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SUMMARY

The morphology and genetic characterization of a new species of trypanosome infecting koalas (Phascolarctos cinereus) are
described. Morphological analysis of bloodstream forms and phylogenetic analysis at the 18S rDNA and gGAPDH loci
demonstrated this trypanosome species to be genetically distinct and most similar to Trypanosoma bennetti, an avian
trypanosome with a genetic distance of 0-9% at the 18S rDNA and 10-7% at the gGAPDH locus. The trypanosome was
detected by 18S rDNA PCR in the blood samples of 26 out of 68 (38:2%) koalas studied. The aetiological role of trypano-
somes in koala disease is currently poorly defined, although infection with these parasites has been associated with severe
clinical signs in a number of koalas. Based on biological and genetic characterization data, this trypanosome species

infecting koalas is proposed to be a new species Trypanosome irwini n. sp.
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INTRODUCTION

Trypanosomes are ubiquitous blood parasites that
infect all classes of vertebrates and are the aetiological
agents of severe diseases in both animals and humans.
Little is known about the prevalence and pathogen-
esis of trypanosomes in Australian marsupials. To
date 10 trypanosome species/genotypes have been
identified in marsupials; Trypanosoma thylacis in
the northern brown bandicoot (Isoodon macrourus)
(Mackerras, 1959; Mackerras and Mackerras, 1960),
T. binneyt from the platypus (Ornithorhynchus ana-
tinus) (McMillan and Bancroft, 1974), and more re-
cently novel Trypanosoma spp. have been identified
from the eastern barred bandicoot (Perameles gunniz)
(Bettiol et al. 1996), the southern brown bandicoot
(Isoodon obesulus) (Bettiol et al. 1998), the woylie
(Bettongia penicillata) (Smith et al. 2008), the
chuditch (Dasyrus geoffroiii) (Smith et al. 2008),
the eastern grey kangaroo (Macropus giganteus), the
common wombat (Vombatus ursinus) (Noyes et al.
1999) and the swamp wallaby (Wallabia bicolor)
(Hamilton et al. 2005). A new species of trypanosome
(T. copemani n. sp.) has also recently been described
from Gilbert’s potoroo (Potorous gilbertii) and quokka
(Setonix brachyurus) (Austen et al. 2009).
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The koala (Phascolarctos cinereus) has a frag-
mented distribution in the eastern states of Australia
ranging from north-east Queensland (QIld) to the
Eyre Peninsula in South Australia. A variety of fac-
tors have contributed to dramatic population de-
clines over much of the koala’s geographical range,
including habitat loss and fragmentation, urbaniza-
tion pressures such as increased incidents of motor
vehicle strike and dog attacks and a high prevalence
of disease. The koala is currently classified as vul-
nerable to extinction in N.S.W. and QIld under
the N.S.W. Threatened Species Conservation Act
1995 and the Qld Nature Conservation (Wildlife)
Regulation Act 2006.

Over the past 2 years a number of koalas have
presented to the Australian Wildlife Hospital in
Beerwah, Qld with serious illness associated with re-
generative anaemia and trypanosome infections. The
present study describes the morphological, patho-
logical and genetic characterization of a trypanosome
identified in the blood of one of these sick koalas as
well as a PCR survey of other koalas presented to the
hospital for unrelated conditions. We consider that
the trypanosome infecting koalas is a new species and
propose the name Trypanosoma irwini n. sp.

MATERIALS AND METHODS
Sources of isolates and sample collection

The Australian Wildlife Hospital at Beerwah, Qld
provides veterinary care for sick and injured
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wildlife, including approximately 600 koalas per
annum. These koalas are generally presented to the
hospital because they have been injured or are suf-
fering from overt disease. Most koalas presented
to the hospital originated from south-east Qld or
northern N.S.W.

A total of 68 blood samples were collected dur-
ing routine veterinary examinations of koalas ad-
mitted to the Australian Wildlife Hospital between
October 2006 and September 2008. Details of the
geographical origin of each of the koalas as well as
sex, age and reason for admission were recorded.
For clinical examination and blood collection, the
koalas were anaesthetized with an intramuscular
administration of alfaxalone (Alfaxan® CD RTU,
Jurox Australia) at an approximate dose rate of
3 mg/kg. Anaesthesia was maintained with a com-
bination of oxygen and isoflurane delivered by
either mask or endotracheal intubation. Blood
samples of approximately 2 ml were collected by
venepuncture of the cephalic vein. The blood was
mixed with EDTA in a Vacutainer™ tube (Becton-
Dickinson, New Jersey, USA) and stored at 4 °C.
The sentinel koala, a seriously ill adult male koala
from Lismore N.S.W., was euthanased and a post-
mortem examination was conducted. Tissues were
fixed in 10% neutral buffered formalin, stained
with haematoxylin and eosin and processed for
histology using standard methods. All veterinary
procedures were performed by registered wildlife
veterinarians in accordance with standard veterinary
practice.

Morphological measurements

Thin-blood smears were prepared using blood from
the sentinel koala treated at the Australian Wildlife
Hospital, Beerwah, Qld, stained with Diff-Quick
stain (Dade Behring Diagnostics Australia Pty Ltd,
Lane Cove, N.S.W.) and examined microscopically.
Each slide was immersed in methanol for 30 sec,
followed by immersion in Diff-Quick Solution I
for 30 sec before counterstaining with Diff-Quick
Solution IT for 30 sec. The slides were then rinsed in
tap water, air-dried and a cover-slip mounted using
DePeX mounting medium (Merck Pty. Limited,
Kilsyth, Vic., Australia).

Digital light micrograph images of trypano-
somes in blood films were taken at x 1000 magnifi-
cation and measurements of key morphological
features (see Table 2) were performed using Image
Pro Express version 5.1 (Media Cybernetics Inc.,

USA).

In vitro culture

Attempts were made to culture trypanosomes from
koala blood by adding 20 ul of fresh blood into 1-8 ml
cryopreservation vials containing 1 ml of Modified
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Sloppy Evans Medium (MSEM) (Noyes et al.
1999). Cultures were incubated in the dark at room
temperature for approximately 10-14 days. Micro-
scopic examination of wet-smear preparations of the
medium from each culture was performed weekly
after the initial 10 to 14-day incubation to detect
motile trypanosomes at 200 x and 400 X magnifi-
cation.

