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Abstract

Little is known about the trypanosomes of indigenous Australian vertebrates and their vectors. We surveyed a range of vertebrates and

blood-feeding invertebrates for trypanosomes by parasitological and PCR-based methods using primers specific to the small subunit

ribosomal RNA (SSU rRNA) gene of genus Trypanosoma. Trypanosome isolates were obtained in culture from two common wombats, one

swamp wallaby and an Australian bird (Strepera sp.). By PCR, blood samples from three wombats, one brush-tailed wallaby, three

platypuses and a frog were positive for trypanosome DNA. All the blood-sucking invertebrates screened were negative for trypanosomes

both by microscopy and PCR, except for specimens of terrestrial leeches (Haemadipsidae). Of the latter, two Micobdella sp. specimens from

Victoria and 18 Philaemon sp. specimens from Queensland were positive by PCR. Four Haemadipsa zeylanica specimens from Sri Lanka

and three Leiobdella jawarerensis specimens from Papua New Guinea were also PCR positive for trypanosome DNA. We sequenced the

SSU rRNA and glycosomal glyceraldehyde phosphate dehydrogenase (gGAPDH) genes in order to determine the phylogenetic positions of

the new vertebrate and terrestrial leech trypanosomes. In trees based on these genes, Australian vertebrate trypanosomes fell in several

distinct clades, for the mostpart being more closely related to trypanosomes outside Australia than to each other. Two previously undescribed

wallaby trypanosomes fell in a clade with Trypanosoma theileri, the cosmopolitan bovid trypanosome, and Trypanosoma cyclops from a

Malaysian primate. The terrestrial leech trypanosomes were closely related to the wallaby trypanosomes, T. cyclops and a trypanosome from

an Australian frog. We suggest that haemadipsid leeches may be significant and widespread vectors of trypanosomes in Australia and Asia.
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1. Introduction

Trypanosomes (genus Trypanosoma) are widespread

blood parasites of all classes of vertebrate and several

trypanosome species are agents of disease in humans and/or

livestock, particularly in the tropics. Despite the wealth of
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information on the economically important species, such as

Trypanosoma brucei and Trypanosoma cruzi, little is known

of the greater diversity of trypanosomes and their trans-

mission cycles, particularly in Australia. Trypanosomes have

been reported in all types of indigenous Australian

vertebrates: mammals (Mackerras, 1959; Bettiol et al.,

1998; Noyes et al., 2000; Jakes et al., 2001), birds (Mackerras

and Mackerras, 1959); reptiles (Mackerras, 1961b; Jakes

et al., 2001); amphibia (Mackerras, 1961a; Delvinquier and

Freeland, 1989); and fish (Mackerras, 1961a). In recent work

three trypanosomes from indigenous mammals (eastern grey

kangaroo, Macropus giganteus; wombat, Vombatus ursinus;

platypus, Ornithorhynchus anatinus) were described (Noyes

et al., 2000) and their phylogenetic positions determined

from SSU rRNA gene sequences, with surprising results
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(Stevens et al., 1999a; Jakes et al., 2001). The two

trypanosomes isolated from marsupials appeared in different

clades: the kangaroo trypanosome fell in the T. cruzi clade,

together with trypanosomes from South American mammals

and Old and New World bats, while the wombat trypanosome

fell in a clade with Trypanosoma pestanai, a trypanosome

from the Eurasian badger (Stevens et al., 1999a). The

placement of the kangaroo trypanosome in the T. cruzi clade

led Stevens et al. (1999a,b) to speculate that these

trypanosomes originated as parasites of marsupials in the

southern supercontinent of South America, Antarctica and

Australia during the Cretaceous. The monotreme platypus is

frequently found infected with trypanosomes, and its

parasite, Trypanosoma binneyi, fell in the Aquatic clade,

together with trypanosomes of fish, amphibia and reptiles

(Jakes et al., 2001; Stevens et al., 2001). Trypanosoma

binneyi may therefore have been acquired by the platypus

from leeches feeding on vertebrates in the aquatic

environment rather than from terrestrial mammals. These

results indicate that these three trypanosomes from

indigenous Australian mammals had independent evolution-

ary origins, and suggest that the full extent of trypanosome

diversity in Australia remains to be discovered.

Trypanosomes are generally transmitted by blood-

sucking arthropod or aquatic leech vectors (e.g. trypano-

somes of fish), but little is known of the vectors or lifecycles

of Australian trypanosomes. Trypanosomes have been

found in tick nymphs (Ixodes holocyclus) removed from

bandicoots (Isoodon macrurus) infected with Trypanosoma

thylacis (Mackerras, 1959). The platypus tick (Ixodes

ornithorhynchi), various blood-sucking flies, and aquatic

leeches have been suggested as possible vectors of the

platypus trypanosome, T. binneyi (Mackerras, 1959; Jakes

et al., 2001). Likewise the wombat flea Lycopsylla nova,

ticks, hippoboscid flies and terrestrial leeches have been

suggested as possible vectors of wombat and kangaroo

trypanosomes (Noyes et al., 1999).

The mere presence of trypanosomes in a blood-sucking

invertebrate does not necessarily incriminate it as a vector;

the trypanosomes may simply have been taken in with blood

from an infected host, but are incapable of development.

While some blood-sucking invertebrates are host specific,

e.g. some flea species, others feed on a diverse range of

vertebrate hosts, e.g. tsetse flies feed on mammals, reptiles

and birds (Leak, 1999). An approach to the identification of

vectors with wide host ranges is to match trypanosomes

found in them with those from vertebrate hosts. For

example, Votypka et al. (2002) used comparison of SSU

rRNA gene sequences to incriminate ornithophilic simuliids

as possible vectors of bird trypanosomes.

