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Abstract. To further investigate the phylogeny of pro-
tozoa from the order Kinetoplastida we have sequenced
the small subunit (SSU) and a portion of the large sub-
unit (LSU) nuclear rRNA genes. The SSU and LSU se-
quences were determined from a lizard trypanosome,
Trypanosoma sceloporiand a bodonid,Rhynchobodo
sp., and the LSU sequences were determined from an
insect trypanosomatid,Crithidia oncopelti, and a
bodonid,Dimastigella trypaniformis.Contrary to previ-
ous results, in which trypanosomes were found to be
paraphyletic, withTrypanosoma bruceirepresenting the
earliest-diverging lineage, we have now found evidence
for the monophyly of trypanosomes. Addition of new
taxa which subdivide long branches (such as that ofT.
brucei) have helped to identify homoplasies responsible
for the paraphyletic trees in previous studies. Although
the monophyly of the trypanosome clade is supported in
the bootstrap analyses for maximum likelihood at 97%
and maximum parsimony at 92%, there is only a small
difference in ln-likelihood value or tree length between
the most optimal monophyletic tree and the best subop-
timal paraphyletic tree. Within the trypanosomatid sub-
tree, the clade of trypanosomes is a sister group to the
monophyletic clade of the nontrypanosome genera. Dif-
ferent groups of trypanosomes group on the tree accord-
ing to their mode of transmission. This suggests that the

adaptation to invertebrate vectors plays a more important
role in the trypanosome evolution than the adaptation to
vertebrate hosts.
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Introduction

Protozoa from the order Kinetoplastida are unique
among the protozoa in having a kinetoplast, a DNA-
containing compartment of their single mitochondrion
(Vickerman and Preston 1976). RNA editing, an unusual
form of the post-transcriptional RNA processing by in-
sertions/deletions of uridylate residues, occurs in this or-
ganelle (for recent reviews see references Hajduk et al.
1993; Stuart 1993; Benne 1994; Simpson and Maslov
1994; Simpson and Thiemann 1995). Based on morpho-
logical differences, kinetoplastids are subdivided into the
suborder Bodonina with two families, Bodonidae and
Cryptobiidae, and the suborder Trypanosomatina with a
single family Trypanosomatidae (Vickerman 1976).
While bodonids/cryptobiids include free-living species,
as well as ectocommensals and parasites, trypanosoma-
tids are obligate parasites.

Molecular phylogenetic trees of kinetoplastid proto-
zoa have been used to investigate the origin and evolu-
tion of parasitism and evolution of RNA editing (Lake et
al. 1988; Fernandes et al. 1993; Maslov et al. 1994, 1996;
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Landweber and Gilbert 1994). The initial tree of Try-
panosomatidae was constructed using kinetoplast ribo-
somal 9S and 12S rRNA sequences (Lake et al. 1988).
This tree was rooted at the lineage of a monogenetic
(single host) insect parasiteCrithidia, since no outgroup
data was available at that time. On that tree, the digenetic
(two hosts) parasitesTrypanosomaandLeishmaniarep-
resented the derived species. An evolutionary scenario
deduced from this topology was compatible with the pre-
viously proposed notion that monogeneity in insects is a
primitive state and digeneity in insects and mammals is
a derived state (reviewed by Lainson and Shaw 1987).

Subsequently, nuclear small and large subunit (SSU
and LSU, respectively) rRNA gene sequences were used
to infer the phylogeny of kinetoplastids (Gomez et al.
1991; Fernandes et al. 1993; Landweber and Gilbert
1994; Maslov et al. 1994, 1996; Du et al. 1994). These
trees were rooted with outgroup sequences fromEuglena
gracilis; a bodonid,Bodo caudatus;and a cryptobiid,
Trypanoplasma borreli.Surprisingly, on these trees the
separation of the lineage of an advanced mammalian
parasite,T. brucei, represented the earliest divergence
within Trypanosomatidae, followed by divergence of all
the other trypanosomes and remaining genera of dige-
netic (Leishmania, Endotrypanum, Phytomonas) and
monogenetic (Leptomonas, Crithidia, Herpetomonas,
Blastocrithidia) parasites. The entire genusTrypano-
somawas thus rendered paraphyletic. To reconcile this
topology with the late appearance of hematophagous
vectors, an independent recent acquisition of digeneity
was proposed for different clades of trypanosomes and
leishmanias (Fernandes et al. 1993; Maslov and Simpson
1995). An alternative hypothesis was also suggested such
that the digeneity was primitive, and hence multiple
losses of parasitism in vertebrates accounted for the ori-
gin of monogenetic insect parasites (Landweber and Gil-
bert 1994).