DNA extraction

Blood samples were preserved in EDTA vials and
whole genomic DNA extracted using a Master-
Pure™ DNA Purification Kit (EPICENTRE®
Biotechnologies, Madison, Wisconsin, USA). DNA
was eluted in 50 ul and stored at —20 °C until use.
Additional DNA samples were kindly provided by a
number of researchers for sequencing and phylo-
genetic analysis. They included: T'. cyclops (LLV492),
T. dionsii (P3), T. bennetti (K'1'-2), T. corvi
(LSHTM), T. cruzi marinkellei (B3), T. sp. (KG1),
T. avium (sp30), T. avium (sp40), T. avium (SIM3),
T. avium (Buzzard) and T. avium (A1073).

18S ryDNA amplification and sequencing

Two approximately 900 bp fragments of the 18S
rRNA gene were amplified using 2 nested PCRs.
The fragments partially overlapped and covered an
approximately 1-5kb fragment of the 18S rRNA
gene. Both nested PCRs utilized the same external
primers, SLF (5’ gcttgtttcaaggacttage 3’) and S762
(5" gacttttgcttectctaatg 3'). One nested PCR used
internal primers S825F (5’ accgtttcggcttttgttgg 3”)
with S662 (5’ gactacaatggtctctaatc 3') (~904 bp
product) and the other nested PCR used primers
S825 (5" accgttteggcettttgttgg 3") and SLIR (57 ac-
attgtagtgcgcgtgte 3) (~959 bp product). Primers
S662, S762R, S825 were sourced from Maslov
et al. (1996) and SLF and SLIR were designed dur-
ing the present project. The PCR reactions were
performed using 1 ul of DNA in a 25 ul reaction
containing 1 x PCR buffer, 2 mm MgCl,, 0-4 mm
dNTPs, 0:-8um of each primer and 0-04 U/ul
Tth+ Taq DNA polymerase (Fisher Biotec
Australia, Wembley, W.A., Australia). The PCR
conditions consisted of a pre-PCR step with 95 °C
for 5min, 50 °C for 2min and an extension of
72 °C for 4 min followed by 35 cycles of 94 °C for
30 sec, 52 °C for 30 sec and an extension of 72 °C
for 2 min and 20 sec after which a final extension of
72 °C for 7 min. All positive PCR products were
purified using a MO BIO UltraClean™ 15 DNA
Purification Kit (MO BIO Laboratories Inc. West
Carlsbad, California, USA) and sequenced using
an ABI Prism™ Terminator Cycle Sequencing
kit (Applied Biosystems, Foster City, California,
USA) on an Applied Biosystem 3730 DNA
Analyzer.
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Table 1. Koalas examined and found positive for trypanosome

infections in this study

Blood

collection Age 18S ¢GAPDH

date Sex (years) PCR PCR Location

30/10/06 M 7-8 + + Lismore Shire, N.S. W.
17/11/06 F 4 + + Lismore Shire, N.S. W.
04/12/06 M 5 + + Lismore Shire, N.S. W.
15/06/07 M 5 + Caboolture Shire, Qld.
24/06/07 M 5 + Noosa Shire, Qld.
03/09/07 F 1-2 + + Byron Shire, N.S. W.
28/09/07 M 3 + Caboolture Shire, Qld.
16/10/07 M 2-3 + + Lismore Shire, N.S. W.
18/10/07 M 4 + Lismore Shire, N.S. W.
24/10/07 F 3 + Gold Coast Qld.
25/10/07 F 3 + Caboolture Shire, Qld.
26/10/07 M 5 + Caboolture Shire, Qld.
01/11/07 M 10 + + Gold Coast Qld.
06/12/07 M 5 + + Lismore Shire, N.S. W.
06/12/07 M 4 + + Lismore Shire, N.S. W.
28/12/07 F 7 + + Lismore Shire, N.S. W.
28/12/07 M 2 + + Lismore Shire, N.S. W.
28/12/07 M 9 + + Byron Shire, N.S. W.
28/12/07 M <1 + + Lismore Shire, N.S. W.
13/02/08 F 8 + + Byron Shire, N.S. W.
08/05/08 F 9 + Byron Shire, N.S. W.
08/05/08 M 6 + Lismore Shire, N.S.W.
16/09/08 M 9 + Redland Shire, Qld.
24/09/08 F 2 + + Pine Rivers Shire, Qld.
24/09/08 F 4 + + Redland Shire, Qld.
24/09/08 F 4 + + Caboolture Shire, Qld.

gGAPDH amplification and sequencing

An approximately 880 bp fragment of the glyco-
somal glyceraldehyde phosphate dehydrogenase
(gGAPDH) gene was PCR amplified using a hemi-
nested PCR. The primary PCR used primers
GAPDHF (5" ctymtcggnamkgagatygayg 3') and
GAPDHR (5’ grtksgartadccccactcg 3') (designed
during this study), followed by a secondary reaction
using forward primer GAPDHF (5 ctymtcgg-
namkgagatygayg 3’) and reverse primer G4a (5’
gttytgcagsgtcgecttgg 3”) sourced from Hamilton
et al. (2004). Clustal W alignments were used to de-
sign the GAPDHF and GAPDHR primers to be able
to amplify Leishmania, Trypanosoma brucei, Trypano-
soma vivax and Trypanoplasma borrelli gGAPDH se-
quences but not bovine and mouse gGAPDH
sequences. Thhe PCR reactions were performed using
1 ul of DNA in a 25 ul reaction containing 1 x PCR
buffer, 2 mm MgCly, 0-4 mm dNTPs, 0-8 um of each
primer, and 0-04 U/ul Tth+ Taq DNA polymerase
(Fisher Biotec Australia). The PCR conditions con-
sisted of a pre-PCR step with 95 °C for 5 min, 50 °C
for 2 min and an extension of 72 °C for 4 min fol-
lowed by 35 cycles of 94 °C for 30 sec, 50 °C for
30 sec (primary PCR) or 52 °C for 30 sec (secondary
PCR) with an extension of 72 °C for 2 min and 20 sec
and finishing with an extension of 72 °C for 7 min.
DNA sequencing was conducted as described above.

