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Since the ﬁrst attempts to classify the evolutionary history of trypanosomes, there have been conﬂicting
reports regarding their true phylogenetic relationships and, in particular, their relationships with other
vertebrate trypanosomatids, e.g. Leishmania sp., as well as with the many insect parasitising
trypanosomatids. Perhaps the issue that has provided most debate is that concerning the monophyly
(or otherwise) of genus Trypanosoma and, even with the advent of molecular methods, the ﬁndings of
numerous studies have varied signiﬁcantly depending on the gene sequences analysed, number of taxa
included, choice of outgroup and phylogenetic methodology. While of arguably limited applied
importance, resolution of the question as to whether or not trypanosomes are monophyletic is critical to
accurate evaluation of competing, mutually exclusive evolutionary scenarios for these parasites, namely
the ‘vertebrate-ﬁrst’ or ‘insect-ﬁrst’ hypotheses. Therefore, a new approach, which could overcome
previous limitations was needed. At its most simple, the problem can be deﬁned within the framework of
a trifurcated tree with three hypothetical positions at which the root can be placed. Using BLASTp and
whole-genome gene-by-gene phylogenetic analyses of Trypanosoma brucei, Trypanosoma cruzi,
Leishmania major and Naegleria gruberi, we have identiﬁed 599 gene markers – putative homologues
– that were shared between the genomes of these four taxa. Of these, 75 homologous gene families that
demonstrate monophyly of the kinetoplastids were identiﬁed. We then used these data sets in
combination with an additional outgroup, Euglena gracilis, coupled with large-scale gene concatenation
and diverse phylogenetic techniques to investigate the relative branching order of T. brucei, T. cruzi and L.
major. Our ﬁndings conﬁrm the monophyly of genus Trypanosoma and demonstrate that <1% of the
analysed gene markers shared between the genomes of T. brucei, T. cruzi and L. major reject the
hypothesis that the trypanosomes form a monophyletic group.
ß 2011 Elsevier B.V. All rights reserved.

Keywords:
Trypanosoma
Leishmania
Kinetoplastida
Monophyletic
Paraphyletic
Paralogous genes
Paralogue
Orthologue

1. Introduction
The group of ﬂagellate protozoa known as Kinetoplastida
includes the genera Trypanosoma and Leishmania, both of which
include vertebrate parasites of considerable medical and veterinary importance, in addition to others such as Crithidia and
Leptomonas, which are parasites of arthropods (Lake et al., 1988;
Podlipaev et al., 2004). The genus Trypanosoma includes:
Trypanosoma brucei, an extracellular parasitic protist, which causes
sleeping sickness in humans and a similar wasting disease known
as Nagana in mammals (Hoare, 1972); Trypanosoma cruzi, an
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intracellular parasitic protist that causes Chagas disease in humans
and also infects a range of mammals which can act as reservoirs of
the human form of the disease (Hoare, 1972); and Leishmania
major, an intracellular parasitic protist which causes the disease
known as leishmaniasis in humans and animals – leishmaniasis
can take a variety of forms, cutaneous, subcutaneous and visceral,
and pathogenicity varies widely between hosts (Molyneux and
Ashford, 1983).
Since the ﬁrst attempts to classify the evolutionary history of
these three important parasite genera, there have been conﬂicting
reports regarding their true phylogenetic relationships, which
have varied signiﬁcantly depending on the gene sequences
analysed, the number of taxa included, choice of outgroup and
phylogenetic methodology employed (e.g. Alvarez et al., 1996;
Hamilton et al., 2004; Hughes and Piontkivska, 2003; Lukeš et al.,
1997; Maslov et al., 1996; Piontkivska and Hughes, 2005; Simpson
et al., 2004, 2006; Stevens et al., 1999, 2001; Wright et al., 1999).
The issue that appears to have provided most debate is that
concerning the monophyly (or otherwise) of the trypanosomes
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(see Simpson et al., 2006 for an overview of this topic). While of
arguably only limited applied importance, resolution of the
question as to whether or not trypanosomes are monophyletic
is critical to accurate evaluation of competing, mutually exclusive
evolutionary scenarios for these parasites, namely the ‘vertebrateﬁrst’ (Minchin, 1908; Wallace, 1966) or ‘insect-ﬁrst’ (Baker, 1963,
1994; Hoare, 1972) hypotheses; see Hamilton and Stevens (2010)
for an overview.
Fortunately, the problem can be deﬁned relatively simply
within the framework of a trifurcated tree – a topology with three
branches – with three hypothetical positions at which the root can
be placed (Fig. 1). Topology X describes the monophyly of
trypanosomes, whereas topologies Y and Z describe the genus as
paraphyletic. Of the studies cited above, early (typically less taxonrich) rRNA-based studies have indicated paraphyly, while later
studies have (depending on taxa included, outgroup and phylogenetic methodology) provided support for either outcome, some
offering support for monophyly, with others suggesting paraphyly.
Of those that provide support for paraphyly, most conform to
topology Y, grouping T. cruzi with Leishmania sp. to the exclusion of
T. brucei. Similarly, evidence from the genome content of L. major
and T. cruzi (Berriman et al., 2005; El-Sayed et al., 2005; Ivens et al.,
2005) – speciﬁcally protein families which are expanded in T.
brucei compared to L. major and T. cruzi, and a large set of
orthologues shared between L. major and T. cruzi – supports their
grouping to the exclusion of T. brucei. Nevertheless, although gene
content may support such a hypothesis, a number of other factors
do not agree and, moreover, phylogenetic studies of a range of
protein-coding genes (Hannaert et al., 1992, 1998; Hashimoto
et al., 1995; Adjé et al., 1998; Simpson et al., 2002; Hamilton et al.,
2004) have unequivocally supported monophyly of genus Trypanosoma.
Against this backdrop of conﬂicting topologies, improved
phylogenetic methodologies and broader data sets have allowed
for multiple nucleotide and protein alignments (2–9 genes) to be
constructed (Hamilton et al., 2004, 2007; Simpson et al., 2002,
2004) and these analyses have indicated genus Trypanosoma to be
monophyletic, grouping T. brucei and T. cruzi to the exclusion of L.
major (Fig. 1, topology X). Nonetheless, inappropriate taxon
sampling and the associated problems of compositional bias,
hidden paralogy and horizontal gene transfer (HGT), continue to
diminish support for relationships deﬁned in phylogenetic
analyses and have led to uncertainty in the reconstruction of
the kinetoplastids’ evolutionary history.
Therefore, a new approach, which could attempt to overcome or
reduce the effects of these problems, was needed. Using whole
genome datasets we undertook an analysis of protein-coding genes
in order to resolve the branching relationships of T. brucei, T. cruzi
and L. major. Using the bioinformatic methodology described by
(Richards et al., 2009) to conduct whole-genome gene-by-gene
phylogenetic analyses, we ﬁrst identiﬁed reliable homologous

