorsagza
czrcumcmcta T. trifurcata and T. davtiani (Nematoda: Trichostrongylidae) -

indicates that these taxa are one species. International Journal for Parasitology-
26(10): 1123-1126.

Sturhan, D. 1983. The use of the subspecies and the superspecies categories in nematode
taxonomy. In A.R. Stone, H.M. Platt and L.F. Khalil (eds). Concepts in nematode
systematics. Academic Press, London: 41-53.

Swofford, D.L. 1998. PAUP*. Phylogenetic analysis using parsimony (*and other
methods). Version 4. Sinauer Associates Inc., Sunderland, MA.




81

Thompson, J.D., Higgins, D.G. and Gibson, T.J. 1994. CLUSTAL W: improving the
sensitivity of progresswe multiple sequence alignment through sequence

weighting, positions- specific gap penalties and weight matrix choice. -Nucleic
A01ds Research 22: 4673-4680. ~

van der Sande, C.A. F.M. , M.Kwa, R.W. van Nues, H. van Heerikhuizen, H. A Raué and
- R.J. Planta. 1992. Functronal analysis of internal trancrlbed spacer 2 of

Saccharomyces cerevisiae ribosomal DNA Journal of Molecular Biology 223:
899-910.

van Nues, RW_, JM. J. Rlentjes C.AF.M. van der Sande, S.F. Zerp, C. Shuiter, J. ~
Venema R.J. Planta and H. A. Raué. 1994. Separate structural elements within
internal transcribed spacer 1 of Saccharomyces cerevisiae precursor ribosomal -
RNA direct the format1on of 17S and 26S rRNA. Nucleic Ac1ds Research 22(6):
912- 919 '

van Nues, R. W J M. J. Rlentjes S. A Morre E. Mollee R. J Planta, J. Venema and
H.A. Raue 1995. Evolutionarily conserved structural elements are critical for
processing of internal transcribed spacer 2 from Saccharyomyces cerevisiae ‘
precursor ribosomal RNA. J ournal of Molecular Biology 25: 24-36.

Vanfleteren, J. R Y. van de Peer, M.L. Blaxter, S.A.R. Tweedie, C. Trotman, L. Lu, M.-
L. Van Hauwaert and L. Moens 1994. Molecular genealogy of some nematode
taxa as based on cytochrome ¢ and globin amino acid sequences. Molecular
Phylogenetics and Evolution 3(2): 92-101. '

Ward, H.B. and T.B. Magath. 1917. Notes on some nematodes from freshwater fishes.
Journal of Parasitology 3: 57-64.

Watson, R.A., and T.A. Dick. 1979. Metazoan parasites of whitefish, Coregonus
clupeaformzs (Mitchell) and cisco, C. artedii LeSueur from Southern Indian Lake
Manitoba. Journal of Fish Biology 15: 579-587. :

Wesson DM, C.H. Porter and F.H. Collins.1991. Sequence and secondary structure
comparisons of ITS rDNA in mosquitoes (Diptera: Culicidae). Molecular
Phylogenetlcs and Evolution 1(4): 253-269.

Whlte FM. and RM. Cable 1942. Studies on the morphology of Cystzdzcola
cristivomeri sp. nov. (Nematoda: Thelaziidae) from the swim bladder of the lake
trout. Proceedings of the Indiana Academy of Science for 1940.5:337-386.

Zarlenga, D.S., E.P. Hoberg, F. Stringfellow and R. Lichterlfels. 1998. 'Comparisons of .
two polymorphic species of Ostertagia and phylogenetic relationships within the
Ostertagiinae (Nematoda; Trichostrongyloidea) inferred from ribosomal DNA




- 82
repeat and mltochondrlal DNA sequences. Journal of Para51tology 84(4): 806-
812 . .

Zhu, X.Q.,R.B. Gasser and N.B. Chjlton 1998a. Differences in the 5.8S sequences !
among ascand nematodes International Journal for Parasitology 28: 617- 622.