Phylogenetic analysis

The details of the 18S PCR-positive koalas are
detailed in Table 1. Nucleotide sequences generated
for koala-derived trypanosomes for the 18S rDNA
and gGAPDH loci were combined with sequences
from a number of related trypanosomatids from
GenBank and phylogeny inferred from Maximum
Likelihood analysis by the program PhyML
(Dereeper et al. 2008). The reliability of the inferred
trees was assessed by the approximate likelihood
ratio test (aLRT) (Anisimova and Gascuel, 2006),
a statistical test of branch support and an alterna-
tive to non-parametric bootstrap branch support
estimation. Novel nucleotide sequence for T. irwini
at both the 18S rDNA and gGAPDH loci were
submitted to GenBank under the following Ac-
cession numbers (F]J649479 and F]J649485). In ad-
dition, novel gGAPDH sequences for T. bennetti
(KT-2) (F]649486), T. cyclops (1.V492) (F]J649493),
T. dionsii (P3) (FJ649494), T. corvi (LSHTM)
(FJ649496), T. avium (sp30) (F]J649490), T. avium
(sp40) (FJ649489), T. avium (Buzzard) (FJ649491),
T. avium (A1073) (FJ649488), T. avium (SIM3)
(FJ649487), T. cruzi marinkellei (B3) (F]J649495)
and T. sp. (KG1) (F]J649492) and novel 18S rDNA
sequences for T'. avium (sp30) (FJ649482), T. avium
(sp40) (FJ649483), T. avium (Buzzard) (FJ649481),
T. avium (A1073) (FJ649480) and T.

cruzi
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Fig. 1. Bloodstream trypomastigote in a Giemsa-stained
blood smear from koala (Phascolarctos cinereus) from
Lismore, N.S.W. (sentinel koala). Scale bar represents

10 pum.

marinkellei (B3) (FJ649484) generated during the
present study for the phylogenetic analysis have also
been submitted to GenBank.

Parsimony analysis and measurement of genetic
distance were conducted using Mega version 4
(Mega4: Molecular Evolutionary Genetics Analysis

software, Arizona State University, Tempe, Arizona,
USA) (Tamura et al. 2007).

RESULTS

Species description

Trypanosoma irwini n. sp. (Fig. 1)

Diagnosis: Parasites observed in blood smears
were long, thin organisms with a single flagellum, an
undulating membrane, a kinetoplast and a nucleus,
characteristics consistent with the trypomastigote
stage of a trypanosomatid.

Taxonomic summary

Vertebrate host: Koala (Phascolarctos cinereus)

Invertebrate host: Unknown

Type location: Lismore, N.S.W., Australia

Additional locations: A range of locations in Qld,

Australia

Site of infection: Blood

Pre-patent and patent periods: Unknown

Etymology: This species is named Trypanosoma

irwini in honour of the wildlife conservationist

Steve Irwin.

Parasite measurements

The morphology of the trypanosomes detected in
blood smears from the sentinel koala was consistent
with trypomastigote life-cycle stages of other de-
scribed Trypanosoma spp. according to Hoare (1972).
The trypomastigote-like stages had a prominent kin-
etoplast, undulating membrane, a pointed posterior
end and a long free flagellum (Fig. 1). A summary of
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Table 2. The mean dimensions and standard errors
(s.E.) of morphological features of novel
Trypanosoma sp. isolated from bloodstream forms
from the koala (Phascolarctos cinereus) determined
from the sentinel koala case

(Measurements determined from 9 trypomastigotes.)

Observed Mean +S.E.

Feature* range (um) (um)

Total length 32-1-38-7 36:34+0-7
Breadth 1-9-4-5 3-:0+0-3
PK 3-0-5-2 3:6+0-3
KN 6-0-12-1 10-3+0-6
NA 8:4-16-2 11-:94+0-8
FF 8:6-12-8 10-3+0-9

* Total length: body length measured along mid-line
including free flagellum (total length).
Breadth: maximum breadth measured at nucleus level
(including undulating membrane).

PK: distance between the posterior end and the
kinetoplast.

KN: distance between the kinetoplast and posterior
edge of the nucleus.

NA: distance between the anterior edge of the nucleus
and the anterior end of the body.

FF: length of the free flagellum.

the morphological features of the bloodstream forms
of T. irwini observed in 9 trypomastigotes is pre-
sented in Table 2.

In vitro culture

Numerous attempts to culture the parasite were
unsuccessful.

Clinical and pathological findings in the
sentinel koala

Of the 26 T. irwini PCR positives identified, 9 koalas
sampled appeared to be free of any disease at the
time of sampling. Clinical and pathological findings
of the sentinel koala are outlined below. On initial
presentation to the hospital, the sentinel koala dis-
played depression, pale mucous membranes, uni-
lateral chronic keratoconjunctivitis and generalized
weakness. Significant clinical pathological find-
ings included profound and regenerative anaemia
(packed cell volume (PCV) of 9% when normal
PCV is 30-40% and haemoglobin 32 g/l, where the
normal range is 88—140 g/1). Examination of a blood
film revealed a marked regenerative response to
the anaemia and low numbers of parasites morpho-
logically consistent with the trypomastigote stages
of a trypanosomatid organism (Fig. 1). Cytological
examination of bone marrow revealed erythroid hy-
perplasia. The koala was euthanized after 1 month
due to hepatic and renal failure. A necropsy exam-
ination revealed osteochondromas affecting a
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number of ribs, haemosiderosis and extramedullary
haematopoiesis of the spleen, atrophy of lymphoid
tissues, bone marrow erythroid and myeloid hyper-
plasia, severe extensive periacinar necrosis of the
liver, interstitial nephritis and oxalate nephrosis of
the kidneys and interstitial pneumonia.

Genetic characterization

Of a total of 68 koalas screened for the presence
of trypanosomes, using a PCR to amplify the 18S
rDNA locus, 26 were determined to be infected
with a Trypanosoma sp. (38-:2%) (Table 1). Eleven of
the trypanosome PCR-positive koalas were from
Lismore Shire, N.S.W., 4 were from Byron Shire in
N.S.W., 11 from various locations (over 5 shires)
in Qld. Clustal W alignment of the partial 18S rDNA
sequences amplified from all 26 koalas showed the
DNA sequences to be 100% identical. For the pur-
pose of phylogenetics analysis, some of the 26 18S
rDNA-positive samples were also PCR analysed
at the gGAPDH locus and 16 were successfully
amplified at the gGAPDH locus and the resultant
DNA sequences were found to be 100% identical.
Representative DNA sequences for the 18S rDNA
and gGAPDH loci of the novel trypanosome were
deposited in the GenBank database as described
above.