gene families that demonstrated monophyly of the kinetoplastids
within a broader eukaryotic phylogeny. We then used this data set
in combination with an outgroup of Naegleria gruberi and/or
Euglena gracilis, coupled with large-scale gene concatenation and
diverse phylogenetic techniques to investigate the relative
branching order of T. brucei, T. cruzi and L. major.
2. Materials and methods
2.1. Pipelined genome-to-genome analysis of homologues
The methodology employed in this paper utilised an automatic
tree-building pipeline (known as ‘Darren’s Orchard’) described
previously (Richards et al., 2009). Brieﬂy, potential orthologues
from across the predicted proteomes of T. brucei, T. cruzi, L. major
and N. gruberi were subjected to a sequential, genome-to-genome
BLASTp (Altschul et al., 1997) analysis against 795 other eukaryotic
and prokaryotic genomes whose species were picked, as far as
possible, to be representative of the whole tree of life.
Firstly, proteins from the four organisms were clustered using
OrthoMCL (Li et al., 2003) to group together potential orthologues
(e-value cut-off of 1e 20; inﬂation value 1.5). The pipeline was then
used to create a phylogenetic tree for each of the 599 clusters
identiﬁed with OrthoMCL, each cluster being screened against a
database of 795 genomes, which comprised the mix of both
eukaryotic and prokaryotic taxa utilised by Richards et al. (2009),
together with all prokaryotic reference genomes available from
NCBI at the time of analysis. The pipeline used BLASTp to select
homologous proteins from genome databases, sequences were
aligned using the program MUSCLE (Edgar, 2004), conserved
regions from each alignment were sampled using GBLOCKS
(Castresana, 2000), and phylogenetic trees were constructed using
PhyML (Guindon and Gascuel, 2003) with a WAG + G + I substitution model (G + I parameters were estimated by PHYML). Further
information on the pipeline used in this analysis can be found at:
http://cogeme.ex.ac.uk/.
2.2. Outgroup choice
Outgroup choice was based on the most closely related
sequenced genome available to the kinetoplastids at the time of
analysis (Hampl et al., 2009), the genome of N. gruberi (Fritz-Laylin
et al., 2010) available from the Joint Genome Institute website
(http://genome.jgi-psf.org). N. gruberi was deemed most suitable
for this set of analyses as it is contained within the super-phylum
of the Discicristata (Cavalier-Smith, 1998) which are comprised of
a set of unicellular protists and are so called as they contain
mitochondria which possess disc-shaped cristae. Genus Naegleria
is within the class Heterolobosea, the sister-group to Euglenozoa,
which contains the Kinetoplastida.
2.3. BLASTp analysis and construction of concatenated data sets

Fig. 1. A representation of a trifurcated tree topology for the kinetoplastids. The
insert depicts three topologies, X, Y and Z, which show the branching order of the
three kinetoplastid genera considered in this paper. Note that topologies Y and Z
indicate paraphyly of the trypanosomes, whereas topology X depicts their
monophyly.