Here we have carried out a similar study, using variation

in the SSU rRNA gene to identify trypanosomes in

Australian vertebrates and to identify potential invertebrate

vectors. The phylogenetic positions of the new trypano-

somes found were confirmed by analysis of the gene for
glycosomal glyceraldehyde phosphate dehydrogenase

(gGAPDH).
2. Methods

2.1. Collection and preparation of samples from mammals

and other vertebrates

Blood samples (approximately 1 ml, using the

anticoagulant heparin) were taken from anaesthetised

animals under examination for other purposes by veterinary

staff at Healesville Sanctuary, Melbourne Zoo, and Taronga

(Sydney) Zoo, between April 2000 and December 2002.

Eighty-eight samples from 20 species of mammal, five

samples from one species of snake and 27 samples from 19

species of bird were sampled as follows (numbers in

brackets refer to the number of animals sampled).

Mammals. Common brushtail possum, Trichosurus

vulpecula (22); common wombat, V. ursinus (20); dusky

antechinus, Antechinus swainsonii; eastern grey kangaroo,

M. giganteus (10); eastern quoll, Dasyurus viverrinus;

koala, Phascolarctos cinereus (eight); long nosed potoroo,

Potorous tridactylus (two); parma wallaby, Macropus

parma (two); purple-necked rock-wallaby, Petrogale pur-

pureicollis (two); red kangaroo, Macropus rufus (three);

red-necked wallaby, Macropus rufogriseus (three); sugar

glider, Petaurus breviceps; Tasmanian devil, Sarcophilus

harrisi; tuan, Phascogale tapoatafa; swamp wallaby,

Wallabia bicolor (four); yellow-footed rock wallaby,

Petrogale xanthopus; squirrel glider, Petaurus norfolcensis

(two); rufus bettong, Aepyprymnus rufescens; ringtail

possum, Pseudocheirus peregrinus (two); water rat,

Hydromys chrysogaster.

Reptiles. Diamond python, Morelia spilota variegata

(five).

Birds. Brown goshawk, Accipiter fasciatus; wedge tailed

eagle, Aquila audax (two); Australian kestrel, Falco

cenchroides; little eagle, Hieraaetus morphnoides; black

kite, Milvus migrans; laughing kookaburra, Dacelo

novaeguineae (four); magpie, Gymnorhina tibicen;

currawong, Strepera sp.; bush thick-knee, Burhinus gral-

larius; sulphur-crested cockatoo, Cacatua galerita; pigeon,

Columba livia; common bronzewing, Phaps chalcoptera

(two); turtle dove, Streptopelia chinensis (two); plumed

whistling-duck, Dendrocygna sp.; peregrine falcon, Falco

peregrinus (two); tawny frogmouth, Podargus strigoides

(two); rainbow lorikeet, Trichoglossus haematodus; purple

swamphen, Porphyrio porphyrio; little penguin, Eudyptula

minor novaehollandiae.

Others. Blood samples were also obtained from eight

wild platypuses, O. anatinus, caught in streams surrounding

the Yan Yean Reservoir, near Whittlesea, approximately

30 km north of Melbourne where the prevalence of

T. binneyi was known to be 60–80% (Dr M. Serena,

personal communication). A trypanosome positive blood
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sample from a frog, Mixophyes fleayi, was provided by

H. Hines and Dr Lee Berger.

For isolation into culture, 0.1–0.5 ml aliquots of blood

were added to two or more culture tubes containing 3–5 ml

of modified ‘Sloppy Evans’ medium (Noyes et al., 1999).

Cultures were incubated in the dark at ambient temperature

and a small drop was examined weekly for the presence of

trypanosomes for up to 6 weeks. Trypanosomes were

passaged into Cunningham’s medium (Cunningham, 1977).

For extraction of trypanosome DNA directly from the blood

sample, 0.1–0.5 ml of blood was added to 1 ml of lysis

solution [5.5 M guanidinium thiocyanate; 0.1 M Tris–HCl

(pH 7.8); 0.03 M EDTA; and 2% Triton X-100 (Boom et al.,

1990)]. These samples were stored at room temperature or at

4 8C. DNA was extracted from guanidinium-preserved

blood samples by phenol–chloroform extraction, followed

by alcohol precipitation and resuspension in 200 ml water

(Sigma), and from lysates of 105–106 cultured trypanosomes

by standard methods.
2.2. Collection and preparation of samples

from invertebrates

Bloodsucking arthropods, including ticks, hippoboscid

flies, fleas and mites, were collected from animals as they

were restrained for treatment at Healesville sanctuary.

Invertebrates were killed by immersion in 70% ethanol and

stored at ambient temperature or at 4 8C in screw-capped

containers for up to 6 months. Some invertebrates of the

same type from the same host, such as wombat ticks, were

pooled prior to DNA extraction. Invertebrates were

removed from ethanol, air-dried, placed in a 1.5 ml

microcentrifuge tube with 200 ml of insect digestion buffer

(100 mM Tris–HCl (pH 8.0); 80 mM EDTA (pH 8.0);

160 mM sucrose; 1% w/v SDS; 250 mg mlK1 proteinase K)

and pulverised with the end of a pipette tip for 60 s before

incubation at 37 8C for 3 days. Every 24 h the contents of the

tube were pulverised for 60 s and an additional 20 mg of

proteinase K was added. DNA was extracted from the

lysates by phenol–chloroform extraction, alcohol

precipitation and resuspension in 200 ml water (Sigma).

