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Three nucleotide data sets, one nuclear (ITS-2) and two mitochondrial (COI and l-rRNA), have been investigated in

order to determine relationships among species of Strongylinae and Cyathostominae, intestinal parasites of the horse.†

The data exhibited a strong mutational bias towards A and T and in the COI gene, silent sites appeared to saturate rapidly

partly due to this substitution bias. Thus, the COI gene was found to be less phylogenetically informative than the l-rRNA

and ITS-2 genes. Combined analysis of the l-rRNA and ITS-2 genes supported a monophyletic clade of the cyathostomes

with Tridentoinfundibulum gobi, which had previously been classified as a nematode of ‘uncertain origin’. The Strongylinae

grouped consistently outside the clade containing the cyathostomes and T. gobi. Molecular analysis failed to provide strong

evidence for the separation of cyathostomes into classical genera, as previously defined by morphological classification.
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The large intestinal parasites of the order

Strongylida are of major veterinary importance in

the horse. Within the order Strongylida, the

Strongylinae or ‘ large strongyles ’ and the Cyathos-

tominae or ‘small strongyles ’ are the parasitic

subfamilies which cause significant diseases in

equids. Previously, Strongylus spp., members of the

Family Strongylinae were considered the most

pathogenic parasites, but increased use of modern,

efficient anthelmintics in parasite control pro-

grammes has resulted in effective reduction in

prevalence and incidence of disease due to these

parasites. Much attention has been focussed on the

Cyathostominae in recent years due to increased

recognition of resistance to commonly used anthel-

mintics such as benzimidazoles (Herd, 1990; Herd &

Coles, 1995) and pyrantel (Chapman et al. 1996),
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making effective control of these parasites very

difficult. Cyathostomes are now recognized as the

most important and pathologically significant para-

site of the horse. Infection with these parasites is a

source of considerable economic loss to the horse

industry. In order to understand these problems and

evaluate possible control strategies, it is necessary to

identify the species involved. A total of 51 species of

small strongyles and their generic groupings have

been listed by Lichtenfels et al. (1998), and this

classification incorporates those of the most recent

morphological descriptions of these nematodes

(Hartwich, 1986; Lichtenfels, 1975, 1980). Based on

surveys of adult parasites collected at post-mortem,

it has been observed that the same 5–10 species of

cyathostomes are prevalent in domestic equine

populations world-wide (Mfitilodze & Hutchinson,

1990; Bucknell, Gasser & Beveridge, 1995; Gawor,

1995). While the pathogenic effects of cyathostome

infestation have been documented (Love, 1992;

Love, Mair & Hillyer, 1992), there is a relative

paucity of information on the evolutionary or

systematic relationships of these parasites to each

other and to members of the Strongylinae.

There is also disagreement in the current literature

as to the phylogenetic relationships between the two
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subfamilies of the strongylid nematodes of horses.

Current phylogenetic classifications are based on

morphological features (of which there are relatively

few in nematodes) and which may be problematic

when used for phylogenetic inference (Hillis, Moritz

& Mable, 1996). Lichtenfels (1980, 1987) and

Durette-Desset, Beveridge & Spratt (1994) have

raised the viewpoint that the arbitrary separation of

the Strongylinae and Cyathostominae on the basis of

size and shape of the buccal capsule should be re-

examined to determine whether the two families are,

indeed, natural groups. These authors considered

the genera of equine strongyles with large sub-

globular buccal capsules (Strongylinae) to be an-

cestral to those with small cylindrical buccal capsules

(Cyathostominae). Dvojnos (1982), in contrast,

considered the genera of equine strongylids to

be monophyletic but considered the genera with

cylindrical buccal capsules to be primitive. He

suggested that genera with large buccal capsules had

evolved from genera with small buccal capsules in

several lines within the group.

The objective of this study was to determine the

evolutionary relationships of the Cyathostominae to

each other and to members of the subfamily

Strongylinae using data derived from DNA

sequences. Two mitochondrial gene sequences, cyto-

chrome oxidase I (COI) and the l-rRNA subunit (l-

rRNA), and one nuclear sequence, the second

internal transcribed spacer of the rDNA array (ITS-

2) were used to reconstruct phylogeny. These genes

were chosen based on their usefulness in recon-

structing phylogeny in other parasite taxa. The COI

gene has been used to study evolutionary relation-

ships among recently diverged}rapidly evolving taxa

and also to resolve deep branch phylogenies in which

multiple substitutions are a critical problem (Bowles

& McManus, 1993; Kumazawa & Nishida, 1993;

Sukhdeo et al. 1997; Morgan & Blair, 1998). The l-

rRNA gene has been used to reconstruct phylo-

genetic relationships at the subgeneric level (DeSalle

et al. 1992; Vogler & DeSalle, 1993) as well as at

deeper phylogenetic levels (Flook & Rowell, 1997).

The ITS-2 has been used to identify equine

strongylid nematodes to species level (Campbell,

Gasser & Chilton, 1995; Gasser et al. 1996), to

distinguish cryptic species (Chilton, Gasser &

Beveridge, 1995; Hung et al. 1999a) and to re-

construct phylogeny (Chilton, Gasser & Beveridge,

1997; Hung et al. 1999b, 2000).

  

Sources and processing of parasite isolates and DNA

purification

Adult parasites were collected from the large in-

testinal contents of 4 ponies and 1 horse, humanely

destroyed for reasons other than parasite infestation.

These animals were of Scottish origin. The parasite

species used and their sources are listed in Table 1.

We also used genomic DNA from individuals of a

selection of cyathostome species and 3 species of

Strongylus from the UK, USA and Australia, in

order to examine population variation.