Maximum likelihood and parsimony analysis pro-
duced similar trees (data not shown). Phylogenetic
analysis at both the 18S rDNA and gGAPDH loci
revealed that T. irwini was genetically distinct and
grouped with an avian trypanosome Trypanosoma
bennetti (Figs. 2 and 3, PhyML trees shown). At the
18S rDNA locus, for which more sequence infor-
mation was available from GenBank, 7. irwin: also
grouped with Trypanosoma minasense, a trypanosome
of neotropical primates and an isolate from an
Australian marsupial, the chuditch (7. sp. CHU1).
A composite tree of 18S rDNA and gGAPDH
sequences also grouped T'. irwini most closely with
T. bennetti (Fig. 4. PhyML tree shown).

At the 18S rDNA locus, T. zrwini had a 0:9%
and 1:7% genetic distance from 7T. bennetti and
T. minasense respectively. At the gGAPDH gene
the percentage genetic distance between 7. irwini
and 7. bennetti was 10:7% (gGAPDH sequence for
T. minasense was unavailable).

DISCUSSION

This is the first description of a Trypanosoma sp.
isolated from koalas in Australia. The observa-
tion that the 26 trypanosome-positive koalas were
geographically dispersed suggests that T. rwini
appears to have a wide distribution in N.S.W. and
QIld. The pathogenicity of 7. irwini in koalas is
still unclear. Some of the clinical and pathological
findings in the sentinel koala, particularly those
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suggestive of extravascular haemolysis and general-
ized immune reaction, are entirely consistent with
trypanosomiasis. However, there were other lesions
in this koala that are unlikely to be aetiologically re-
lated to the trypanosome infection: the presence of
various and diverse pathology precludes a definitive
diagnosis of trypanosomiasis as the primary cause of
illness in this case. Interestingly, approximately one
third (9/26) of the T. irwini-positive koalas sampled
for this study did not exhibit any clinical disease
referable to that infection at the time they were
sampled (data not shown). These koalas were ad-
mitted to the hospital as the result of traumatic in-
juries (by car or dog).

Immunosuppression and immunodeficiency syn-
dromes are commonly associated with pathogenic
retrovirus infection and immunosuppression has
also been shown to be associated with trypano-
somiasis as noted in Trypanosoma evansi infections
(Dargantes et al. 2005). Infection with the koala
retrovirus (KoRYV) is widespread in both captive and
wild koalas and associated disease incidence is high
(Hanger et al. 2000, 2003 ; Tarlinton et al. 2005). It is
possible that a trypanosome infection in a healthy
koala remains innocuous but when the immune
status of the koala changes due to infection such as
with KoRV, clinical signs of trypanosomiasis
manifest. The level of retroviral RNA in serum was
not measured in the euthanased koala, and therefore
it is not possible to comment on the likely involve-
ment of the KoRV in the disease observed in that
individual. However, the fact that Trypanosoma
trwini n. sp. was also identified in koalas without
any disease referable to this infection suggests that it
may be non-pathogenic or have low pathogenicity
in many individuals, presumably those with intact
immune systems.

Although it is possible that T. irwini n. sp.
co-evolved with its host and may have limited
pathogenicity in many individuals, its pathogenic
potential (and therefore consequences for conser-
vation) should not be ignored given the currently
incomplete understanding of KoRV-associated dis-
ease, particularly the immunodeficiency syndrome.
Further work is required to investigate the preva-
lence and pathogenic potential of T'. irwini in koalas,
particularly in those co-infected with KoRV.

Current phylogenetic evidence suggests that
T. irwini is genetically most closely related to the
avian trypanosome 7. bennetti, which was iso-
lated from an American kestrel (Falco sparverius)
(Kirkpatrick and Terway-Thompson, 1986) and
T. minasense, which infects over 32 species of neo-
tropical primates (Ziccardi et al. 1996). Most of the
morphological measurements of the bloodstream
form of T'. irwini are within the range of those pub-
lished for cultured 7. bennetti and T'. minasense with
the exception of the measurement from the pos-
terior end to the kinetoplast (PK). Trypanosoma
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T. rhodesiense (UTRO 2509) AJ009142
T. b. gambiense (Tsuaa) AJ009141
T. evansi (Tansui-Taiwan D89527
T. brucei (TREU927) NC 005063
T. equiperdum (STIB 818) AJ223564
T. sp. (Msubugwe-2006) AM503350
T. godfreyi (KEN7) AJO09155

96

73

T. congolense (Savannah WG 81) AJ009146

T. vivax U22316

T. bennetti (KT-2) AJ223562

76 T. irwini FJ649479

T. sp. (currawong AAT) AJ620557
T. corvi ITMAP 180795) AY461665
T. vespertilionis (P14) AJ009166
T. conorhini (USP) AJ012411
T. scelopori U67182
T. rangeli (RGB Basel) AJ009160
T. grayi (BAN1) AJ620546
T. cruzi (VINCH 89) AJ009149
T. cruzi marinkellei (B3) FJ649484
T. dionisii (P3) AJ0O09151
T. sp (H25 kangaroo) AJO09168
T. musculi AJ223568
T. microti (TRL 132) AJ009158
96 T. lewisi AB242273, AJ223566, AJ009156
T. grosi (AKHA) AB175624
T. avium (sp40) FJ649483
T. avium (sp30) FJ649482
T. avium (A1073) F1649480
T. avium (buzzard) F1649481
T. avium (chaffinch) AJ620263
T. sp. (N335 Java Sparrow) AJ223570
2 T. cyclops (LV492) AJ131958
’_i T. sp (wallaby ABF) AJ620564
T. theileri (TREU124) AJ009163

T. sp. (tick KG1) AB281091

77

a

T. varani (V54) AJ005279
81, T. siniperca DQ494415
T. granulosum (Portugal) AJ620552
T. cobitis AJ009143
T. binneyi (platypus H29) AJ132351
T. boissoni ITMAP 2211) U39580
T. triglae U39584
74 T. rotatorium (BII) AJ009161
T. therezieni AJ223571
T. mega (ATCC30038) AJO09157
6 - Wallaceina inconstans AF153044