Recently, the kinetoplast 12S rRNA and protein gene
sequences from a cryptobiid,Trypanoplasma borreli,
have also been used to root the trypanosomatid tree
(Lukes̆et al. 1994). The root was found to be attached at
the Trypanosoma bruceilineage, similar to the phylog-
enies based on nuclear rRNA genes.

However, with the addition of a bodonid,Dimasti-
gella trypaniformis,to the outgroup, lineages ofTry-
panosoma bruceiand another mammalian parasite,Try-
panosoma cruzi,formed a monophyletic clade on the
nuclear rRNA tree (Berchtold et al. 1994; Marche et al.
1995). This result was further supported by phylogenetic
trees inferred from the glyceraldehyde-3-phosphate de-
hydrogenase (Wiemer et al. 1995) and other proteins
(Alvarez et al. 1996). Since theT. bruceilineage and the
outgroup lineage form two long branches on the rRNA
phylogenetic trees (Gomez et al. 1991; Fernandes et al.
1993; Landweber and Gilbert 1994; Maslov et al. 1994,
1996; Du et al. 1994) the paraphyletic tree topology may

be due to the high level of homoplasy in these fast-
evolving lineages, thus representing another example of
the ‘‘branch attraction’’ artifact (Felsenstein 1978;
Hendy and Penny 1989).

To investigate this problem, we studied the effect of
adding more taxa to the paraphyletic tree. We investi-
gated whether subdividing the longest branches of the
tree would change its topology, a method that may cor-
rect the ‘‘branch attraction’’ artifact (Hendy and Penny
1989). We have found with this approach that the support
for paraphyly diminishes, and the support for monophyly
increases. We concluded that trypanosomes are most
likely monophyletic and that the paraphyly reported pre-
viously may be the result of a high rate of nucleotide
substitutions in theT. bruceiand outgroup lineages.

Materials and Methods

Origin of Strains. Trypanosoma sceloporisensu latum (Ayala 1970)
was isolated from a desert lizard,Sceloporus jarrovi(Sceloporinae,
Iguanidae), captured in 1995 in the Southfork Canyon, Chiricahua
Mountains, Cochise County, Arizona. Out of 200 specimens examined,
two adults were found to be infected. The flagellates were introduced
into modified SNB-9 medium (Diamond and Herman 1954) and cul-
tivated at 26°C.Rhynchobodosp. (ATCC 50359) was obtained from
the American Type Culture Collection and cultivated with feeder bac-
teria in ATCC medium 802 at 24°C. The Ulm strain ofDimastigella
trypaniformiswas obtained from H. Koenig (University of Ulm, Ger-
many) and cultivated as described previously (Breunig et al. 1993).
Total cell DNA of the endosymbiont-free strain ofCrithidia oncopelti
(ATCC 30264) was provided by K.-P. Chang (Finch University of
Health Sciences, Chicago).

Nucleotide Sequences.Isolation of total cell DNA, PCR amplifica-
tion, and sequencing with a set of conserved sequence primers were
performed as described previously (Maslov et al. 1996). Nucleotide
sequences were deposited to the GenBank database under the following
accession numbers: U67182 (SSU ofT. scelopori), U67181 (LSU ofT.
scelopori), U67183 (SSU ofRhynchobodosp.), U67184 (LSURhyn-
chobodosp.), U67180 (LSU ofD. trypaniformis), and U67436 (LSU of
C. oncopelti). Nucleotide sequences of rRNA genes ofTrypanosoma
vivax (U22316), Trypanosoma simiae(U22320), andTrypanosoma
congolense(U22319) were retrieved from the GenBank database.