Bloodsucking aquatic leeches were collected by hand

from Healesville Lake. They were kept alive in small
Table 1

Origins of haemadipsid leech samples screened for trypanosomes by PCR

Species Locality Dates collected

Micobdella sp. Yarra Ranges,

Victoria, Australia

May 2000

Philaemon sp. Mount Windsor,

Queensland, Australia

Nov. 2001–Jan. 2002

Philaemon sp. Charmillan Creek,

Queensland, Australia

Nov. 2001–Jan. 2002

Haemadipsa zeylanica Sri Lanka Jan. 2002

Leiobdella jawarerensis Papua New Guinea 1994
volumes of lake water, until dissection 2–4 weeks later.

Aquatic leeches were dissected using a sterile scalpel;

crop contents were examined for the presence of

trypanosomes by microscopy. Attempts to culture blood

from the crop in modified Sloppy Evans medium as above

were unsuccessful, as cultures became contaminated with

bacteria or fungi. The remains of the dissected leeches were

stored in 70% ethanol.

Haemadipsid leeches are attracted to humans and were

collected in this way from temperate forest in the Yarra

Ranges near Healesville Sanctuary and tropical forest in

Queensland Australia, and Sri Lanka (Table 1). Leeches

were identified by Dr F. Govedich (Monash University,

Australia). They were killed by immersion in 70%

ethanol and stored at ambient temperature or at 4 8C in

screw-capped containers for up to 6 months. DNA was

extracted from the whole leeches without prior dissection

using the above method for invertebrates. Three Leiobdella

jawarerensis specimens were collected by Dr V. van der

Lande from caves in Papua New Guinea and were preserved

in formalin. Each leech was dissected and approximately 1 g

of gut contents consisting of solid blood was used for

extraction of DNA using the protocol of Shedlock et al.

(1997). Briefly, each sample was washed for three

successive 24 h periods in 10 ml freshly made GTE solution

(100 mM glycine, 10 mM Tris–HCl (pH 8.0), 1 mM

EDTA), and then air-dried and digested in 0.5 ml of

extraction buffer (1% SDS, 25 mM Tris–HCl (pH 7.5),

100 mM EDTA, 1.5 mg mlK1 proteinase K, 0.04 M

dithiothreitol) for 24 h at 65 8C. An additional 0.5 mg of

proteinase K and 0.1 mg of DNase-free RNase were added

after the first 10 h of digestion. This was followed by a

phenol–chloroform extraction, DNA precipitation and

resuspension in 50 ml of water (Sigma).
2.3. PCR and DNA sequencing

SSU rRNA gene. Fragments of the trypanosome SSU

rRNA gene were amplified by PCR essentially as described

previously (Maslov et al., 1996; Noyes et al., 1999; Stevens

et al., 1999a). Additional primers were designed to regions

of the SSU rRNA gene conserved among sequences of

T. brucei (AJ009142), Trypanosoma cobitis (AJ009143)
Sample codes Total no. No. of trypanosome

positive by PCR

TL.AV.43–44 2 2

TL.AQ.20–35 16 13

TL.AQ.40–49 10 5

TL.SL.1–15 15 4

TL.NG.1–3 3 3
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and T. cruzi (AF303660), but not conserved in Bodo

caudatus (X53910): primer sequences 5 0 to 3 0 are

P: GAGGTGAAATTCTTAGACCGCACCAAG, R: GAC

CATTGTAGTCCACACTG, S: AAGCTTTCGCGTGAAG

AAG, and T: TGCGAACGTACTCCCCCCTGAGACTG.