Zhu, X.Q., R.B. Gasser M. Podolska and N.B. ChJIton 1998b Characterisation of
anisakid nematodes with zoonotic potential by nuclear ribosomal DNA sequences.
Intematlonal Journal for Paras1tology 28: 191 1-1921. L

Zhu, X.Q., N. B. Chilton, D.E. Jacobs J. Boes and R. B. Gasser. 1999 Charactensatlon
of Ascaris from human and pig hosts by nuclear ribosomal DNA sequences
- International Journal for Parasitology 29: 469-478. '

Zuker, M., D.H. Mathews and D.H. Tumer. 1999. Algorithms and Thermodynamics for
RNA Secondary Structure Prediction: A Practical Guide. In J. Barciszewski and
B.F.C. Clark (eds.) RNA Biochemistry and Blotechnology, NATO ASI Senes
Kluwer Academlc Pubhshers 11-43.



PSE
Ss1
PAG&PON
FIN
CEL
CYl
AVI
ANG
PHU
CLA

PSE
Ss1
PAG&PON
FIN
CEL
CYl1
AVI
ANG
PHU
CLA

PSE
581
PAG&PON
FIN
CEL
CY1l
AVI
ANG
PHU
CLA

PSE
551
PAG&PON
FIN
CEL
CYl
AVI
ANG
PHU
CLA

PSE
ss1
PAG&PON
FIN
CEL
Cyl
AVI
ANG
PHU
CLA

ACGTCTGGTTGAGGGTCGAC--- -~ - - -CATTGCAGTCGTTGTACGTGCGC - - - - -GCGA

ACGTCTGGTTGAGGGTCGAC- - - - - ‘---AATTGCAGTCGTTGTACGCAAGCA-CACGCAA
ACGTCTGGTTGAGGGTCAAC: - - - -~~~ AAACTTAGTCGTTGTACGCAACTTGCTTGCAC
ACGTCTGGTTGAGGGTCAAC------- - AAACATAGTCGTTGTACGCAACTTGTTTGCAC
ACGTCTGGTTCAGGGTTGTT--- -~ - - - TAACTCAAT - GCCTTAGGCTTCTC - TTCGGAG
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TCGAGTGGCATGTAATTTGA - GTACAAGCGTACGA - - - TCATTTGGTTAGCTCG - TATC -
AGTCTTCGGCTTGTCGGGCAAC - ATTAGTGAGCTG - - - AGATTCGCGT - - CTCGGCATA -
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----- ATTTT- -TGCTAA-------GCA---=---~=~-----GTATAC------GA-- - -
----- ATTTT- - TGCTAA-------GCA---------=----CTATACATAC- -GA- - - -
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AVI CTACTACTGGTGGTTAGTAGTTTACTACCTACTA - GTAGGGGAGGAGTGGTAGTGTATGC
ANG ---GGA----- GAG- AGGCGGTCGCTATAGAGAA - AAAAAGG - - - TG~ - - - - GTGG-TGT
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Appendix 3.1. Alignment of the ITS-2 sequences for nine dracunculoid species, C.elegans (CEL) and C. '
farionis type 1 (CY1). Asterisks indicate nucleotide similarity among the eleven species.
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TCCAGGAGTCTAGCACATACGCGAGTCAATGGGTATA - TCGAAAACCT - - ATAGGCGTAA
CCAAGGAGTCTAGCACATACGCGAGTCAATGGGTATA - TGCTAAACCT - -ATAGGCGTAA
CCAAGGAGTTTAGCACGTACGCGAGTCATTGGGTA- - - -CGAAAGCCT - - AAAGGCGTAA
CCAAGGAGTTTAGCACGTACGCGAGTCATTGGGCA - - --- TGCAAGCCC - - AAAGGCGTAA
CCAAGGAGTTTAGCACGTACGCGAGTCATTGGGTTT----GAAAACCC--AAAGGCGTAA
CCAAGGAGTTTAGCACGTACGCGAGTCATTGGGTTT - - - -GAAAACCT - - AAAGGCGTAA

.CCAAGGAGTTTAGCACGTACGCGAGTCATTGGGTTT-;--GAAAACCT--AAAGGCGTAA

CCAAGGAGTCTGGCATGTGCGCAAGTCACTAGTTG- - - - - GTAAATCGGGAGAGGCGAAA
- - GCGGAGTGCTTGTCTACTGCGAGTCAAAGGGTGT - - - - TAAAACCT - - TGCGGCGAAA
CCAAGGACTCTAGCATATGCGCAAGTTATTTGGT - - - - GGTAAACCAT - - AAAAACGTAA