The parasites collected from the indigenous

population were washed once in sterile phosphate-

buffered saline, pH 7±2 followed by 2 washes with

sterile Hanks Buffered Salt Solution (Gibco-BRL

Ltd, Scotland) containing penicillin (10 IU}ml) and

gentamicin (10 mg}ml). The bodies were cryo-

preserved, the corresponding heads were excised

and mounted on glass slides using a 5% phenol–

alcohol–glycerine solution, as described by

Lichtenfels et al. (1998). Individual parasite heads

were identified according to the key of Lichtenfels

(1975). The names for the Cyathostominae followed

those published by Lichtenfels et al. (1998). DNA

was isolated from individual parasites by sodium

dodecyl-sulphate}proteinase K treatment for 16 h

followed by phenol–chloroform}isoamyl alcohol

(25:24:1 ratio) extraction.

Primer design and PCR amplification

The cytochrome oxidase I (COI) primers were based

on evolutionarily conserved regions of the COI

sequence for the trematode, Fasciola hepatica (Garey

& Wolstenholme, 1989), and subsequently aligned

with sequences of 2 Secernentean worms, Ascaris

suum and Caenorhabditis elegans. Two single base

pair mismatches were introduced at base positions 9

and 18 in the F. hepatica COI forward primer

sequence as shown: 5{ TTTTTTGGTCATCCTG-

AACTTTAT 3{, in order to make it more similar to

the A. suum and C. elegans sequences. The sequence

of the COI reverse primer was: 5{ TAAAGAAAG-

AACATAATGAAATG 3{. These primers were

designed to amplify a 393 bp portion of the COI

gene.

The large ribosomal (l-rRNA) DNA primers were

designed to amplify the terminal portion (last 70 bp)

of the 3{ end of the COII gene and a portion of the 5{
end of the adjacent l-rRNA. These degenerate

primers were a gift from Dr T. J. C. Anderson,

University of Oxford. The primers were designed

based on an alignment of the mitochondrial DNA

sequences of nematodes from both classes of the

phylum Nematoda (an Adenophorean nematode,

Romanomermis culicivorax) and 3 Secernentean

nematodes, C. elegans, A. suum and Meloidogyne

incognita. The primer sequences were: forward

primer; 5{ GGTCAATGTTCNGARATTTGTR-

G 3{ and reverse primer 5{ ACYMMTCACGCTA-

ARAASTGTRG 3{. The ITS-2 primers NC1 and

NC2 were designed as described by Hung et al.

(1997), from the conserved portions of the flanking

regions of the ITS-2 sequence of C. elegans.

Oligonucleotides were synthesized by Perkin Elmer-
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Table 1. Species and sources of parasites

sequenced in this study.

(All species are members of the Subfamily Cyathominae

(a) or Strongylinae (b) T. gobi is an nematode of ‘‘uncertain

classification’’ (Lichtenfels, 1975)

Species Source

Coronocyclus coronatus (a) Scotland

Craterostomum acuticaudatum (a) Scotland

Cylicocyclus ashworthi (a) Scotland}Australia

Cylicocyclus insigne (a) Scotland}Australia

Cylicocyclus nassatus (a) Scotland}Australia

Cyathostomum pateratum (a) Scotland

Cylicostephanus calicatus (a) Scotland

Cylicostephanus goldi (a) Scotland

Cylicostephanus longibursatus (a) Scotland

Strongylus edentatus (b) Australia}USA

Strongylus equinus (b) Australia}USA

Strongylus vulgaris (b) Australia}USA

Tridentoinfundibulum gobi Scotland

Triodontophorus serratus (b) Scotland

ABI Ltd (Warrington, Cheshire, UK). PCR reaction

mixtures (50 µl) consisted of 3 m MgCl
#
, 200 µm

each dNTP, 0±5 µ each primer and 1 U of

AmpliTaq DNA polymerase (Perkin-Elmer, ABI

Ltd). DNA from each individual was amplified in

duplicate. Genomic DNA from each individual

worm was diluted 1:5 and 1:10, and 1 µl of each

dilution was used as template in the PCR. In each

PCR experiment, positive (A. suum genomic DNA

for the COI and l-rRNA PCR and T. gobi DNA for

the ITS-2 PCR) and negative (no DNA) control

reactions were included. Host DNA was used as a

control to ensure the specificity of each set of primers

used in the PCR experiments.

The amplification programme for the COI PCR

consisted of an initial denaturation step of 94 °C for

4 min. Thermal cycling was over 35 cycles of

denaturation at 94 °C for 1 min, annealing at 50 °C
for 1 min and extension at 72 °C for 1 min. This was

followed by a final extension at 72 °C for 10 min. For

the l-rRNA PCR, following an initial denaturation

step of 94 °C for 4 min, thermal cycling was over 35

cycles of denaturation at 94 °C for 1 min, annealing

at 55 °C for 1 min and extension at 72 °C for 1 min.

This was followed by a final extension at 72 °C for

10 min. The thermal cycling conditions for the ITS-

2 PCR were as described by Hung et al. (1997). PCR

products were detected on 1¬TAE, 1% agarose gels

stained with ethidium bromide. For the negative

control samples, at least 50% of the sample was

examined on the gel.

DNA sequencing

Two PCR products per worm were sequenced in

both directions using an ABI PrismTM Dye Ter-

minator Cycle Sequencing kit (ABI-Perkin-Elmer

Co.) on an ABI 377 machine according to the

manufacturer’s instructions. Sequences were ana-

lysed using ABI-Perkin Elmer sequence analysis

software (Version 2.1.1).