Phylogenetic Analysis.Alignment of the combined SSU and LSU
sequences was generated manually using the program SeqEdit (29),
version 3.1, provided by G. Olsen (Olsen 1990). In order to reduce
effect of alignment ambiguities, we have compared our previous align-
ment (I) (Maslov et al. 1996) with a de novo created alignment (II) and
used only positions shared by the alignments I and II to generate a more
conservative alignment (III). For the set of 20 taxa the alignment con-
tains 2,591 positions. The alignment is available on request.

Maximum parsimony analysis was performed using the program
package PAUP for Macintosh, version 3.1.1 (Swofford 1993). Shortest
trees were searched for using the branch-and-bound option. The topol-
ogy-dependent cladistic permutation tail probability (T-PTP) test (Faith
1991) and Kishino-Hasegawa test (Kishino and Hasegawa 1989) were
performed using the test version PAUP 4.0*. Maximum likelihood
analysis was done using the program fastDNAml, version 1.0.8. (Olsen
et al. 1994) on the DEC Alpha/VMS computer. The search was per-
formed using the empirical base frequencies, global rearrangements,
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and randomized taxon addition. Bootstrap values for the maximum
likelihood trees inferred from bootstrapped alignments were deter-
mined using the CONSENS program of the PHYLIP 3.5 program
package (Felsenstein 1995).

Results

Analysis of the Data with Parsimony

We began the analysis with the subset containing nine
species of Trypanosomatina (including seven represen-
tatives of the genusTrypanosoma) and an outgroup,T.
borreli (Table 1). This subset is equivalent to the group
of species used in the previous analysis (Maslov et al.
1996); however, to reduce the homoplasy in the nontry-
panosome clade, we included only slowly evolvingLep-
tomonasandLeishmania.

When alignment I was used, maximum parsimony
yielded a ten-taxon tree on which trypanosomes were
paraphyletic (Table 1) similar to our previously pub-
lished tree (Maslov et al. 1996). On this treeT. brucei,
which represented one of the longest branches, grouped
together with a cryptobiid,Trypanoplasma borreli(an-
other long branch). On the maximum parsimony consen-
sus tree, the bootstrap support for monophyly of the try-
panosomatid clade which excludedT. brucei was 82%
(regarded thereafter as a support for paraphyly).

When the more conservative alignment III was used,
the support for paraphyly decreased to 75%. In order to
further reduce the effect of homoplasy, we subdivided

the long branches ofT. brucei and T. borreli by the
addition of new taxa. The incorporation of a new species,
a lizard trypanosome,T. scelopori,had a profound effect:
an 11-taxon monophyletic tree was produced, albeit with
a low bootstrap support (56%). Incorporation of three
additional species of Salivarian trypanosomes into the
alignment increased the support for monophyly to 70%.
Combined addition of four trypanosomes and two spe-
cies of Bodonina resulted in the 16-taxon monophyletic
tree with bootstrap support at the level of 92%. Since all
the added taxa subdivide the long lineages ofT. brucei
and T. borreli on the most parsimonious tree, the ob-
served effect indicates that the paraphyly of trypano-
somes may represent a ‘‘long branch attraction’’ artifact
(Felsenstein 1978; Hendy and Penny 1989).

Incorporation of four nontrypanosome speciesCri-
thidia fasciculata, Phytomonas serpens, Blastocrithidia
culicis, andCrithidia oncopelti—the last two being fast
evolving—reduces the bootstrap support to the level of
70%. It should be noted that unlike the previous addi-
tions, incorporation of these taxa does not result in a
subdivision of theT. bruceiandT. borreli branches. The
observed reduction of support for monophyly may be
caused by additional homoplasy introduced with the fast-
evolving lineages. We have found previously that the
position ofB. culicison a combined (LSU+SSU) maxi-
mum parsimony rRNA tree is particularly unstable
(Maslov et al. 1996).