7
95 Leptomonas seymouri AF153040
Crithidia fasciculata Y00055

99

~

T. minasense (Red handed tamarin) AB362411

T. sp. (CHU1) EU518941
96 E T. bennetti (KT-2)
T. irwini

'—— T. minasense (Red handed tamarin)
0.1

85 | T. copemani (Q10) EU571234
T. copemani (P63) EU571233
T. copemani (wombat AAP, AAI & H26)
T. copemani (P94) EU571231
T. copemani (Q3) EU571232
100 — 7. sp. (TRY1) EU518939
L T sp. (TRY2) EU518940
T. pestanai (LEM 110)
T. sp. (tick KG1)

0.1

93

T. copemani (wombat AAP, AAI & H26) AJ620558, AJ620559,
T. pestanai (badger LEM 110) AJO09159

AJ009169

Crithidia oncopelti 1.29264

Blastocrithidia culicis 1.29266

64
94
99
85 Phytomonas serpens U39577
Herpetomonas muscarum 118872
71 Leptomonas collosoma AF153038

0.01

Fig. 2. Phylogenetic analysis of the relationships of Trypanosoma spp. and novel trypanosomatid Trypanosoma irwini

isolates (26 in total) from the koala using Maximum Likelihood analysis performed by PhyML 3.0 based on partial 18S
rRNA gene sequences (~ 1500 bp). Branch support values (> 60%) determined by alLRT". a) Demonstrates the
phylogenetic position of 7. sp. isolate Chuditch (CHU1) (~ 600 bp sequences). b) Phylogenetic position of T'. copemani
isolates (Q10, Q3, P94 and P63) and 7. sp. TRY1 and TRY2 (~ 600 bp sequences). Scale bar represents the number of
substitutions per site.

minasense is usually reported to have a posterior
to kinetoplast measurement of 5-7-15 um (Hoare,
1972; Sato et al. 2008) and T. bennetti 6:7-12-3 um
(Kirkpatrick and Terway-Thompson, 1986).

contrast, the PK for T'. irwini is considerably shorter
at 3-5-2um. The utility of delineating trypano-
some species based on morphometrics is how-

In ever questionable as pleomorphism of bloodstream
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Fig. 3. Phylogenetic analysis of the relationships of Trypanosoma spp. and the novel trypanosomatid Trypanosoma
1rwini isolates (16 in total) from the koala using Maximum Likelihood analysis performed by PhyML 3.0 based on

partial gGAPDH sequences (~900 bp). Branch support v
number of substitutions per site.

trypomatigotes of numerous 7. spp. has been docu-
mented. Pleomorphism of bloodstream forms of 7.
minasense has been reported in different experimen-
tally infected hosts, namely squirrel monkeys and
marmosets, where the level of variation did not
conform to previously measured 7'. minasense blood
forms (Ziccardi and Lourenco-de-Oliveira, 1999).
Pleomorphism of bloodstream forms of T'. bennetti

alues (>60%) determined by alLR'T. Scale bar represents the

has also been reported with an increase in in vitro
culturing temperature producing a posterior mi-
gration of the kinetoplast, affecting the PK values
(Kirkpatrick and Terway-Thompson, 1986).

There are no established criteria for delimiting
species within the genus Trypanosoma. However,
it has been proposed that the genetic distance at
the 18S rDNA locus of 0-7 % and 3-4 % is sufficient to



L. M. McInnes and others 882

T. brucei (TREU927) NC 005063 & XM 840454
100 | T rhodiense (UTRO2509 & 058) AJ009142 & AJ620284
T. evansi (Tansui-Taiwan & ?) D89527 & AF053743
T. sp Msubugwe-2006) AM503350 & AM503075
29 T. simiae (KEN2) AJ009162 & AJ620293
L_{—:T._congolense (Savannah WG81& GAM2) AJ009146 & AJ620290
T. vivax U22316 & AF053744
T. avium (A1073) F1649480 & FJ649488
T. avium (chaffinch) AJ009140 & AJ620263
T. avium (sp30) F1649482 & FJ649490
100 [- corvi ITMAP180795 & LSHTM) AY461665 & F1649496
4(7". sp. (currawong AAT) AJ620557 & AJ620264
T. sp. (gecko) AJ620548 & AJ620259

T. varani (V54) AJ005279 & AJ620261
T. bennetti (KT-2) AJ223562 & FJ649486

100
4:_ T. irwini FJ649479 & FJ649485

100 T. sp (wallaby ABF) AJ620564 & AJ620278
—ET cyclops (LV492) AJ131958 & FJ649493
L T. theileri (TREU124 & K127) AJ009163 & AJ620282
T. cruzi (VINCH89) AJ009149 & AJ620269
T. cruzi marinkellei (B3) F1649484 & FJ649495
T. dionisii (P3) AJ009151 & FJ649494
T. conorhini (USP) AJ012411 & AJ620267
T. vespertilionis (P14) AJ009166 & AJ620283
T. rangeli (RGB Basel & ?7) AJ009160 & AF053742
T. sp. (kangaroo H25) AJ009168 & AJ620276
T. microti (TRL132) AJ009158 & AJ620273
T. lewisi (ATCC30085 & L32) AJ223566 & AJ620272
T. pestanai (LEM110) AJO09159 & AJ620275
T. sp. (tick KG1) AB281091 & FJ649492
T. copemani (wombat AAP) AJ620558 & AJ620277
T. grayi (BAN1) AJ620546 & AJ620258
T. granulosum (Portugal) AJ620552 & AJ620247
T. sp. (aquatic leech K&A) AJ009167 & AJ620252
T. binneyi (AAW) AJ620565 & AJ620266
T. boissoni (ITMAP2211) U39580 & AJ620245
T. mega (ATCC30038) AJO09157 & AJ620253
T. rotatorium (BII) AJ009161 & AJ620256
Herpetomonas muscarum 118872 & DQ092548
Leptomonas collosoma AF153038 & EU084898
Phytomonas serpens U39577 & EU084892
Crithidia oncopelti (? & ATCC12982) 1.29264 & EU079134
Blastocrithidia culicis (? & ATCC 30268) L2926 & EU079137
Crithidia fasciculata YO0055 & AF047493
Wallaceina inconstans (? & ZK) AF153044 & EU076608
L Leptomonas seymouri AF153040 & AF047495