The output of the BLASTp analyses showed the presence of 599
gene markers, putative homologues that were shared between the
genomes of T. brucei (Tb), T. cruzi (Tc), L. major (Lm) and N. gruberi
(Ng). These 599 maximum likelihood (ML) trees were assessed
visually for the presence of kinetoplastid monophyly, which
identiﬁed 75 reliable genes for analysis, which in turn showed
support for three different possible tree topologies. These 75 genes
were split into three data sets; data set X included all genes which
recovered the topology of (Lm, (Tb, Tc)), data set Y included all
genes which recovered the topology of (Tb, (Tc, Lm)) and data set Z
included all genes which recovered the topology of (Tc, (Tb, Lm)).
These topologies followed the three possible branching orders
outlined in Fig. 1. Once the data sets were assembled, the protein
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sequences from each tree were collated and concatenated
together. A further data set was assembled; this comprised a
concatenated alignment containing all of the genes present in data
sets X, Y and Z and contained 36,278 individual sites.
2.4. Phylogenetic analyses
Each of the four concatenated alignments were then subjected
to six different phylogenetic methodologies and alternative
topology tests; two fast-ML topology tests (PhyML (Guindon
and Gascuel, 2003) and RAxML (Stamatakis, 2006)) with both the
LG model (Le and Gascuel, 2008; Le et al., 2008) and the best model
optimised by MODELGENERATOR (Keane et al., 2006) (at the time
of analysis the LG model was new and was not available in
MODELGENERATOR), two approximate likelihood ratio tests (SH
and X2), a log-det approach with LDDist and ﬁnally a Bayesian
analysis in the program MrBayes (Huelsenbeck and Ronquist,
2001).
2.5. Paralogue mirror-tree analysis
Amongst the 75 reliable genes/data sets identiﬁed for analysis,
eight showed the presence of reciprocal rooting of paralogous
genes within the kinetoplastids. These eight universal data sets
were concatenated and subjected to the same methods and
analysis as previously, in order to produce paralogous gene trees
(Brown and Doolittle, 1995) or so called ‘mirror-trees’ (Pazos and
Valencia, 2001), which each produce two distinct clades, where the
root is inferred from the location of the branch connecting the pair
of paralogous gene trees. Analyses were conducted twice, ﬁrstly
with the two Trypanosoma genomes with that of L. major and,
secondly, with the addition of N. gruberi as an outgroup.
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produced monophyly of the kinetoplastids. These 75 were sorted
into three data sets, based upon which topology they presented
(Fig. 1). Of these, 58 of the tree topologies recovered a grouping of T.
brucei with T. cruzi to the exclusion of L. major (Lm, (Tb, Tc)); the
two other possible topologies were recovered less frequently, with
(Tb, (Tc, Lm)) occurring 8 times, and (Tc, (Tb, Lm)) 9 times. These
latter 17 data sets, which did not support monophyly of the
Trypanosoma, may therefore be the product of horizontal gene
transfer, hidden paralogy, or artefacts of phylogenetic reconstruction; alternatively, these topologies may reﬂect the distinct gene
histories of each of these 17 sets.
Data sets X, Y, Z and the full concatenated alignment were
subjected to a range of phylogenetic topology tests and methodologies (RaxML/PhyML + LG/PhyML + G/SH/X2/MrBayes), the results
of which can be viewed in Fig. 2, where colour intensity of each
data set varies depending on the level of support for each topology
under a speciﬁc methodology/model. For example, data set X
(green) has full support in all tests for the topology of (Lm, (Tb, Tc))
and no other topology is supported by this data set. Conversely,
data set Y (blue/grey) shows differential support values across
multiple topologies, with the majority of support being for
topology X. Data set Z recovers near full support for the grouping
of T. brucei and T. cruzi, with an insigniﬁcant posterior probability
value under the RAxML maximum likelihood test for its own
topology (Tc (Tb, Lm)). The complete concatenated data set
(purple) recovered full support across all tests and methods for the
grouping of T. brucei and T. cruzi together, to the exclusion of L.
major (Lm (Tb, Tc)). Bayesian analysis of the full concatenation (of
data sets X, Y and Z) produced complete, unequivocal support for a
((Ng, Lm),(Tb, Tc)) topology, with full unequivocal support for
monophyly of the Trypanosoma in all six additional models
assessed (7 in total, as per Fig. 2).