In order to determine the degree of support for the
shortest monophyletic and paraphyletic trees, a PAUP

Table 1. Effect of adding taxa on the topology of the trypanosome clade

Taxon seta
Monophyletic
tree

Parsimonyb

paraphyletic
tree

Consensus
tree

Monophyletic
tree

Likelihoodc

paraphyletic
tree

Consensus
tree

10 speciesd 642 634 Paraphyletic −7,305.14687 −7,301.47567 Paraphyletic
1 tree 82% 60%

10 species 552 547 Paraphyletic −6,725.83863 −6,728.57549 Monophyletic
1 tree 75% 57%

11 species 595 594 Monophyletic −7,010.02182 −7,026.03169 Monophyletic
1 tree 56% 81%

14 species 922 926 Monophyletic −8,778.47559 −8,805.52686 Monophyletic
1 tree 70% 85%

16 species 1,288 1,296 Monophyletic −10,620.70814 −10,660.99673 Monophyletic
2 trees 92% 97%

20 species 1,560 1,564 Monophyletic −12,210.57383 −12,243.14898 Monophyletic
1 tree 70% 87%

a The core set of ten species includesLeptomonassp.,L. donovani, T.
avium, T. cruzi, T. brucei, T. rotatorium, T. boissoni, T. triglae, T.
carassii,andT. borreli. In the 11-taxon set,T. sceloporiwas added. In
the 14-taxon set,T. congolense, T. simiae,andT. vivaxwere added to
the 11 taxa. In the 16-taxon set,D. trypaniformisandRhynchobodosp.
were added to the 14 taxa, and in the 20-taxon set,C. fasciculata, C.
oncopelti, B. culicis,andP. serpenswere added to the 16 taxa
b Length (in the number of steps, underlined) and the number of the
most parsimonious trees (italicized), length of the user-defined alter-
native tree, and topology of the trypanosome clade on a consensus tree.
Alternative trees represent the trees constructed under constraints of

monophyly for ten- and 11-taxon sets and paraphyly for 14-, 16-, and
20-taxon sets. Bootstrap analysis was done using 100 pseudoreplicates.
Indicated is the bootstrap value for the monophyly of the trypanoso-
matid clade which excludes the lineage of Salivarian trypanosomes (in
case of paraphyly) or the clade which includes all lineages of trypano-
somes (in case of monophyly) on the majority consensus tree
c Ln-likelihood of the maximum likelihood tree (underlined) and the
user-defined alternative tree and topology of the trypanosome clade on
a consensus tree. Bootstrap analysis was done using 100 pseudorepli-
cates
d Alignment I was used
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constraints option was utilized to force monophyly in the
case of ten and 11 taxa, and to force paraphyly in the case
of 14, 16, and 20 taxa (Table 1). The results show that
paraphyletic trees are several steps shorter for ten- and
11-taxon sets, and monophyletic trees are several steps
shorter for 14-, 16-, and 20-taxon sets.

Significance of the observed differences between the
shortest monophyletic and paraphyletic trees was evalu-
ated using the T-PTP (topology-dependent cladistic per-
mutation tail probability) test (Faith 1991). The test de-
termines how often equal or fewer steps can be observed
with randomized data sets in which the characters are
permuted among the ingroup taxa. The results (not
shown) indicate that in all cases the observed differences
are not statistically significant.

Analysis of the Data with Likelihood

The maximum parsimony analysis suggests that the data
set contains high levels of homoplasy from the fast-
evolving lineages. Under these conditions, the marginal
discrimination between the monophyletic model and
paraphyletic model with parsimony may be due to the
well-known limitations of this method (Felsenstein 1978;
Hendy and Penny 1989). To obtain an additional esti-
mate of the support for the monophyletic and paraphy-
letic models, we have analyzed the data with maximum
likelihood (Felsenstein 1981).

A paraphyletic tree similar to previous results
(Maslov et al. 1994, 1996; Landweber and Gilbert 1994)
was produced with the ten-taxon alignment I (Table 1). A

monophyletic tree was produced for the more conserved
ten-taxon alignment III. However, the likelihood of this
tree was still close to the likelihood of the paraphyletic
tree (Table 1). On the consensus tree, monophyly was
only supported at 57%.

Subdividing the branches ofT. bruceiby addition of
T. scelopori(11-taxon set), and further by addition of
three Salivarian species (14-taxon set), increased the
bootstrap support to the level of 85%, which was sub-
stantially higher than the corresponding level of support
with parsimony (70%). Incorporation of these taxa also
increased the difference between the ln-likelihood of the
monophyletic tree and ln-likelihood of the paraphyletic
tree (Table 1). Additional subdividing of the outgroup
branch withD. trypaniformisandRhynchobodosp. (16-
taxon set) increased the bootstrap value of the trypano-
some clade to 97%, as well as the difference in ln-
likelihoods. As with parsimony, incorporation of the
fast-evolving nontrypanosome species decreased the
bootstrap value, but only to the level of 87%. Figure 1A
and B shows the most parsimonious 20-taxon tree and
the maximum likelihood 16-taxon tree, respectively.