Primer specificity was assessed by comparison with SSU

rRNA gene sequences of Leishmania tarentolae (M84225),

B. caudatus (X53910), Drosophila simulans (AY037174)

and Homo sapiens (U13369), and by BLAST searches

(NCBI programme blastcl3) to identify sequences of

greatest similarity in the GenBank database. Primers with

low similarity to non-trypanosome SSU rRNA genes

[S-823F (B), S-825 (D), S-662 (I) (Maslov et al., 1996), P,

R, S, T] were preferentially used in PCR. Thermoprimee

polymerase (in ReddyMixe, ABgene) was used for the

majority of PCR reactions except for the frog and the two

Micobdella specimens for which Expand High Fidelity PCR

system (Roche) was used. The standard PCR conditions

recommended by the manufacturers were used. A reaction

volume of 25 ml was used for all reactions including 1 ml of

template DNA. Two PCR programmes were used: Pro-

gramme 1 comprised an initial denaturing step of 95 8C for

180 s, followed by 30 cycles of 60 s at 95 8C, 30 s at 55 8C

and 60 s at 72 8C and a final extension period of 72 8C for

400 s. Programme 2 comprised an initial denaturing step of

95 8C for 300 s, followed by 15 cycles of 30 s at 95 8C, 60 s

at 64 8C, 60 s at 72 8C, followed by 30 cycles of 30 s at

95 8C, 60 s at 53 8C, 60 s at 72 8C. Programme 1 was used

for standard and standard nested SSU rRNA gene PCR

reactions. Nested PCR was used as it enabled greater

sensitivity and amplification of greater lengths than standard

PCR (McPherson and Moller, 2000). For nested PCR, 0.5 ml

of the PCR mixture from the first reaction was used as the

template for the second reaction. Primers used in nested

PCR are abbreviated as follows: AF-BG means that primers

A and F were used in the first round and B and G in the

second. A one-tube nested PCR protocol modified from

Shaio et al. (1997) was also used for several samples with

Programme 2; all four primers (P, R, S, T) were included in

the reaction vessel with external primers (P, T) at 0.025 mM

and internal primers (R, S) at 1 mM. To avoid

contamination, filter tips were used for all pipetting (DNA

extraction and PCR) and a positive control (DNA from

T. brucei rhodesiense 058) was only included in the initial

screen of invertebrates. Negative controls containing all the

reaction ingredients except the DNA template were

included in the initial screen of invertebrates and subsequent

PCRs (one negative control reaction per five PCR

reactions). For the initial screen of invertebrates, the

products of both rounds were analysed by agarose gel

electrophoresis and thereafter only the products of the

second round were analysed.

gGAPDH gene. Approximately 600 bp fragments of the

gGAPDH gene were amplified from genomic DNA isolated

from 12 cultures of trypanosomes, as described by Hannaert

et al. (1998), using Expand High Fidelity PCR system
(Roche). These were Trypanosoma cyclops, Trypanosoma

dionisii, Trypanosoma fallisi, Trypanosoma godfreyi,

Trypanosoma granulosum UK, Trypanosoma rotatorium,

Trypanosoma sp. D30 (fallow deer), Trypanosoma sp. Marv

(Carp), Trypanosoma sp. Ts-GG-PO (Gudgeon),

Trypanosoma sp. Ts-Cc-Sp (Carp), Trypanosoma simiae

Tsavo and Trypanosoma vivax. The origins and sequencing

of the other gGAPDH genes, including five from Australia

[trypanosomes from the wombat (AAP), wallaby (ABF),

platypus (AAW) and currawong (AAT) haemadipsid leech

(TL.AQ.22)] are described in Hamilton et al. (2004).

2.4. Sequence and phylogenetic analysis

Amplified fragments were purified and cloned into a

plasmid vector (pCRw2.1-TOPOw, Invitrogen). Purified

plasmid DNA was sequenced using M13 forward and

reverse, and internal primers using an automated sequencer.

Consensus sequences were assembled using AutoAssembler

2.0 (ABI). Sequences were subjected to BLAST analysis to

find the most similar sequences in the GenBank database.

For phylogenetic analysis, sequences from this study and

others obtained from GenBank were aligned using Clustal X

(Thompson et al., 1997), with subsequent manual

adjustment. Phylogenetic trees were constructed based on

two alignments of SSU rRNA gene sequences and two of

gGAPDH gene sequences.

Alignment 1. All trypanosomal SSU rRNA gene

sequences greater than 1450 bp from Australian mammals

and haemadipsid leeches were aligned with those from a

diverse range of trypanosomatids based on the alignment of

Hamilton et al. (2004). The 44 trypanosome taxa included

representatives of all known trypanosome clades and

lineages. Six other genera of family Trypanosomatidae

were used as outgroups, being the closest relatives of

trypanosomes. The addition of the more distantly related

bodonids to the alignment increased ambiguity in some

regions, and these taxa were therefore omitted. 1927 (317

parsimony informative) of the 2592 characters in the

alignment (positions: 41–245, 309–869, 931–959,

977–1239, 1481–1689, 1824–1839 1911–2799) were sub-

jectively judged to be well aligned and were included in

subsequent analysis.

Alignment 2. In order to determine the relationships

between the short (minimum 517 bp) SSU rRNA gene

sequences with greatest (O98%) similarity to T. cyclops as

judged by BLAST searches, they were aligned with all other

Trypanosoma theileri clade sequences. Restricting the taxa

in the alignment to a single clade allowed characters in more

variable regions to be aligned with greater confidence and

included in subsequent analysis; these were excluded from

analyses based on alignment 1. The alignment contained 19

taxa and phylogenies were constructed using the 598

aligned characters (54 parsimony informative) in the region

of the alignment spanning the shortest sequence (positions

921–1519), which was subjectively judged to be well
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aligned. Trypanosoma theileri-like trypanosomes were

chosen as outgroups as they fell in the same clade as

T. cyclops in SSU rRNA and gGAPDH gene trees.

Alignment 3. The 12 new gGAPDH gene sequences from

this study and five others obtained from GenBank

(accession nos: T. brucei: AF047499, X59955; Trypano-

soma evansi: AF053743; T. cruzi: X52898; Leishmania

major: AF047497) were added to the alignment of Hamilton

et al. (2004); no further gaps were required for alignment.

A wide range of trypanosome and other trypanosomatid taxa

were included for the reasons stated above for SSU rRNA.

The gGAPDH gene alignment included sequences from 55

trypanosomes and 20 other kinetoplastids. A large pro-

portion of the phylogenetic information was at the third

codon position as it contained 272 of the 414 (66%)

parsimony-informative sites. The maximum genetic

distance (uncorrected p-distances) between the sequences

at the third codon position was 0.69 for all taxa (including

sequences from the bodonid Trypanoplasma borreli and the

euglenid Euglena gracilis), 0.60 for trypanosomatid and

0.56 for trypanosomes; as values of approximately 0.75

indicate saturation, further analysis was undertaken using

trypanosomatid sequences only.