99

99

100

89
100
87

64

100
64

100

100

78

98

99

100

100

100

74

100

0.1

Fig. 4. Phylogenetic analysis of the relationships of Trypanosoma spp. and the novel trypanosomatid 7rypanosoma
trwini isolates (16 in total) from the koala based on composite gGAPDH and 18S rDNA partial sequences (~ 900 and

~ 1500 bp respectively) using Maximum Likelihood analysis performed by PhyML 3.0. Branch support values (> 60 %)
determined by alLRT'. Scale bar represents the number of substitutions per site.

classify distinct species for Theileria sp. and Babesia
sp. respectively (Schnittger et al. 2003). In the
present study, molecular and phylogenetic analysis
at 2 unlinked loci indicated that 7'. irwini warrants
separate species status. The genetic distance between
T. irwini and its closest relative T. bennetti at the
18S rDNA locus is 0-9%, whereas the genetic dif-
ference between 2 established species, T. avium

isolates and T. grayi is 0:6—0-8%. At the gGAPDH
locus, established species T. conorhini, T. vesperti-
lionis, T. mega and T. rotarium have between 4-4%
and 5-3% genetic distances, whilst intraspecies gen-
etic distance within 7. avium is 0-9-2%. The genetic
distance between T. bennetti and T. irwini at the
g¢GAPDH locus is 10:7 %, which is equal to or greater
than genetic distances between established species.
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The 3 phylogenetic trees produced in order to
determine the evolutionary position of T. irwini
amongst the trypanosomes largely produced the
same topology of other researchers with a few ex-
ceptions. The commonly reported aquatic, avian,
T. lewisi, T. cruzi, T. brucei and T. theileri clades
reported by Hamilton et al. (2007) were generated in
the 18S rDNA, gGAPDH and concatenated analyses
with the exception of a separation of the avian clade
in the 18S rDNA tree. This split in the avian clade
has also been produced in 18S rDNA ML analysis
by other researchers (Hamilton et al. 2004, 2005;
Votypka et al. 2004). It has been suggested, however,
that the 18S rDNA locus is an unreliable marker
for inferring deep level trypanosome phylogenetic
analysis (Hamilton et al. 2004) due to the fact that the
18S rRNA genes of taxa in the Trypanosoma genus
are evolving at least 4 significantly different rates
(Stevens and Rambaut, 2001). This is primarily why
the gGAPDH locus was also analysed as it is in-
creasingly used in Trypanosoma phylogeny and is
under different evolutionary constraints to the 18S
rRNA gene (Hamilton et al. 2004). The topology of
the gGAPDH and concatenated 18S rDNA and
g¢GAPDH trees were nearly identical and very
similar to equivalent trees presented by Hamilton
et al. (2007) and Viola et al. (2009). The variation
between the gGAPDH and concatenated tree was
primarily due to lack of sequence data for the
2GAPDH locus as the ‘T. irwini’ clade only com-
prised T. irwini and T. bennetti due to T. minasense
g¢GAPDH sequence being unavailable. In addition,
the gGAPDH analysis of the ‘T. irwini’ clade
showed low alLRT branch support (37) for associ-
ation with the ‘7. theileri’ clade, whilst in the con-
catenated analysis the ‘T irwini’ clade is related to
the ‘lizard’ clade with moderate branch support (64).
The addition of the T'. minasense gGAPDH sequence
will perhaps help to resolve the potential relationship
with the ‘lizard’ clade in the future.

The phylogenetic relationships of 7. irwini may
also be further clarified once more marsupial-derived
trypanosome species are characterized. The re-
lationship between T. irwini and T. thylacis from
the northern brown bandicoot (Isoodon macrourus)
(Mackerras, 1959; Mackerras and Mackerras, 1960),
the Trypanosoma spp. from the southern brown
bandicoots (Isoodon obesulus) (Bettiol et al. 1998) and
eastern barred bandicoots (Perameles gunnii) (Bettiol
et al. 1996) cannot be evaluated because there are
no genetic sequences available for these trypano-
somes. Despite the wombat being the closest living
relative to the koala (Osborne et al. 2002), the
T. copemani genotypes (AAI, AAP and H26) isolated
from wombats are genetically distinct (genetic dis-
tance 5:6% at 18S rDNA and 20-4% at gGAPDH)
from T. irwini. This is also true for quokka and
Gilbert’s potoroo isolates of T. copemani (genetic
distance 5-3% at 18S rDNA) and woylie-derived
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Trypanosoma isolates (TRY1 and TRY2) (genetic
distance 11-4% and 10-6% at 18S rDNA respectively)
which are phylogenetically associated with T'. cope-
mani (Austen et al. 2009). Of all of the marsupial
trypanosome genotypes identified thus far, the
chuditch isolate (CHU1) was the closest marsupial-
derived genotype to T'. irwini with a genetic distance
of 2:8% at the 18S rDNA locus, creating a clade
with T'. minasense, T. bennetti and T'. irwini. The
relationship of the chuditch isolate could not be
examined in detail, as the available 18S rDNA
sequence was short (only 563 bp) and to date no
2GAPDH sequence has been generated.

The ‘T. irwini’ clade formed is a perplexing mix
of isolates with vast differences in geography and
hosts, with 7. bennetti isolated from a bird in North
America (also found in a PCR survey in African
songbirds (Sehgal et al. 2001), T. minasense from
neotropical primates in South America, the chuditch
(CHUT1) or western quoll, a carnivorous Australian
marsupial and 7. irwini from the koala. The clade
formed in the analysis could be evidence of host
switching as has been suggested for 7'. binneyi, the
platypus trypanosome and 7. therezieni, a trypano-
some of Madagascan chameleons that both fall in
the ‘aquatic’ clade of trypanosomes from fish and
amphibians. The phylogenetic placement of these
trypanosomes indicates that host ecology may be
more influential than host phylogeny in the evolution
of some trypanosomes (Stevens et al. 2001). Host
switching could also be evidence of trypanosome and
vector co-evolution rather than host co-evolution. It
should be noted that the ‘7. irwini’ clade presents
the first evidence of possible mammalian-avian host
switching in the trypanosomes. The vast differences
in host phylogeny, host ecology and lack of knowl-
edge about vectors of the trypanosomes of the
‘T. irwini’ clade do, however, prevent formation of
a plausible hypothesis regarding what factors other
than genetics unite the trypanosomes of this clade.