We conclude that the data as a whole support the
monophyletic model over the paraphyletic model, al-
though the margin appears to be narrow.

Internal Topology of the Trypanosome Clade

Assuming the monophyletic model, two subgroups were
found within the trypanosome clade with a 100% boot-
strap support on all trees. The first subgroup included

Fig. 1. A Majority consensus (50%) parsimony tree constructed for
20 taxa. Bootstrap analysis was performed with 100 replicates. The
frequency of occurrence of each clade is indicated.B Maximum like-
lihood tree constructed for 16 taxa. A distance scale (corresponding to

0.1 substitutions per site) is shown under the tree. Ln-likelihood of
the tree is −10,620.70814 for a transition/transversion parameter of
1.474510. Bootstrap values determined for 100 pseudoreplicate trees
are indicated for each clade on the maximum likelihood tree.
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leech-transmitted aquatic trypanosomes (T. boissoni, T.
carassii, and T. triglae) and the second subgroup in-
cluded Salivarian trypanosomes (T. brucei, T. congo-
lense, T. vivax,and T. simiae). Branching order within
both subgroups was resolved with low bootstrap support.
An amphibian trypanosome,T. rotatorium,was found to
be related to the aquatic subgroup with a bootstrap sup-
port of 90%. A lizard trypanosome,T. scelopori,was
found to be related to the Salivarian subgroup, but the
bootstrap support for this affinity was significantly
lower. The position ofT. cruziandT. aviumis less cer-
tain. On the maximum likelihood tree (Fig. 1B), these
trypanosomes were found affiliated with the clade of
terrestrial trypanosomes, although with low bootstrap
support. On the consensus parsimony tree (Fig. 1A) the
position of these lineages was not resolved. The insuffi-
cient resolution within the trypanosome clade may be
due to elimination of informative characters which can-
not be unambiguously aligned for all the taxa.

Discussion

In this paper we investigated the phylogeny of trypano-
somes using the SSU and partial LSU rRNA sequences.
In contrast to our previous results (Maslov et al. 1994,
1996; Du et al. 1994) and the results of others (Gomez et
al. 1991; Fernandes et al. 1993; Landweber and Gilbert
1994), we obtained evidence for the monophyly of try-
panosomes. This result agrees with other rooted trees
inferred from the SSU rRNA sequences (Berchtold et al.
1994; Marche et al. 1995), and glyceraldehyde-3-
phosphate dehydrogenase anda-tubulin sequences (Wie-
mer et al. 1995; Alvarez et al. 1996). It is noteworthy that
Fernandes et al. (1993) also obtained a monophyletic tree
for one of their alignments.

We demonstrated that subdividing the long branch of
T. bruceicombined with subdividing the long branch of
T. borreli increases support for the monophyly of the
trypanosomes. This effect was particularly pronounced
with the method of maximum likelihood, which sup-
ported the monophyly of trypanosomes with the 97%
bootstrap value for the 16-taxon data set. These results
indicate that the paraphyletic tree topology may be an
artifact caused by the high level of homoplasy in the
lineages ofT. brucei and the outgroup species. Never-
theless, given the low bootstrap values for other taxon
sets and the results of the T-PTP test, our analysis does
not completely rule out the paraphyletic model. In addi-
tion, the Kishino-Hasegawa randomization test (Kishino
and Hasegawa 1989) performed for the 16-taxon maxi-
mum likelihood trees also indicated that the difference
between them is not significant (L.H. and D.A.M., un-
published results). We conclude that the data support the
monophyletic model rather than the paraphyletic model,
although the difference in support is small. Obviously,
additional data should be used to address this problem.

It is remarkable that a particularly strong increase of
the support for monophyly was produced by the incor-
poration ofRhynchobodosp. andD. trypaniformisin the
analysis (Table 1, 16-taxon alignment). Since these two
species formed long branches on the tree, one could an-
ticipate that the observed effect is related to another
‘‘long branch attraction’’ artifact which involves the
clade of Rhynchobodosp. andD. trypaniformisand a
nontrypanosome clade (Leptomonassp. andL. dono-
vani), thus rendering trypanosomes monophyletic. How-
ever, the nontrypanosome clade is slowly evolving;
therefore, this mechanism could not have played a sig-
nificant role.