Alignment 4. In alignment 3, the base composition at the

third codon position differs significantly (base homogeneity

c2-test, P!10K8) between the trypanosomatid taxa, with

GC contents ranging from 60 to 98%. As this can potentially

lead to the calculation of misleading phylogenetic trees

(Swofford, D.L., 1998. PAUP*: Phylogenetic Analysis Using

Parsimony (* and other methods). Sinauer Associates,

Sunderland, Massachusetts), trees were also calculated

using only the 37 trypanosome sequences in alignment 3

with third codon position GC contents of 75–95% (indicated

by an asterisk in Fig. 3).

All alignments were analysed by maximum likelihood

(ML), maximum parsimony (MP) and ML distance analysis

as implemented in the program PAUP* version 4.0b10

(Swofford, D.L., 2003. PAUP*. Phylogenetic analysis

using parsimony (*and other methods), Ver. 4. Sinauer

Associates, Sunderland, MA). The appropriate model of

nucleotide substitution for ML and ML distance analysis for

each alignment was chosen using the Akaike information

criterion (Akaike, 1974) implemented in the program

MODELTEST, version 3.06 (Posada and Crandall, 1998). For

alignments 1, 3 and 4, this model was GTRCICG with

empirical nucleotide base frequencies; a four-category

gamma distribution was used. For alignment 2, the chosen

model was TrNCI with equal base frequencies. For ML

bootstrapping 100 bootstrap replicates were performed. For

MP analyses, heuristic searches were performed with 100

random addition replicates and TBR branch swapping. A

strict consensus was made of the shortest trees and 1000

bootstrap replicates were calculated. Alignments 3 and 4

were also analysed using neighbour joining with LogDet

distances, a method reputedly robust to biases in base
composition (Lake, 1994). For distance analyses 1000

bootstrap replicates were calculated.

Alignment files are available by anonymous FTP from

FTP.EBI.AC.UK in directory/pub/databases/embl/align or

via the EMBLALIGN database via SRS at http://srs.ebi.ac.

uk under accessions: ALIGN_000790–ALIGN_000792.
3. Results

3.1. Trypanosomes from indigenous Australian vertebrates

Of the 33 mammalian blood samples put into culture,

trypanosomes were successfully cultured from two common

wombats (V. ursinus; isolates AAP and AAI) and a swamp

wallaby (W. bicolor; isolate ABF). In culture the wombat

trypanosomes multiplied as trypomastigotes with a promi-

nent undulating membrane; a large kinetoplast was seen in

Giemsa-stained smears (Fig. 1A). In contrast the wallaby

trypanosome had a variety of different morphologies in

culture and in Giemsa-stained smears had dark-staining

cytoplasm with no distinctive nucleus or kinetoplast

(Fig. 1B and C). Five of the eight platypuses (O. anatinus)

sampled near Whittlesea were found to be infected with

trypanosomes by microscopy, but the trypanosomes failed

to grow in culture. The bloodstream forms were large

(approximately 100 mm in length) with dark-staining

cytoplasm in Giemsa-stained blood smears (Fig. 1D),

similar to previous descriptions of T. binneyi (Mackerras,

1959; Noyes et al., 1999). Of 55 guanidinium-preserved

mammalian blood samples screened by PCR with trypano-

some-specific SSU rRNA gene primers, seven produced an

amplification product. These were from three common

wombats, a brush-tailed rock wallaby (P. penicillata) and

three platypuses, all wild from Victoria.

Of 27 avian blood samples put into culture, trypano-

somes were successfully cultured from a currawong

(Strepera sp.; isolate AAT). Giemsa-stained forms of the

cultured trypanosomes show a prominently stained kineto-

plast, adjacent to a more palely stained nucleus (Fig. 1E and

F). Some culture forms had a long flagellum (up to 42 mm).

Trypanosome DNA was amplified by PCR from a blood

sample taken from a frog (M. fleayi) known to be infected by

microscopy (Dr H. Hines, personal communication).

3.2. Trypanosomes from invertebrates

Trypanosomes were not found in any of the 18 aquatic

leeches dissected and examined by microscopy nor was

trypanosome DNA detected in 11 arthropod and 18 aquatic

leech samples screened by nested PCR using trypanosome-

specific SSU rRNA gene primers. However, most of the

samples from haemadipsid leeches were positive for

trypanosome DNA by PCR; as these specimens were killed

and preserved in alcohol, it was not possible to look for

trypanosomes by dissection and microscopy. Trypanosome

http://www.FTP.EBI.AC.UK
http://www.srs.ebi.ac.uk
http://www.srs.ebi.ac.uk


Fig. 1. Light micrographs of trypanosomes. (A) Giemsa-stained culture form of the wombat trypanosome, isolate AAP. (B) Phase contrast image of live culture

form of the wallaby trypanosome, isolate ABF. (C) Giemsa-stained culture form of isolate ABF. (D) Giemsa-stained bloodstream form trypanosome in

platypus blood, sample AAW. (E, F) Giemsa-stained culture forms of currawong trypanosome, isolate AAT.
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DNA was also detected in 18 of 26 Philaemon sp. specimens

from Queensland, four of 15 Haemadipsa zeylanica

specimens from Sri Lanka, and in all three L. jawarerensis

specimens from New Guinea (Table 1). The Australian

samples produced very strong bands after amplification,

indicating the presence of large amounts of trypanosome

DNA template. By titration we estimate that O5000

trypanosomes were present (not shown). Since leeches

from the same locality were stored together in alcohol or

formalin before PCR, possibly allowing cross-contami-

nation with trypanosomes, the true prevalence of

trypanosome infection may be lower. Nine larger
(O900 bp) SSU rRNA gene fragments were amplified,

cloned and sequenced from a total of seven leech specimens

(two Micobdella sp. from Victoria, four Philaemon sp. from

Queensland, and one L. jawarerensis from Papua New

Guinea); poor quality template may have hindered ampli-

fication of longer fragments from other leech specimens.
3.3. Phylogenetic relationships