Despite numerous attempts with fresh blood
samples from trypanosome-infected koalas, estab-
lishment of in vitro cultures in Modified Sloppy
Evans Media (MSEM) was not successful. With the
benefit of the phylogenetic analysis, culturing at-
tempts in the future could focus on testing media
used in the in vitro culturing of the genetically
most similar trypanosomes T'. bennetti (Kirkpatrick
and Terway-Thompson, 1986) and 7. minasense
(Ziccardi et al. 1996). A feeder cell line system
(possibly even host derived) may also need to be
developed as used for the successful isolation and
propagation of numerous trypanosomes including
Trypanosoma isolate KG1 from a tick (Thekisoe
et al. 2007) and Trypanosoma isolate 'T'SD1 isolated
from a Sika deer (Hatama et al. 2007).

Determining the vector of T'. irwini is important
to understanding the transmission and phylogenetic
relationships of this parasite. However, the vectors
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of T. bennetti and T. minasense are currently unknown
and can therefore not offer any suggestions for
potential vectors of T'. irwini. Trypanosome vectors
are commonly haematophagous arthropods such
as flies, fleas and bugs. Ectoparasites, which have been
identified on koalas, include ticks (Ixodes spp. and
Haemophalus spp.), fleas (e.g. Ctenophalus felis), mites
(Austrochirus perkinst, Sarcoptes scabiei, Demodex
spp. and Notoedres cati) (Jackson et al. 2003) and
mosquitoes. Mosquitoes and flies are often observed
worrying the noses and the eartips of koalas (Gillett,
A., personal communication). The wombat flea
(Lycopsylla nova) has been suggested as a possible
vector for the wombat isolate H26 (Noyes et al.
1999). Ticks are also a possible vector for T'. irwini
because they have been shown to be naturally infected
with trypanosomes in a number of studies (el Kady,
1998 ; Latif et al. 2004 ; Thekisoe et al. 2007).

In conclusion, the genetic analysis of 2 unlinked
loci confirm that the trypanosome identified to be
infecting and potentially causing disease in the koala
is a new species; Trypanosoma irwini and the first to
be described in the koala.

The authors thank the staff and carers at, and connected
with, the Australia Wildlife Hospital, Beerwah, Qld.
Additional DNA samples were gratefully received for
18S rDNA and gGAPDH phylogenetic tree construc-
tion: T. cyclops (LLV492) and T. dionsii (P3) from
Wendy Gibson, T bennetti (KT-2; ATCC 50102), T'. corvi
(LSHTM), T. avium (Buzzard), T'. avium (sp30), T'. avium
(sp40), and T. avium (A1073) from Julius Lukes and Jan
Votypka, T. cruzi marinkellei (B3) from Christian Barnabe
and 7. sp. (KG1) was obtained from Noburu Inoue and
Oriel Thekisoe. The authors would also like to thank

Patrick Hamilton for invaluable phylogenetic advice.

REFERENCES

Anisimova, M. and Gascuel, O. (2006). Approximate
likelihood-ratio test for branches: A fast, accurate,
and powerful alternative. Systematic Biology 55,
539-552.

Austen, J., Jefferies, R., Friend, T., Adams, P., Ryan,
U. and Reid, S. (2009). Morphological and molecular
characterization of Trypanosoma copemani n.sp.
(Trypanosomatidae) isolated from Gilbert’s potoroo
(Potorous gilbertii) and quokka (Setonix brachyurus).
Parasitology 136, (in the Press).

Bettiol, S. S., Goldsmid, J. M., Le, D. D. and Driessen,
M. (1996). The first record of a member of the genus
Hepatozoon in the eastern barred bandicoot (Perameles
gunnii) in Tasmania. Journal of Parasitology 82, 829-830.

Bettiol, S. S., Jakes, K., Le, D. D., Goldsmid, J. M. and
Hocking, G. (1998). First record of trypanosomes in
Tasmanian bandicoots. Journal of Parasitology 84,
538-541.

Dargantes, A. P., Campbell, R. S. F., Copeman, D. B.
and Reid, S. A. (2005). Experimental Trypanosoma
evansi infection in the goat. I1. Pathology. Journal of
Comparative Pathology 133, 267-276.

Dereeper, A., Guignon, V., Blanc, G., Audic, S.,
Buffet, S., Chevenet, F., Dufayard, J. F., Guindon,

884

S., Lefort, V., Lescot, M., Claverie, J. M. and
Gascuel, O. (2008). Phylogeny.fr: robust phylogenetic
analysis for the non-specialist. Nucleic Acids Research
36, W465—469.

El Kady, G. A. (1998). Protozoal parasites in tick species
infesting camels in Sinai Peninsula. Journal of the
Egyptian Society of Parasitology 28, 765-776.

Hamilton, P. B., Gibson, W. C. and Stevens, J. R.
(2007). Patterns of co-evolution between trypanosomes
and their hosts deduced from ribosomal RNA and
protein-coding gene phylogenies. Molecular and
Phylogenetic Evolution 44, 15-25.

Hamilton, P. B., Stevens, J. R., Gaunt, M. W., Gidley,
J. and Gibson, W. C. (2004). Trypanosomes are
monophyletic: evidence from genes for glyceraldehyde
phosphate dehydrogenase and small subunit ribosomal
RNA. International Journal for Parasitology 34,
1393-1404.

Hamilton, P. B., Stevens, J. R., Gidley, J., Holz, P. and
Gibson, W. C. (2005). A new lineage of trypanosomes
from Australian vertebrates and terrestrial bloodsucking
leeches (Haemadipsidae). International Fournal for
Parasitology 35, 431-443.

Hanger, J. J., Bromham, L. D., McKese,]J.]J.,
O’brien, T. M. and Robinson, W. F. (2000). The
nucleotide sequence of koala (Phascolarctos cinereus)
retrovirus: a novel type C endogenous virus related to
Gibbon ape leukemia virus. Journal of Virolology 74,
4264-4272.

Hanger, J. J., Mckee, J. J., Tarlington, R. and
Yates, A. (2003). Cancer and haemotological disease
in koalas: A clinical and virological update. In Annual
Conference of the Australian Veterinary Association,
pp. 19-30. Australian Association of Veterinary
Conservation Biology Section, Cairns, Australia.