Cladistic parsimony results have been used to inves-
tigate the evolution of RNA editing in trypanosomatids
(Maslov et al. 1994; Landweber and Gilbert 1994). The
most parsimonious explanation for the occurrence
of pan-editing and 58-editing on a paraphyletic tree of
trypanosomatids was that pan-editing is primitive and
58-editing is derived. However, because the new mono-
phyletic tree contains only two major clades of trypano-
somatids (trypanosomes with pan-editing and other gen-
era with 58-editing), the parsimony argument can no
longer be used as the basis for this view. Nevertheless,
the conclusion that pan-editing is ancestral is supported
by the finding of pan-edited cryptogenes in a cryptobiid
T. borreli (Maslov and Simpson 1994; Lukesˇ et al.
1994). In addition, this theory is indirectly supported by
the observation that the loss of minicircles can occur
during the prolonged cultivation (Thiemann et al. 1994).
This loss has been proposed to drive selection for the
retroposition of a partially edited mRNA that replaces
the pan-edited cryptogene (Simpson and Maslov 1994b).

The new tree topology is consistent with both afore-
mentioned views on the evolution of parasitism (Fer-
nandes et al. 1993; Landweber and Gilbert 1994), al-
though the number of independent acquisitions of the
digenetic life cycle in the ‘‘monogeneity first’’ scenario
(Fernandes et al. 1993) decreased by one. With the exact
branching order within the trypanosome clade being
poorly resolved and many important species of trypano-
somes not yet investigated, the exact order of the host
acquisitions and/or losses cannot be reconstructed. Nev-
ertheless, the Salivarian trypanosomes (T. vivax, T. bru-
cei, T. congolense,andT. simiae) form a well-supported
derived clade. In this group, the developmental cycle
terminates in salivary glands of the tsetse fly vector,
while in Stercorarian trypanosomes (represented byT.
cruzi and T. avium), and monogenetic parasites of in-
sects, the cycle of development terminates in the hindgut
of the vector. Thus, the topology of the tree indicates that
development in the anterior station of a vector is a de-
rived trait. This conclusion is consistent with the view
that the Stercorarian cycle is more ancient than the Sali-
varian cycle (Hoare 1972).

The early separation of the lineage ofT. vivaxwithin
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the Salivaria is also consistent with the view that this
organism represents an early stage of adaptation to trans-
mission by tsetse flies (Hoare 1972). The close related-
ness ofT. congolenseandT. simiaeis in agreement with
the morphological taxonomy, according to which these
species belong to the same subgenus,Nannomonas
(Hoare 1964).

Leech-transmitted trypanosomes represented byT. ro-
tatorium, T. carassii, T. triglae,andT. boissoniconsti-
tute another group where development into the infectious
stage occurs in the anterior station (proboscis) of a leech
vector. These trypanosomes also form a derived clade on
our tree. Although a similar developmental pattern is
seen in the outgroup,Trypanoplasma borreli(Lom
1976), given the present topology of the tree, anterior
station development in leeches is also derived.

Phylogenetic analysis of a reptilian trypanosome,T.
scelopori,extends our previous work on the phylogeny
of trypanosomes isolated from the various classes of ver-
tebrates (Maslov et al. 1996). We have found thatT.
sceloporiforms a separate, early diverging lineage. Al-
though the actual vector is unknown and the life cycle
has not been described, it has been noticed that these
trypanosomes can develop in phlebotomine mosquitoes
(Ayala 1970) and that these insects represent the most
likely vector of T. scelopori.In this case, the mode of
transmission may be similar to that of the leishmanias,
where the terminal stage of the life cycle takes place in
the anterior midgut and the foregut of the vector. It still
remains to be shown whether other mosquito-transmitted
amphibian and reptilian trypanosomes will add to this
clade. The finding that trypanosomes group on the tree
according to their mode of transmission suggests that the
adaptation to invertebrate vectors plays a more important
role in the trypanosome evolution than the adaptation to
vertebrate hosts.
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