Sequence alignment

The COI sequences were aligned using Pileup in

Wisconsin GCG, Version 9. Clustal X (Thompson

et al. 1997) was used for alignment of the ITS-2

sequences. For the ITS-2 gene, the 5{ and 3{ ends of

the gene were determined by comparison with the

sequences from other species of strongylid nema-

todes (Campbell, Gasser & Chilton, 1995; Hung et

al. 1997). Alignment of the l-rRNA sequences was

accomplished using both secondary structure and

sequence data. Clustal X (Thompson et al. 1997) was

used to align the sequence data. The l-rRNA

sequences were aligned at the 5{ and 3{ ends of the

gene by comparison with the sequences from A.

suum and C. elegans (Okimoto et al. 1992). Secondary

structure alignments for the l-rRNA sequences were

performed using the programme GlasgalV (R. H.

Wilson, University of Glasgow, personal communi-

cation, 1998). The secondary structure alignments

were viewed in relation to the hypothetical 3-

dimensional structure of C. elegans l-rRNA (Gutell,

Schnare & Gray, 1993; Okimoto, MacFarlane &

Wolstenholme, 1994).

Analysis of substitutional bias in mitochondrial and

nuclear sequences

In order to assess the nature of the substitution

patterns, all transitions, AT transversions and all

other types of transversions were determined in

PAUP*4.0d64 and values obtained were plotted

against pairwise distances calculated using ML

under a GTR model estimated from the data for each

sequence}region. For the COI gene sequence,

substitution types for each codon position were

plotted individually as well as for all codon positions

combined. The transition to transversion ratio

(TS:TV) for each gene was also determined in

PAUP*4.0d64 and plotted against pairwise distances

using the GTR model as described above.

Phylogenetic analysis

Phylogenetic analysis was performed using PAUP*

4.0d64 (Swofford, 1998). Each gene was analysed

separately in the first instance, using Neighbour-

Joining (NJ), Maximum Parsimony (MP) and Maxi-

mum Likelihood (ML) methods. Alignment gaps

were treated as missing character states for the

analyses. A minimum of 4–6 individuals of each

species were initially sequenced for the COI gene

(the first gene to be investigated) and were found to

cluster with other members of their species group on

NJ analysis. Intraspecific variation ranged from 1 to

6%. Where available, an Australian isolate of each
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species was included in this preliminary analysis (to

examine the influence of geographical variation), and

was found to cluster within the appropriate species

group. Subsequently, 1 individual from each of these

species groups (randomly chosen) was used for

further phylogenetic analysis in the l-rRNA and

ITS-2 sequences. Distance correction was applied

using ML under a General Time Reversible model

(GTR) with starting parameters estimated from the

data. The GTR model (Lanave et al. 1984) used

under ML, accounts for biased nucleotide com-

position and allows the user to input the expected

rates of substitution at different sites.



Characteristics of amplicons and sequences

All COI PCR products obtained were 393 bp, while

ITS-2 PCR products ranged from 217 bp to 334 bp.

The sizes of the ITS-2 PCR products obtained were

in overall agreement with those reported by

Campbell et al. (1995) and Hung et al. (1997, 1999b).

The l-rRNA PCR products ranged in size from 513

to 529 bp. The AT composition for the COI gene

was 67%, for the ITS-2 gene it was 60% and for the

l-rRNA gene it was highest at 82%.

Analysis of substitution bias in mitochondrial and

nuclear gene sequences

Figure 1A, C and E show all transitions, A%T

transversions and all other transversions plotted

against pairwise distances calculated under ML for

each gene. The nematode mitochondrial genome is

highly biased in favour of adenine (A) and thymine

(T) nucleotides (Okimoto et al. 1992). In the COI

gene, the AT composition of the first (23%) and

second position (47%) sites was lower than that of

third position sites (68%). Blouin et al. (1998) also

reported a similar finding in their analysis of the

mtND4 gene. In each sequence}region, A%T

transversions were most numerous, reflecting the

extreme AT bias in the data, and all other

transversions were observed to occur rarely by

comparison. Figure 1B suggests evidence for satu-

ration in the COI gene; the least different sequences

show a large number of transitions for every observed

transversion, the more distantly related pairs show-

ing a much smaller ratio. The transition substitution

pattern observed at the third codon position in the

COI gene began to become more linear at pairwise

distances greater than 20%, suggesting that above

this distance, saturation would occur (data not

shown). Figure 1C shows, for the ITS-2, a strong

linear relationship of transitions versus distances for

the most similar sequences only. More divergent

sequences show a wide range of pairwise transition

differences. In contrast, the transversions continue

to accrue in a presumably time-dependent fashion.

Figure 1E shows that for the l-rRNA, A%T

transversions rapidly outnumbered transitions with

increasing genetic distance. The TS:TV ratio (Fig

1B, D and F) for all sequences}regions showed the

expected decrease with increasing genetic distance

(Morgan & Blair, 1998; Blouin et al. 1998).

Phylogenetic analysis of COI sequences

Phylogenetic analysis of the COI gene by NJ, MP

and ML, based on sequence data, produced trees

with clades that were poorly supported on bootstrap

analysis, apart from the grouping of sister taxa such

as S. equinus with S. edentatus and C. longibursatus

with C. goldi (data not shown). Pairwise distances

between taxa in Strongyloidea (calculated under ML

using a GTR model estimated from the data) ranged

from 11 to 20%. At this level of pairwise difference,

it has been suggested that saturation occurs at the

third base position (Meyer, 1994). Other authors

have also reported third-position sites in nematode

mtDNA protein-coding genes to be saturated and

uninformative in higher level phylogenetic recon-

struction (Blouin et al. 1998; Zarlenga et al. 1998).

Thus, the third codon position was excluded from

further analysis. Unfortunately, no variation at the

first and second codon position resulted in an even

poorer phylogenetic signal. Despite differences in

the primary DNA sequences, which were in all cases,

at the third codon position, all taxa translated highly

similar amino acid sequences such that there was

insufficient phylogenetic signal to support phylo-

genetic groupings when amino acid data were

analysed by NJ or MP.