In order to determine the position of the new trypano-

some sequences in this study, phylogenies were constructed

using long (O1450 bp) SSU rRNA and gGAPDH gene



Fig. 2. SSU rRNA gene phylogeny of trypanosomes. Maximum likelihood tree based on 1927 well-aligned characters, including 50 taxa and rooted on non-

Trypanosoma trypanosomatids. -ln L 10344.14514. Single values at nodes are ML bootstrap values (%: 100 replicates). Multiple bootstrap values at nodes are

in order: ML, MP and ML distance. Clades without bootstrap values have bootstrap values of !50%. Trypanosomes from indigenous Australian vertebrates

are shaded. Samples beginning TL originate from terrestrial leeches.
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sequences. Trypanosomes from indigenous Australian

vertebrates fall in five different clades (Figs. 2 and 3).

The kangaroo trypanosome is in the T. cruzi clade in both

trees, while T. binneyi falls in a strongly supported subclade

of the Aquatic clade with fish trypanosomes, as found

previously (Stevens and Gibson, 1999; Stevens et al., 2001).

Two partial (516 bp) T. binneyi SSU rRNA gene sequences

from this study had 99.8% identity to the sequences

included in the phylogeny shown in Fig. 2 [AAW, accession

no. AJ620565 and H29, accession no. AJ132351]. Likewise,

all five [two complete (2222 bp) and three partial (231 bp)]

wombat trypanosome SSU rRNA gene sequences from this

study were 100% identical to that of the wombat trypano-

some previously isolated by Noyes et al. (1999), so are

represented by a single sequence (accession no. AJ009169).

In the SSU rRNA gene phylogeny, the wombat trypanosome
forms a strongly supported clade with T. pestanai from the

Eurasian badger as found previously (Stevens and Gibson,

1999; Stevens et al., 1999a, 2001). However, support for

this clade is weak or absent in gGAPDH gene trees (Fig. 3).

The swamp wallaby trypanosome ABF falls in a clade with

T. theileri and T. cyclops (Figs. 2 and 3). A close

relationship between T. theileri and T. cyclops has

previously been reported (Stevens et al., 1998), and the

clade will be referred to as the T. theileri clade. In the SSU

rRNA gene tree, all six Australian haemadipsid leech

trypanosome sequences also fall in the T. theileri clade

(Fig. 2), and thus appear most closely related to trypano-

somes of the wallaby rather than those of other possible

vertebrate hosts of the leeches such as platypus, kangaroo or

wombat. The four O1450 bp SSU rRNA gene sequences

from the two Micobdella sp. specimens (TL.AV.43 and



Fig. 3. gGAPDH gene phylogeny of trypanosomes. Maximum likelihood tree calculated from an alignment 853 characters, including 72 taxa and rooted using

non-Trypanosoma trypanosomatids. -ln L 12979.37562. Single values at nodes are ML bootstrap values (%; 100 replicates). Multiple bootstrap values at nodes

are in order: ML, MP, ML distance and LogDet distance. Clades without bootstrap values have bootstrap values of !50%. NS, not supported. * indicates the

37 taxa with third codon GC contents of 75–95%; selected bootstrap values from this tree are indicated in italics. Trypanosomes from indigenous Australian

vertebrates are shaded. TL.AQ.22 originates from a terrestrial leech.
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TL.AV.44) were all included in the analysis as they differed

by five (0.44%, TL.AV.43 cl. 1 and 2) and nine (0.80%,

TL.AV.44 cl. 1 and 2) nucleotides. The gGAPDH gene tree

contains a single haemadipsid leech trypanosome sequence,

which also forms a clade with T. cyclops and the wallaby

trypanosome ABF. Significantly, haemadipsid leech trypa-

nosomes are unrelated to those transmitted by aquatic

leeches, which fall in the Aquatic clade.

Several shorter (minimum 517 bp) trypanosomal SSU

rRNA gene sequences of vertebrate or leech origin were
judged to be closely related (O98%) to T. cyclops by BLAST

search similarity. Trees were constructed from an alignment

including all SSU rRNA gene sequences from T. cyclops- and

T. theileri-related trypanosomes. Three of the four Sri

Lankan leech samples gave an identical sequence

(TL.SL.5, TL.SL.8, TL.SL.13), and so are represented by a

single sequence. The ML phylogeny from this alignment is

shown in Fig. 4 and provides robust support for a clade of T.

cyclops-related trypanosomes, which contains all SSU rRNA

gene sequences from haemadipsid leech trypanosomes and



Fig. 4. Relationships within the Trypanosoma theileri clade. Maximum likelihood tree, based on an alignment of SSU rRNA gene sequences. -ln L 1305.46796.

It includes 19 taxa and is calculated from an alignment of 598 characters. Bootstrap values (%) at nodes are in order: ML, MP and ML distance. Clades without

bootstrap values have bootstrap values of !50%. NS, not supported. Vertebrate hosts are in brackets. Samples beginning TL originate from terrestrial leeches.
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partial sequences of trypanosomes from the Australian frog

(ADE, 572 bp) and a brush-tailed rock wallaby (W10,

1284 bp). However, the short length of these sequences

reduces support for their placement in the T. cyclops clade.