Hatama, S., Shibahara, T., Suzuki, M., Kadota, K.,
Uchida, I. and Kanno, T. (2007). Isolation of a
Megatrypanum trypanosome from sika deer (Cervus
nippon yesoensis) in Japan. Veterinary Parasitology 149,
56-64.

Hoare, C. A. (1972). The Trypanosomes of Mammals.

A Zoological Monograph. Blackwell Scientific
Publications, Oxford, UK.

Jackson, S., Reid, K., Spittal, D. and Romer, L.
(2003). Koalas. In Australian Mammals : Biology and
Captive Management (ed. Jackson, S.), pp. 145-181.
CSIRO Publishing, Collingwood, Australia.

Kirkpatrick, C. E. and Terway-Thompson, C. A.
(1986). Biochemical characterization of some raptor
trypanosomes. [1. Enzyme studies, with a description
of Trypanosoma bennetti n. sp. Canadian Fournal of
Zoology 64, 195-203.

Latif, A. A., Bakheit, M. A., Mohamed, A. E. and
Zweygarth, E. (2004). High infection rates of the tick
Hyalomma anatolicum anatolicum with Trypanosoma
theileri. Onderstepoort Fournal of Veterinary Research 71,
251-256.

Mackerras, M. (1959). The haematozoa of Australian
mammals. Australian Fournal of Zoology 7, 105-135.

Mackerras, M. and Mackerras, I. (1960). The
haematozoa of Australian birds. Australian Fournal of
Zoology 8, 226-260.

Maslov, D. A., Lukes, J., Jirku, M. and Simpson, L.
(1996). Phylogeny of trypanosomes as inferred from the



Trypanosoma irwini from the koala

small and large subunit rRNAs: Implications for the
evolution of parasitism in the trypanosomatid protozoa.
Molecular and Biochemical Parasitology 75, 197-205.

McMillan, B. and Bancroft, B. (1974). On the
morphology of Trypanosoma binney: Mackerras, 1959
from the platypus Ornithorhyncus anatinus. International
FJournal for Parasitology 4, 441-442.

Noyes, H. A., Stevens, J. R., Teixeira, M., Phelan, J.
and Holz, P. (1999). A nested PCR for the ssTRNA
gene detects Trypanosoma binneyi in the platypus
and Trypanosoma sp. in wombats and kangaroos
in Australia. International Journal for Parasitology 29,
331-339.

Osborne, M. J., Christidis, L. and Norman, J. A.
(2002). Molecular phylogenetics of the Diprotodontia
(kangaroos, wombats, koala, possums, and allies).
Molecular Phylogenetics and Evolution 25, 219-228.

Sato, H., Leo, N., Katakai, Y., Takano, J. I., Akari, H.,
Nakamura, S. I. and Une, Y. (2008). Prevalence
and molecular phylogenetic characterization of
Trypanosoma (Megatrypanum) minasense in the
peripheral blood of small neotropical primates after
a quarantine period. Journal of Parasitology 94,
1128-1138.

Schnittger, L., Yin, H., Gubbels, M. J., Beyer, D.,
Niemann, S., Jongejan, F. and Ahmed, J. S. (2003).
Phylogeny of sheep and goat Theileria and Babesia
parasites. Parasitology Research 91, 398—406.

Sehgal, R. N., Jones, H. I. and Smith, T. B. (2001).
Host specificity and incidence of Trypanosoma in some
African rainforest birds: a molecular approach.
Molecular Ecology 10, 2319-2327.

Smith, A., Clark, P., Averis, S., Lymbery, A.J.,
Wayne, A. F., Morris, K. D. and Thompson, R. C.
(2008). Trypanosomes in a declining species of
threatened Australian marsupial, the brush-tailed
bettong Bettongia penicillata (Marsupialia: Potoroidae).
Parasitology 135, 1329-1335.

Stevens, J. and Rambaut, A. (2001). Evolutionary rate
differences in trypanosomes. Infection, Genetics and
FEvolution 1, 143-150.

Stevens, J. R., Noyes, H. A., Schofield, C. J.
and Gibson, W. (2001). The molecular evolution
of Trypanosomatidae. Advances in Parasitology 48,
1-56.

Tamura, K., Dudley, J., Nei, M. and Kumar, S. (2007).
MEGA4: Molecular evolutionary genetics analysis
(MEGA) software version 4.0. Molecular Biology and
Evolution 24, 1596-1599.

Tarlinton, R., Meers, J., Hanger, J. and Young, P.
(2005). Real-time reverse transcriptase PCR for
the endogenous koala retrovirus reveals an association
between plasma viral load and neoplastic disease in
koalas. Fournal of General Virology 86, 783-787.

Thekisoe, O. M., Honda, T., Fujita, H., Battsetseg,
B., Hatta, T., Fujisaki, K., Sugimoto, C. and
Inoue, N. (2007). A trypanosome species isolated from
naturally infected Haemaphysalis hystricis ticks in
Kagoshima Prefecture, Japan. Parasitology 134,
967-974.

Viola, L. B., Almeida, R. S., Ferreira, R. C.,
Campaner, M., Takata, C. S., Rodrigues, A. C.,
Paiva, F., Camargo, E. P. and Teixeira, M. M.
(2009). Evolutionary history of trypanosomes from
South American caiman (Caiman yacare) and
African crocodiles inferred by phylogenetic analyses
using SSU rDNA and gGAPDH genes. Parasitology
136, 55-65.

Votypka, J., Lukes, J. and Obornik, M. (2004).
Phylogenetic relationship of Trypanosoma corvi with
other avian trypanosomes. Acta Protozoologica 43,
225-231.

Ziccardi, M. and Lourenco-De-Oliveira, R. (1999).
Polymorphism in trypomastigotes of Trypanosoma
(Megatrypanum) minasense in the blood of
experimentally infected squirrel monkey and
marmosets. Memorias do Instituto Oswaldo Cruz 94,
649-653.

Ziccardi, M., Lourenco De Oliveira, R. and
Nogueira, R. (1996). The haemoculture of
Trypanosoma minasense Chagas, 1908. Memorias do
Instituto Oswaldo Cruz 91, 501-505.