Phylogenetic analysis of the l-rRNA and ITS-2

sequences

In contrast to the results obtained with the COI gene

sequences, analysis of the l-rRNA and ITS-2 gene

sequences individually by NJ, MP and ML produced

phylogenetic trees with overall similar topology

which were well supported on bootstrap analysis,

irrespective of the method used (data not shown).

There were some minor rearrangements in

groupings of cyathostome species in the trees

generated using the ITS-2 and l-rRNA sequences.

T. gobi was found to be grouped within the large

clade of cyathostomes in the l-rRNA tree (Fig. 2). In

the ITS-2 trees, however, it grouped external to the

cyathostomes but still associated with the clade. In

order to investigate whether a better phylogenetic

resolution could be achieved, it was decided to

determine if the data partitions were congruent and

could be combined. A conditional data combination

approach (Bull et al. (1993; DeQueiroz, Donaghue &

Kim, 1995; Huelsenbeck, Bull & Cunningham,

1996) was adopted to analyse the mitochondrial and

nuclear data sets. This method involves analysis of

separate data sets, termed process partitions (Bull et
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A
B

C D

E F

Fig. 1. (A–F).Transitions, AT transversions and all other substitution types for each gene plotted against pairwise

distances calculated under ML using a GTR model with starting parameters estimated from the data (A, C, E) in

PAUP*4.0d64. Transition to transversion ratios for each gene are plotted against pairwise distances using a GTR

model under ML (B, D, F) in PAUP*4.0d64.

al. 1993), followed by a test for heterogeneity among

partitions. If there is no significant heterogeneity

between partitions, then all the data are combined

and analysed. Tests were performed to determine if

there was heterogeneity between data sets and to

assess the phylogenetic signal from each gene. Tree

length distribution analysis (Hillis & Huelsenbeck,

1992) was performed in order to examine the
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Fig. 2. Phylogram of the l-rRNA data set using Maximum Likelihood, (under a GTR model with starting parameters

estimated from the data in PAUP*4.0d64), depicting the evolutionary relationships among the Cyathostominae and

Strongylinae. Caenorhabditis elegans is the outgroup for the tree. Numbers above branches represent bootstrap values.

phylogenetic content of each data set. The g1 statistic

(Sokhal & Rolf, 1981) was used to provide a

conventional measure of skewness for tree-length

distribution. The tree length distributions and the

g1 values for each data set (l-rRNA and ITS-2) were

determined in PAUP*4.0d64 (Swofford, 1998). The

significance of the g1 statistic was assessed using the

critical values calculated by Hillis & Huelsenbeck

(1992).

Advocates of conditional combination have argued

that testing for incongruence between data partitions

is an important step in data exploration. Several

statistical tests of incongruence exist (Templeton,

1983; Rodrigo et al. 1993; Huelsenbeck et al. 1996).

The Incongruence Length Difference (ILD) test

(Mickevich & Farris, 1981) was employed in the

current study. This test (known as the Partition

Homogeneity test in PAUP*4.0d64) has been

reported to be most useful in distinguishing between

some cases in which combining the data generally

improved phylogenetic accuracy and other cases in

which the accuracy of data combination was poorer

compared with the individual partitions

(Cunningham, 1997). The difference between the

numbers of steps required by individual and com-

bined analysis is the ILD. A partition homogeneity
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Fig. 3. Phylogram of combined analysis of the mitochondrial l-rRNA and nuclear ITS-2 sequences using Maximum

Likelihood, (under a GTR model with starting parameters estimated from the data in PAUP*4.0d64), depicting the

evolutionary relationships among the Cyathostominae and Strongylinae. Numbers above branches represent bootstrap

values.

test was performed (as implemented in

PAUP*4.0d64) to examine differences between each

gene and to assess if there was sufficient homogeneity

between the two data sets to perform a combined

analysis.

The result of each tree length distribution for each

data set individually and for the combined data set

showed that all values of g1 were estimated to be

statistically significant at P!0±01 (Hillis &

Huelsenbeck, 1992). Comparing g1 values among

the two data partitions, the l-rRNA had a g1¯®0±54

while the ITS-2 showed a stronger left skew at g1

¯®1±78.

The results of the partition homogeneity test

showed that the l-rRNA data appeared to be

congruent with the ITS-2 (P¯0±23). Where

pairwise comparisons show significant homogeneity,

the P value is usually greater than 0±01.

Combined analysis

Phylogenetic analysis of the combined l-rRNA}ITS-

2 data set using NJ, MP and ML generated trees

with identical topology. For highly composition-

biased and rapidly saturating sequences, the ML

approach has been suggested to be the most

appropriate in nematodes (Blouin et al. 1998). Figure

3 shows the ML tree generated using a GTR model

estimated from the data.

Pairwise evolutionary distances calculated under

ML with a GTR model estimated from the data,

ranged from 8 to 17% among cyathostome species.

Inter-specific differences between congeneric species

were high; e.g. 9±5% between C. ashworthi and C.

nassatus, 11±2% between C. nassatus and C. insigne

and 9% between C. insigne and C. ashworthi. This

was as high as the inter-specific differences between

some members of different genera, e.g. 11±7% inter-

specific difference between C. insigne and C. goldi. T.

gobi differed from all cyathostome species by 12±8–

14±6%, however, this was within the same magnitude

of difference as that between cyathostome species.

Craterostomum acuticaudatum differed from the

cyathostomes and Strongylus spp. by 18±2–22±1%.

Among the large strongyle species, inter-specific

differences ranged from 15±3% (S. edentatus versus

S. equinus) to 23±1–25±4% (S. vulgaris versus S.

edentatus, and S. vulgaris versus S. equinus re-

spectively). The cyathostome species differed from

Strongylus spp. by 21–26±4%.