Relationships are unresolved within the T. cyclops clade, as

clades receive low bootstrap support or are not robust to the

method of tree construction; this may be due to limited

sequence divergence, as there are only 54 parsimony-

informative characters in the alignment. No leech trypano-

some SSU rRNA gene sequence exactly matched that from

any of the vertebrate trypanosomes available (Table 2). The

sequence differences were mainly confined to polymorphic

regions (Table 2). As more than one sequence contains the

same polymorphism in these regions, it is likely that these

differences are not due to PCR errors. It is noteworthy that a

leech trypanosome from Queensland (TL.AQ.22) and T.

cyclops are in the same clade in the ML and MP trees, a

relationship further supported by the presence of large

(R15 bp) insertions (Table 2). However, this relationship is

equivocal, as gGAPDH gene trees place the wallaby

trypanosome ABF in a clade with either the leech trypano-

some TL.AQ.22 (e.g. Fig. 3) or T. cyclops (not shown).

In the SSU rRNA gene phylogeny (Fig. 2), the currawong

(Strepera sp.) trypanosome fell in a clade with

two trypanosomes isolated from strictly ornithophilic
blood-sucking insects (CUL1 from a mosquito,

Culex pipiens pipiens, and OA6 from a hippoboscid fly,

Ornithomyia avicularia), collected in European bird nests

(Votypka et al., 2002). CUL1 and OA6 have previously

been shown to be closely related to Trypanosoma corvi, a

trypanosome from a raven Corvus frugilegus from the UK

(Votypka et al., 2004), and a short (301 bp) sequence from

an African bird (Bleda eximia) trypanosome (Sehgal et al.,

2001; Votypka et al., 2002). This bird trypanosome clade

therefore has a very wide distribution. Its relationship to the

bird trypanosome Trypanosoma avium is unclear. While the

SSU rRNA gene tree (Fig. 2) suggests these bird trypano-

somes had independent origins, they form a weakly

supported clade in the gGAPDH gene tree (Fig. 3) and the

ML SSU rRNA gene tree of Votypka et al. (2002). The

phylogenetic position of a further bird trypanosome,

Trypanosoma bennetti, isolated from a USA raptor, is also

uncertain (Fig. 2).
4. Discussion

Australian trypanosomes from monotremes and

marsupials fall in four different clades, being more closely

related to trypanosomes found outside Australia than to each



Table 2

Polymorphic positions between sites 1048 and 1807 within an alignment of trypanosome SSU rRNA gene sequences from the Trypanosoma cyclops clade

–, Gap; shaded cells, identical to T. cyclops. Samples beginning TL originate from terrestrial leeches. Hosts of vertebrate trypanosomes are given in brackets.

There is an additional insertion between positions 1085–1105: T. cyclops GCTTCACAGGGGCCT; TL.AQ.22 GCACACACATGGGCCT.
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other. The relationships of these trypanosomes are clearly

different to those of their mammalian hosts, as molecular

phylogenies and fossil data indicate that marsupials and

monotremes are a monophyletic clade which split from the

placental lineage approximately 100 million years ago

(Mya) (Penny and Hasegawa, 1997; Janke et al., 1997,

2002). Present day Australian monotremes and marsupials

originate from animals that were isolated on the continent

when it separated from Antarctica and South America

approximately 40 Mya (Cox and Moore, 2000). Thus, all

four trypanosome lineages may have been isolated with

their hosts in Australia, providing a most recent date of

origin for each clade, i.e. 40 Mya. However, it is also

possible that trypanosome-infected hosts entered or left

Australia after its geographical isolation. The close

relationship between the Australian and south-east Asian

trypanosomes in the T. cyclops clade could be explained in

this way, as could the relationship between wombat

trypanosomes and those from the badger, which is widely

distributed throughout Eurasia. The T. cruzi clade contains

several species of Old and New World bat trypanosomes,

and the mobility of these hosts could easily have transported

trypanosomes to or from Australia.

This study has confirmed the close relationship between

T. theileri and T. cyclops previously noted by Stevens et al.

(1998), and has extended the clade to include trypanosomes

from two species of wallaby, a frog and haemadipsid

leeches. Trypanosoma theileri is a trypanosome of domestic

oxen that is found worldwide and is generally considered to

be non-pathogenic, although it may sporadically cause

disease (Braun et al., 2002). Related trypanosomes have

been found in wild bovids, although it is not known if they

are the same species (Rodrigues et al., 2003). Trypanosoma
theileri and related trypanosomes are generally believed to

be transmitted by arthropod vectors via the Stercorarian

route (Hoare, 1972).

Within the T. theileri clade, T. cyclops is now seen to be

more closely related to trypanosomes from wallabies, a frog

and haemadipsid leeches, than to T. theileri and relatives.

Trypanosoma cyclops has been isolated from two species of

south-east Asian Macaca monkey in Malaysia, but the

vector is unknown (Weinman, 1972). Weinman et al. (1978)

found that T. cyclops did not multiply in the reduviid bugs

Rhodnius prolixus, of South American origin, and Triatoma

rubrofasciata, of Malaysian origin, in contrast to two

trypanosome isolates from Indonesian primates; however,

the latter may have been simian-adapted strains of

Trypanosoma conorhini (Hoare, 1972), a trypanosome

related to Trypanosoma rangeli (Stevens et al., 1999b).

Our results now suggest that T. cyclops clade trypanosomes

are transmitted by haemadipsid leeches. This hypothesis is

supported by the fact that haemadipsid leeches are common

in the habitats of all vertebrate hosts harbouring these

T. cyclops-clade trypanosomes, and will feed on all classes

of terrestrial vertebrate (Keegan et al., 1968; Sawyer, 1986).