‘CCAAAGGGTTAAGCACATACGCAAGTCAATAGGTATTGGTTAAAACCT--ATCGGCATAA

B * kk Kkkk K * * * * . k%

~ TGAAAGTGAAATA - - TTGTGTGTGTG- - TGTTTTTTATTAGGCGCACGCG - - - - - - CGCA .
TGAAAGTGAAATA- -TCGC-~-----=-=~~------ TTT----CACG--------- GCG
 AGAAATTGAAG-A--TCGC------=--=---=----:--AAATGCACT-------- GCG
TGAAAGTGAAG-A--CCGC--------------=----- AAACGCACT--------- GCG
., TGAAAGTGAAG-A--TCGC---------~------=--- AAATCTAAT--------- GCG
TGAAAGTGAAG-A- -TCGC----=-------=-------- AAATCTAAT--------- GCG
TGAAAGTGAAG-A--TCGC-~-----==--====-=--- AAATCARAT--------- GCG
 TGAAAGTGARA---- - - GC-------mmme - EREEEEE C-GACTCG------ ATCG
TGAAAGTAAAGGT - -CAGTC - ---------«=----- T---CGRATT----------- G
. TGAAAGTAAACGTCGTCTTGA---- - - - TACGATGAAATATGTGAGCTG- - - --------

TGAAAGTAAATGTTGTAGTGAAATAGAATACGACAAAATATGTGATCTGCTAAAAAAACA

kkkx k kK -

ATTGATGTGCGATTTGTTGTT - AGTGTTGTTGTTGCTTAACGGCGACGACGACGACGACG

ATTGATGTGCGATTCGT- - - - - - GTGCTGCACTA - CTGATGTGCGACT- - - -CG- - - -CG
GTTGATATGGGATTGGCGA - - - CAAGCAGCAATG - - TTGAAGCCGA---- === === = -~
GTTGATATGGGATCGGC--=-=-=-==----=--=----- PPPGCECCGA -~ ~~= === -~ -
GTTGATATGGGATCGTCGT----~-=----- AGTG-ACTGTCETCGA--------=~===-
GTTGATATGGGATCGTCGTC- - - - - GT- - -AGTG-AGTGTCGTCGA--=-==-===== -~
GTTGATATGGGATCGTCGTC- - - - - GTCGTAGTG-AGTGTCGACGA- -~ ---======-=-
GCCGCTATGGGATTCGTGCT--------- TTATG - CTTGGGCGCGAC - - -------=----
GCCGACGTGGGATCTGTGTT-------=-------- CTTCGCAGTGCAG---------«--

---------------------------------- TGTGTTGATTAAT - ATGCGCACAGTG
ATAGTAATAATAATAATAATAGTAAAATATTAATTGTTGTTATTATTTATGAAATTAGTG

ACGCATCATAGCCCCGTTTATGTTGTTTGTTTGTGCATGCCACTAGCACACAACCGAACG
ACGCAGCATAGCCCCGTTCATGTTGTGTTTGTGTCCTTGTTGTCGCAATACAACCGATCG

- -GCACCATAGCCCCGTTCGTACTGCAC- -TTGT--------------TGCAGTTGATCG
- -GCACCATAGCCCCGTTCGTGTTGCA----T---=----=--=---=---=- GCAATTGATCG
- = ~GCACCATAGTCCCGTTCGTATTGCGC- -TCACG-----~-~----~-- CGCAATTGATCG
- -GCACCATAGTCCCGTTCGTATTGCGC- -TCGCG-------=~-=---- CGCAATTGATCG
. - ~GCACCATAGTCCCGTTCGTATTGCGC- -TCGCG----=-=-=-=-=-=~--- CGCAATTGATCG
- -GCACCATAGCCCCGTCTTTGTTGCTT-~---=======-c--=---- GCAATAGGGCG
-CGCACCACGGCCCTGTGCGTGTCACTT-------==--====-“=--- GTGACTGTGCA
" ---CAACATAGCCCTGTTCTCGTTGCTT------=--~----="-==-=- GCAATAGAACG
"GAGCAACATAGACCCGTTCGTGTTGCGTA--~--=---==-=------ TGCAATTGATCG

*k k*k * kk k% * *
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GAGGAAGAGCGTATGCGCTGGTACCCGAAAGATGGTGAACTATGCCTGAGCAGGATGAAG