In the current study, the ITS-2 and l-rRNA genes

were shown to be more appropriate than the COI

gene for use in phylogeny reconstruction. These

non-coding sequences}regions are under fewer

selection and functional constraints than protein-

coding genes such as COI (Hillis & Dixon, 1991)

which was highly conserved. The inability of the

COI sequence to provide a good phylogenetic

resolution was also compounded by the fact that
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there was strong AT bias, which poses problems

for phylogeny reconstruction in nematodes (Blouin

et al. 1998). Due to the AT bias, sites will saturate

prematurely as there are fewer possible character

states, reducing resolution in the deeper parts of

trees, especially when distance or parsimony

methods are used (Brower & DeSalle, 1998). Blouin

et al. (1998) suggested that these two problems could

be minimized by restricting use of mtDNA coding

gene sequences for phylogenetics only to relatively

closely related nematode species.

The high AT bias in the nematode genome was

reflected in the AT composition of the 3 genes

studied. In the COI gene, the AT composition of

the first and second position sites was lower than that

of the third position sites; a finding consistent with

mutational pressure (Blouin et al. 1998). Transitions

and A%T transversions appeared to saturate as more

distantly related species were compared. Blouin et al.

(1998) reported that in intraspecific comparisons,

each transition was 5–6 times more common than the

most abundant transversion, A%T. However, when

species were compared within a genus, the number

of A%T transversions had outpaced transitions, as

reported here. Thomas & Wilson (1991) also

reported a rapid decrease in TS:TV ratios from

intraspecific to interspecific comparisons in Caenor-

habditis, consistent with the findings reported in the

present study.

It is interesting to note that all members of the

Cyathostominae and Strongylidae appeared to be

genetically diverse (as evidenced by the values

obtained for pairwise distances for the COI gene and

for combined analysis of all the genes). Based on

analysis of the nuclear s-rRNA gene, Blaxter et al.

(1998) noted that although the Strongylida (parasitic

in vertebrates) were morphologically more disparate

than the free-living Rhabdidita, they showed very

little genetic divergence compared to the latter. The

relatively high values for pairwise evolutionary

distances between members of the Strongylida

reported here, based on analysis of the COI and l-

rRNA sequences, reflects high rate of substitution in

these genes compared to nuclear ribosomal genes

such as the s-rRNA, making them more useful in

resolving relationships at genus or family level rather

than at the congeneric level (Liu, Berry & Moldenke,

1997). The strongylids of horses probably represent

ancient lineages in hosts that may be relicts of

formerly larger groups of species, many of which are

now extinct (Durette-Desset et al. 1994). This may

also account for the greater level of genetic di-

vergence found for equine strongylids.

The combined analysis of l-rRNA}ITS-2

generated trees with groupings more strongly

supported statistically by bootstrap analysis than

those generated by analysis of each region separately.

Phylogeny based on a single molecule may not

accurately reflect the history of all the species studied

(Blaxter et al. 1998) and information from multiple

unlinked genetic loci tends to produce more robust

estimates of phylogeny and testable hypotheses (De

Queiroz et al. 1995). Combination of the 2 data sets

resulted in a greater number of phylogenetically

informative characters and the 3 methods of analysis

(NJ, MP, ML) produced trees which were more

similar to each other than when the individual data

sets were combined. It is important to establish

congruence before combining different data sets as it

is possible that combining heterogeneously evolving

data sets may worsen phylogenetic estimates, making

it more difficult to know which of the reconstructed

trees would appear to be the most appropriate when

the true tree is unknown (Funk et al. 1995).

Nonetheless, topological agreement among data sets

evolving under disparate rules (i.e. the nuclear ITS-

2 and the mitochondrial l-rRNA sequences) is a

means of phylogenetic corroboration. The use of the

GTR model with starting parameters estimated

from the data was considered to be the most

appropriate method for analysis of the highly AT

biased sequences of these nematodes as it took into

account the biased nucleotide composition and the

rate difference between TS and TV (Blouin et al.

1998).

Strongylus equinus was chosen as the taxon upon

which the tree was rooted for the combined analysis

of the l-rRNA and ITS-2 genes, based on the results

obtained by previous phylogenetic analysis of a

larger data set for the l-rRNA. In that separate

analysis of the l-rRNA sequences, the free-living

nematode, C. elegans, was used as an outgroup as it

is considered to be relatively closely related to

vertebrate parasites of the order Strongylida (Blaxter

et al. 1998). S. equinus was consistently the next most

basal taxon to C. elegans in that analysis using NJ,

MP and ML methods and appeared to be a suitable

choice to root the trees for combined analysis of the

l-rRNA}ITS-2 data set. In a separate analysis of the

ITS-2 gene, it had not been possible, due to a lack of

sequence similarity, to accurately align the ITS-2

sequence of C. elegans (Ellis, Sulston & Coulson,

1986) with those of the other nematode taxa

sequenced here. Therefore it could not be included

in the combined analysis.

The separate l-rRNA and ITS-2 data sets and the

combined l-rRNA}ITS-2 data set supported a

monophyletic clade of the cyathostome species with

T. gobi. This is the first time T. gobi has been

reported in Scotland. This species has been reported

previously in Asia, North America and Europe

(Lichtenfels et al. 1998). It has only recently been

described in sufficient detail to be recognized

(Dvojnos & Kharchenko, 1994). It was described as

Cylicostephanus torbertae (Lichtenfels & Klei, 1988)

in North America. Based in part on preliminary

results from the present study, T. gobi was classified

at the Sun City International Workshop on the
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Systematics of Cyathostominea (Lichtenfels et al.