The presence of a trypanosome from a frog M. fleayi within

the T. cyclops clade shows that the clade is not restricted to

mammalian hosts. Mixophyes fleayi is primarily terrestrial

and the adults live on the forest floor (Slater and Parish,

1997; Robinson, 1998). Moreover, Australian haemadipsid

leeches of the genera Philaemon and Micobdella have been

observed on frogs, including this species (H. Hines, personal

communication).

The placement of the platypus trypanosome T. binneyi in

the Aquatic clade, together with trypanosomes from

fish, amphibia and reptiles, has been reported previously
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(Jakes et al., 2001; Stevens et al., 2001). This relationship is

further supported by the large size and morphology of

T. binneyi (Mackerras, 1959; Noyes et al., 1999),

characteristics shared by trypanosomes of fish and amphi-

bia. Most trypanosomes in this clade are transmitted by

aquatic leeches, suggesting that this may also be the case for

T. binneyi (Stevens and Gibson, 1999; Jakes et al., 2001).

Within the Aquatic clade, T. binneyi appears closest to

Trypanosoma chelodina, a trypanosome of Australian

aquatic tortoises (Jakes et al., 2001). Although the vector

of T. chelodina is unknown, an aquatic leech is a possibility,

since an American leech (Placobdella ornata) has been

shown to transmit a trypanosome (Trypanosoma chrysemy-

dis) of the American snapping turtle in the laboratory

(Siddall and Desser, 1992). However, transmission by biting

flies or other arthropod vectors cannot be ruled out, since

both platypuses and these aquatic tortoises are amphibious.

A trypanosome from an indigenous Australian bird, the

currawong (Strepera sp.) was related to trypanosomes

isolated from birds or bird trypanosome vectors in Europe.

As birds are highly mobile their parasite genotypes are

likely to be widespread. However, more extensive sampling

and analysis of other phylogenetic markers are needed to

resolve the true phylogenetic relationships among bird

trypanosomes.

Haemadipsid leeches have a restricted distribution

[Madagascar, the Seychelles, the Indian subcontinent

(including Sri Lanka), south-east Asia (from Thailand, the

Philippines down to New Guinea) and Oceania (including

Australia, New Zealand and several Pacific islands)], and

are not widely recognised as vectors of trypanosomes;

indeed, there are only three reports in the literature. Using

dissection and microscopy, trypanosome infections were

observed in all 16 specimens of H. zeylanica examined

from the Philippines (Tubangui, 1932), and in all 19

L. jawarerensis examined from Papua New Guinea (Ewers,

1974). Richardson (1968) reported a trypanosome infection

in a single haemadipsid leech of the genus Chtonobdella,

caught in New South Wales (NSW), Australia.

Together with our results, trypanosome-infected haema-

dipsid leeches have been recorded in three states (NSW,

Victoria and Queensland) and in three genera of leeches

(Chtonobdella, Micobdella and Philaemon) from Australia.

The Micobdella specimens from Victoria were collected in

temperate woodland, whereas the Philaemon specimens

from Queensland were collected approximately 2000 km

north in tropical rain forest. We also detected trypanosome

DNA in specimens of L. jawarerensis from Papua New

Guinea and H. zeylanica specimens from Sri Lanka. This

considerably extends the geographical range from which

infected H. zeylanica specimens have been reported

previously.

We can be confident that some of the leeches in this study

were infected with trypanosomes rather than simply

carrying them in residual bloodmeals. The reasons for this

are: (i) because of the quantity of trypanosome template
DNA present; serial dilution of template indicated the

presence of O5000 trypanosomes in several leech

specimens; and (ii) because many of the leeches were

caught when seeking a new host and were therefore unlikely

to have fed recently; haemadipsid leeches feed at intervals

of between 9 and 50 days (Sawyer, 1986). Previous studies

also support long-term survival of trypanosomes in

haemadipsid leeches: Richardson (1968) found trypano-

somes in the crop 52 days after the leech fed on a human

(who was unlikely to have been the source of the infection).

Likewise, Tubangui (1932) found trypanosomes in the

digestive tracts of leeches up to 44 days after feeding. The

fact that all trypanosomes from the diverse collection of

haemadipsid leeches studied here fell in a single clade

implies the existence of a specific host–parasite relationship.

It remains for experimental work to establish the details of

trypanosome development within the leech; for example,

whether infective forms pass via saliva or faeces. The

mechanism of trypanosome transmission by these leeches

must differ from that of the aquatic leeches that transmit

fish and amphibian trypanosomes, since haemadipsid

leeches lack a proboscis and feed using their jaws to bite

(Sawyer, 1986). There are no reliable records of aquatic,

blood-sucking jawed leeches capable of transmitting

trypanosomes, in contrast to numerous reports of blood-

sucking proboscis leeches as trypanosome vectors (Bardsley

and Harmsen, 1973; Jones and Woo, 1991; Khan, 1991;

Negm-Eldin, 1998). For proboscis leeches, attachment of

trypanosomes to the proboscis sheath is an important

developmental stage of transmission (Jones and Woo,

1991; Shanavas, 1991).

In conclusion, while the phylogenetic evidence presented

here supports the hypothesis that terrestrial leeches are

widespread and important vectors of trypanosomes in

Australia and south-east Asia, experimental evidence of

transmission and identification of the same trypanosome

genotypes in leeches and vertebrate hosts is required to

prove this.
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