GAGGAAGAGCGTATGCGCTGGTACCCGAAAGATGGTGAACTATGCCTCAGCAGCGATGAAG

GAGGATGAGCGTACGCGCTGAGACCCGAAAGATGGTGAACTATGCCTGAGCAGCATGAAG
- GAGGATGAGCGTACGCGCTGAGACCCGAAAGATGGTGAACTATGCCTGAGCAGGATGAAG

GAGAATGAGCGTACGCGCTGAGACCCGAAAGATGGTGAACTATGCCTGAGCAGGATGAAG
GAGAATGAGCGTACGCGCTGAGACCCGAAAGATGGTGAACTATGCCTGAGCAGGATGAAG
GAGAATGAGCGTACGCGCTGAGACCCGAAAGATGGTGAACTATGCCTGAGCAGGATGAAG

.GAGGTAGAGCGTACATGCCGGTACCCGAAAGATGGTGAACTATGCCTGAGCAGGATGAAG

GAGGTTGAGCAGTTGGCAAACGACCCGAAAGATGGTGAACTATGCCTGAGCAGGATGAAG

.GAGGTAGAGCGCATACGCTGGGACCCGAAAGATGGTGAAQTATGCCTGAGCAGGATGAAG
. GAGTTAGAGCGTATGCGCTGGTACCCGAAAGATGGTGAACTATGCCTGAGCAGGATGAAG

Cokk ok * % &k Kk *****‘*************************z\'*******

'CCAGAGGAAACTCTGGTGGAAGTCCGAAGCGGTTCTGACGTGCAAATCGATCGTCTGACT

CCAGAGGAAACTCTGGTGGAAGTCCGAAGCGGTTCTGACGTGCAAATCGATCGTCTGACT
CCAGAGGAAACTCTGGTGGAAGTCCGAAGCGATTCTGACGTGCAAATCGATCGCCTGACT
CCAGAGGAAACTCTGGTGGAAGTCCGAAGCGATTCTGACGTGCAAATCGATCGCCTGACT

CCAGAGGAAACTCTGGTGGAAGTCCGAAGCGATTCTGACGTGCAAATCGATCGCCTGACT,

CCAGAGGAAACTCTGGTGGAAGTCCGAAGCGATTCTGACGTGCAAATCGATCGCCTGACT
CCAGAGGAAACTCTGGTGGAAGTCCGAAGCGATTCTGACGTGCAAATCGATCGCCTGACT

_‘CCAGAGGAAACTCTGGTGGAAGCTCGAAGCGGTTCTGACGTGCAAATCGATCGTCTGACT

CCAGAGGAAACTCTGGTGGAAGTCCGTATCGGTTCTGACGTGCAAATCGATCGATAGACT
CCAGAGGAAACTCTGGTGGAGGTCCGAAGCGATTCTGACGTGCAAATCGATCGTCTGACT
CCAGAGGAAACTCTGGTGGAAGTCCGAAGCGGTTCTGACGTGCAAATCGATCGTCTGACT

hhhkkkdhkhkkkkkkhkhkhhkhkkhkk * hkhk k kk kkkkkhkkkhkkhkkhkkkkkhkhkhkkdkkhk kKkokk

TGGGTATAGGGGCGAAAGACTAATCGAACCATC

"TGGGTATAGGGGCGAAAGACTAATCGAACCATC

TGGGTATAGGGGCGAAAGACTAATCGAACCATC

' TGGGTATAGGGGCGAAAGACTAATCGAACCATC

TGGGTATAGGGGCGAAAGACTAATCGAACCATC
TGGGTATAGGGGCGAAAGACTAATCGAACCATC

' TGGGTATAGGGGCGAAAGACTAATCGAACCATC
. TGGGTATAGGGGCGAAAGACTAATCGAACCATC

TGGGTATAGGGGCGAAAGACTAATCGAACCATC
TGGGTATAGGGGCGAAAGACTAATCGAACCATC
CGGGTATAGGGGCGAAAGACTAATCGAACCATC

khkhkkhkhkhkhkkkhkhkhhkkkhkkhhhhkhhkhhkhhkhkhkkk

Appendix 3.2. Alignment of the D3 region for nine dracunculoid species, C.elegans (CEL) and C. farionis type 1
(CYD).
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