1998) in an independent genus, but with uncertain

relationships, rather than within Cylicostephanus.

The separate l-rRNA and the ITS-2 sequences and

the combined l-rRNA and ITS-2 sequences of this

study support a monophyletic clade including T.

gobi with the other Cyathostominea but separate

from the 3 species representing the genus

Cylicostephanus. These results are in agreement with

the phylogenetic studies of Hung et al. (2000) based

on a combined constrained analysis of ITS-1 and

ITS-2 data sets. Those authors found T. gobi to be

an independent taxon grouped in a clade with either

Cylicodontophorus bicoronatus or (50% majority rule)

with Cylicostephanus bidentatus, 2 species not in-

cluded in our analysis.

Molecular analysis failed to provide strong evi-

dence for the separation of cyathostome species into

their classical genera, i.e. Cyathostomum, Cylico-

cyclus, Coronocyclus and Cylicostephanus. The cur-

rent analysis grouped the 3 species of the genus

Cylicocyclus included within our study in a single

clade, separated from 5 species representing the

genera Cyathostomum, Cylicostephanus and Corono-

cyclus. However, our analysis did not resolve the 5

species representing the latter 3 genera. The 3

species of Cylicocyclus included in our analysis also

grouped together, in accordance with the studies of

Hung et al. (2000) but that study also failed, despite

testing more species (total of 10 species for the 3

genera), to provide support for the genera Cyatho-

stomum, Cylicostephanus or Coronocyclus. In our

analysis, Coronocyclus coronatus formed a clade with

Cylicocstephanus calicatus. Cyathostomum pateratum

formed a clade with 2 species morphologically similar

to each other, Cylicostephanus longibursatus and

Cylicostephanus goldi, in agreement with the phy-

logeny of Hung et al. (2000), but that study also

included Cyathostomum catinatum in a subclade with

the very similar species, C. pateratum. Our study

included only 3 species of Cylicostephanus. The

closely similar species Cylicostephanus longibursatus

and Cylicostephanus goldi were in the same clade but

C. longibursatus was more similar to Cyathostomum

pateratum. Cylicostephanus calicatus, in our analysis,

grouped with Coronocyclus coronatus in a separate

clade from the 2 other species of Cylicostephanus.

Other species of the genus Cylicostephanus (C.

bidentatus and C. minutus) studied by Hung et al.

(2000) did not group together or with the 3 other

species of Cylicostephanus included in that study. We

believe our results and those of Hung et al. (2000)

indicate the genus Cylicostephanus needs further

revision. However, a phylogenetic reconstruction,

based on morphology is required before this can be

undertaken.

The present study provides some evidence of

relationships among representatives of the Cyatho-

stominae and the Strongylinae of horses. According

to the classification by Lichtenfels (1975, 1980), the

small strongyles (or nematodes with small cylindrical

buccal capsules) of horses belong to the tribe

Cyathostominea of the subfamily Cyathostominae,

and those with large globular or subglobular buccal

capsules belong to the family Strongylinae.

Lichtenfels (1986) emphasized that this separation of

the nematodes of the family Strongylinae was

arbitrary and needed to be tested. Representatives of

the Strongylinae (sensu Lichtenfels, 1980) in our

study included 3 species of the genus Strongylus and

Triodontophorus serratus and Craterostomum acuti-

caudatum. The 3 genera of large strongyle grouped

outside the large clade containing the cyathostomes

and T. gobi. T. serratus and C. acuticaudatum were

found to be more similar to the Cyathostominea than

to species of Strongylus, and they grouped together

but separately from the representatives of the

Cyathostominea. Hung et al. (2000) found a similar

relationship for these genera in a phylogenetic

analysis of the combined sequences of ITS-1 and

ITS-2. Strongylus equinus and S. edentatus appeared

to be more closely related (based on pairwise

evolutionary distances and phylogenetic analysis) to

each other than to S. vulgaris. A similar relationship

for the 3 species of Strongylus was also reported by

Hung et al. (2000). Our findings also agree with

those of Campbell et al. (1995) based on analysis of

the ITS-2 sequence. The results of the current study

illustrate the need for revision of the morphological

taxonomy.

The authors wish to thank the Home of Rest for Horses for

funding this study. The authors are grateful to Dr Rod

Page, DEEB, IBLS, University of Glasgow for his

guidance and advice on phylogenetic analysis and for

provision of computing facilities and software. We wish to

thank Dr Tim Anderson, Department of Zoology, Uni-

versity of Oxford, for advice and the gift of l-rRNA

primers. We are grateful to Dr Richard Wilson, IBLS, for

l-rRNA secondary structure, analysis using his programme

GlasgalV. Thanks also to Dr Jonathan Sheps and Dr

Bernie Cohen (IBLS) for advice and computer facilities.

We wish to thank Dr Geoff Hide and Dr Michelle Hope

for advice on the project. We gratefully acknowledge Dr

Robin Gasser and Dr Graham Hung, University of

Melbourne, for much helpful discussion and provision of

samples for the project. The authors thank Professor Tom

Klei, Louisiana State University and Dr John Hawdon,

Yale University, for providing some of the samples used in

this study. Thanks also to Ms Sue MacAuley, MBSU,

University of Glasgow for sequencing expertise and to Mr

Patrick Shone, of Olympus Microscopes, London, for

providing microscopic and photographic equipment for

this study.



, . ., , ., , . ., , . .,

, ., , ., , . .,

, . ., , ., , . ., , . . 

https://doi.org/10.1017/S003118200000696X Published online by Cambridge University Press

https://doi.org/10.1017/S003118200000696X


A. MCDonnell and others 658

 , . (1998). A molecular evolutionary

framework for the phylum Nematoda. Nature, London

392, 71–75.

, . ., , . ., , . .  ,

. . (1998). Substitution bias, rapid saturation, and

the use of mtDNA for nematode systematics.

Molecular Biology and Evolution 15, 1719–1727.

, .  , . . (1993). Molecular variation

in Echinococcus. Acta Tropica 53, 291–305.

, . . .  , . (1998). Patterns of

mitochondrial versus nuclear DNA sequence

divergence among nymphalid butterflies ; the utility of

wingless as a source of characters for phylogenetic

inference. Insect Molecular Biology 7, 73–82.

, . ., , . .   , . (1995).

The prevalence and epidemiology of gastrointestinal

parasites of horses in Victoria, Australia. International

Journal for Parasitology 25, 711–724.

, . ., , . ., , . .,

, . .  , . . (1993). Partitioning

and combining data in phylogenetic analysis.

Systematic Biology 42, 384–397.

, . . ., , . .  , . . (1995).

Differences in a ribosomal DNA sequence of

Strongylus species allows identification of single eggs.

International Journal for Parasitology 25, 359–365.

, . ., , . ., , . .  ,

. . (1996). Identification and characterisation of a

pyrantel resistant cyathostome population. Veterinary

Parasitology 66, 205–212.

, . ., , . .  , . (1995).

Differences in a ribosomal DNA sequence of

morphologically indistinguishable species within the

Hypodontus macropi complex (Nematoda:

Strongyloidea). International Journal for Parasitology

25, 647–651.

, . ., , . .  , . (1997).

Phylogenetic relationships of Australian strongyloid

nematodes inferred from ribosomal DNA sequence

data. International Journal for Parasitology 27,

1481–1494.

, . . (1997). Can three incongruence tests

predict when data should be combined. Molecular

Biology and Evolution 14, 733–740.

, . ., , .  , . (1995).

Separate versus combined analysis of phylogenetic

evidence. Annual Review of Ecology and Systematics

26, 657–681.

, ., , ., , .  , .

(1992). DNA sequences from a fossil termite in

Oligo-Miocene amber and their phylogenetic

implications. Science 257, 1933–1936.

-, . ., , .  , . .

(1994). The origins and evolutionary expansion of the

Strongylidae (Nematoda). International Journal

for Parasitology 24, 1139–1165.

, . . (1982). Systematics and phylogeny of

nematodes of the superfamily Strongyloidea

Weinland, 1858, parasitic in horses. In Parasity i

Parasitozy Cheloveka i Zhivotnyka, Publishing House

Naukava Damka, Kiev, USSR. [In Russian].

 . .  , . . (1994). Strongylidae

in Domestic and Wild Horses. Publishing House

Naukava Damka, Kiev, USSR. [In Russian.]

, . ., , . .  , . . (1986). The

rDNA of C. elegans : sequence and structure. Nucleic

Acids Research 14, 2345–2364.

, . .  , . . . (1997). The effectiveness

of mitochondrial rRNA gene sequences for the

reconstruction of the phylogeny of an insect

order(Orthoptera). Molecular Phylogenetics and

Evolution 8, 177–192.

, . ., , . ., , .  , .

(1995). Mitochondrial DNA sequences and multiple

data sets : a phylogenetic study of phytophagous

beetles (Chrysomelidae: Ophraella). Molecular Biology

and Evolution 12, 627–640.

, . .  , . . (1989).

Platyhelminth mitochondrial DNA: evidence for early

evolutionary origin of a tRNA-ser (AGN) that

contains a dihydrouridine arm replacement loop and

of serine specifying AGA and AGG codons. Journal

of Molecular Evolution 28, 347–387.

, . ., , . ., , . ., ,

., , . .  , . (1996). Species

markers for equine strongyles detected in intergenic

rDNA by PCR-RFLP. Molecular and Cellular Probes

10, 371–378.

, . . (1995). The prevalence and abundance of

internal parasites in working horses autopsied in

Poland. Veterinary Parasitology 58, 99–108.

, . ., , . .  , . . (1993). A

compilation of large subunit (23S- and 23S-like)

ribosomal RNA structures: 1993. Nucleic Acids

Research 20 (Suppl.), 2095–2109.

, . (1986). On the Strongylus tetracanthus

problem and the systematics of the Cyathostominea

(Nematoda: Strongyloidea). Mitteilung Zooligisches

Museum Berlin 62, 61–102.

, . . (1990). Equine parasite control-problems

associated with intensive anthelmintic therapy. Equine

Veterinary Education 2, 41–47.

, . .  , . . (1995). Slowing the spread of

anthelmintic resistant nematodes of horses in the UK.

Veterinary Record 136, 481–485.

, . .  , . . (1991). Ribosomal DNA:

molecular evolution and phylogenetic inference.

Quarterly Review of Biology 66, 411–453.

, . .  , . . (1992). Signal, noise

and reliability in molecular phylogenetic analysis.

Journal of Heredity 83, 189–195.

, . ., , .  , . . (1996).

Molecular Systematics. Sinauer Associates, USA.

, . ., , . .  , . .

(1996). Combining data in phylogenetic analysis. Tree

11, 152–157.

, . -., , . ., , ., ,

., , . .  , . . (1997). Molecular

delineation of Cylicocyclus nassatus and C. ashworthi

(Nematoda: Strongylidae). International Journal for

Parasitology 27, 601–605.

, . -., , . ., , ., , . .,

, . .  , . . (1999a). Molecular

evidence for cryptic species within Cylicostephanus

minutus (Nematoda: Strongylidae). International

Journal for Parasitology 29, 285–291.

, . -., , . ., , .  , .

(1999b). Secondary structure model for the ITS-2

https://doi.org/10.1017/S003118200000696X Published online by Cambridge University Press

https://doi.org/10.1017/S003118200000696X


Nuclear and mitochondrial sequences from species of Cyathostominae and Strongylinae 659

precursor rRNA of Strongylid nematodes of equids:

implications for phylogenetic inference. International

Journal for Parasitology 29, 1949–1964.

, . -., , . ., , .  , .

(2000). A molecular systematic framework for equine

strongyles based on ribosomal DNA sequence data.

International Journal for Veterinary Parasitology 30,

95–105.

, .  , . (1993). Sequence evolution

of mitochondrial tRNA genes and deep branch animal

phylogenetics. Journal of Molecular Evolution 37,

380–398.

, ., , ., , .  , .

(1984). A new method for calculating evolutionary

substitution rates. Journal of Molecular Evolution 20,

86–93.

, . . (1975). Helminths of domestic equids.

Illustrated keys to the genera and species with

emphasis on North American forms. Proceedings of the

Helminthological Society of Washington 42, 1–61.

, . . (1979). A conventional approach to

the classification of the Strongyloidea, nematode

parasites of mammals. American Zoologist 19,

1185–1194.

, . . (1980). CIH keys to the nematode

parasites of vertebrates. In Keys to the Genera of the

Superfamily Strongyloidea (ed. Anderson, R. C.,

Chabaud, A. G. & Wilmott, S. C.), Vol. 7, pp. 1–41.

Commonwealth Agricultural Bureaux, Farnham, UK.

, . . (1987). Phylogenetic inference from

adult morphology in the Nematoda; with emphasis on

the bursate nematodes, the Strongylida; advancements

(1982–1985) and recommendations for further work.

International Journal for Parasitology 17, 269–279.

, . ., , . ., , . 

, . (1998). Key characters for the

microscopical identification of Cylicocyclus nassatus

and Cylicocyclus ashworthi (Nematoda:

Cyathostominae) of the horse Equus callabus. Journal

of the Helminthological Society of Washington 64,

120–127.

, . .  , . (1988).

Cylicostephanus torbertiae sp. N. (Nematoda:

Strongyloidea) from Equus caballus with a discussion

of the genera Cylicostephanus, Petrovinema and

Skrjabiondentus. Proceedings of the Helminthological

Society of Washington 55, 165–170.

, ., , . .  , . . (1997).

Phylogenetic relationships of entomopathogenic

nematodes (Heterorhabditidae and Steinernematidae)

inferred from partial 18S rRNA gene sequences.

Journal of Invertebrate Pathology 69, 246–252.

, . (1992). The role of equine strongyles in the

pathogenesis of colic and current options for

prophylaxis. Equine Veterinary Journal, (Suppl.) 13,

5–9.

, ., , . .  , . . (1992). Chronic

diarrhoea in adult horses : A review of 51 referred

cases. Veterinary Record 130, 217–219.

, . (1994). Shortcomings of the cytochrome b

gene as a molecular marker. Trends in Ecology and

Evolution 9, 278–280.

, . .  , . . (1985).

Prevalence and abundance of equine strongyles

(Nematoda: Strongyloidea) in tropical Australia.

Journal of Parasitology 4, 487–494.

, . .  , . . (1981). The

implications of congruence in Menidia. Systematic

Zoology 30, 351–370.

, . .  , . (1998). Relative merits of

nuclear ribosomal internal transcribed space and

mitochondrial COI and NDI genes for distinguishing

among Echinostoma species (Trematoda). Parasitology

116, 289–297.

, ., , . ., , . . 

, . . (1992). The mitochondrial

genome of two nematodes Caenorhabditis elegans and

Ascaris suum. Genetics 130, 471–498.

, ., , . .  , . .

(1994). The mitochondrial ribosomal RNA genes of

the nematodes Caenorhabditis elegans and Ascaris

suum : consensus secondary structure models and

conserved nucleotide sets for phylogenetic analysis.

Journal of Molecular Evolution 39, 598–613.

, . ., -, ., , . . 

, . . (1993). A randomisation test of the

null hypothesis that two cladograms are sample

estimates of a parametric phylogenetic tree. New

Zealand Journal of Botany 31, 257–268.

, . .  , . (1981). Biometry. 2nd Edn.,

W.H. Freeman, San Francisco.

, . ., , . . ., , . . 

, . . (1997). The evolution of tissue

migration in parasitic nematodes (Nematoda:

Strongylida) inferred from a protein-coding

mitochondrial gene. Biological Journal of the Linnean

Society 61, 281–298.

, . . (1998). PAUP* 4.0d64, test copy.

Sinauer Associates, Sunderland, Mass.

, . . (1983). Phylogenetic inference from

restriction endonuclease cleavage site maps with

particular reference to the humans and apes. Evolution

37, 221–244.

, . .  , . . . (1991). Mode and

tempo of molecular evolution in the nematode

Caenorhabditis : cytochrome oxidase II and calmodulin

sequences. Genetics 128, 269–279.

, . ., , . ., , .,

, . .  , . . (1997). The

CLUSTAL-X windows interface: flexible strategies

for multiple sequence alignment aided by quality

analysis tools. Nucleic Acids Research 25, 4876–4882.

, . .  , . (1993). Phylogeographic

patterns in North American tiger beetles, Cincindela

dorsalis, inferred from mitochondrial DNA sequences.

Evolution 47, 1192–1202.

, . ., , . ., , . 

, . . (1998). Comparisons of two

polymorphic species of Ostertagia and phylogenetic

relationships within the ostertagiinae (Nematoda:

Trichostrongyloidea) inferred from ribosomal RNA

repeat and mitochondrial DNA sequences. Journal of

Parasitology 84, 806–812.

https://doi.org/10.1017/S003118200000696X Published online by Cambridge University Press

https://doi.org/10.1017/S003118200000696X