2.6. Extended phylogenetic analysis with increased taxa and reduced
gene sampling
To account for effects due to artefacts created by long-branch
attraction (LBA) (Felsenstein, 1978; Philippe et al., 2005), three
other closely related species were added to the phylogenetic
analysis. These were Leishmania braziliensis, Trypanosoma vivax and
E. gracilis. For E. gracilis (which is grouped within the Euglenozoa),
data were obtained from expressed sequence tags (ESTs) from the
taxonomically broad EST database (TBestDB) (TbestDB, 2010),
which was then used as a second outgroup species; Crithidia deanei
(Kinetoplastida), Leptomonas seymouri (Kinetoplastida), Diplonema
papilatum (Euglenozoa) and Bodo saltans (Euglenozoa) were also
assessed for their suitability as outgroups.
3. Results
3.1. Identiﬁcation of potential homologues using OrthoMCL
Analysis of 52,411 proteins from the four organisms using
OrthoMCL (Li et al., 2003) to group together potential orthologues
(e-value cut-off of 1e 20; inﬂation value 1.5) produced 8888
clusters and 20,373 singletons. Of these, 599 clusters contained at
least one protein from each species. Of these, 165 clusters had one
protein from each species, the rest contained multi-gene families.
The pipeline was then used to create a phylogenetic tree for each of
the 599 clusters, sampling proteins from 795 taxa from across the
tree of life.
3.2. Multi-gene phylogenetic analysis of kinetoplastids
Of the 599 trees resulting from the automated BLASTp analysis
of the predicted functional proteins of the four organisms, 75

Fig. 2. Schema outlining the support values returned for each topology for the three
data sets (X, Y and Z) and the total concatenated data set (All). Main topologies for
each data set are shown in black, non-predominant topologies are shown in grey.
[Note, concatenated data sets for Y and Z, although derived from individual analyses
that support a Y or Z topology (Fig. 1), once concatenated together (All) strongly
support topology X. Such a ﬁnding suggests the source of error here is probably
phylogenetic artefact and not HGT or hidden paralogy].
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The conﬂicting support present in data set Y (Fig. 2) is a result of
the phylogenetic analyses performed on the eight conﬂicting sets
of gene markers constituting this data set and the associated
concatenated alignment. Consequently, to better understand the
varied phylogenetic signal present in data set Y, separate Bayesian
analyses were performed for each of the eight gene markers,
together with assessment of additional models (RaxML/
PhyML + LG/PhyML + G/SH/X2/Mr Bayes) (Supplementary Data
1). Of the resulting eight trees, three recovered monophyly of
Trypanosoma ((Ng, Lm),(Tb, Tc)), albeit with varying levels of
support depending on the model used, four recovered ((Ng, Tb),(Tc,
Lm)), and one recovered ((Ng, Tc),(Tb, Lm)); support values across
methods and trees especially the ﬁve trees which did not recover a
((Ng, Lm),(Tb, Tc)) topology – were variable and often weak, with
the ((Ng, Tc),(Tb, Lm)) topology in particular receiving uniformly
very weak support with all methods/models. The low support
values for topology ((Ng, Tb),(Tc, Lm)) is particularly surprising
given that they represent the topology of the data set (Y). Thus,
overall, the mixed support for the different topologies in data set Y
is indicative of the conﬂicting signal within this data set.
3.3. Paralogue mirror-tree analysis
Amongst the 75 data sets which produced monophyly of the
kinetoplastids, eight data sets showed the presence of reciprocal
rooting of paralogous genes within the kinetoplastids. Analysis of
paralogous gene trees (Brown and Doolittle, 1995; Pazos and
Valencia, 2001) was conducted twice, ﬁrstly with the three
trypanosomatid genomes (i.e., the two Trypanosoma genomes,
plus that of L. major) and, secondly, with the addition of N. gruberi
as an outgroup. In both cases the same topology was recovered
with full, almost unequivocal support across all tests and methods
for the grouping of T. brucei and T. cruzi together, to the exclusion of
L. major (Fig. 3).
3.4. Phylogenetic analysis with increased taxa and reduced gene
sampling
The 58 gene families identiﬁed that comprised data set X (i.e.,
produced topology X, Fig. 1) were subjected to additional BLASTp
searches against C. deanei, L. seymouri, D. papilatum and B. saltans.
However, the majority of gene families either did not return
sufﬁcient reliable BLASTp hits from the available EST databases, or
the ESTs were simply unavailable; this resulted in a somewhat

Fig. 3. Bayesian analysis (MrBayes) generated from eight reciprocally rooted
paralogous data sets, indicating full support for the monophyletic grouping of T.
brucei and T. cruzi. N. gruberi (grey) was included in the secondary analysis; the
same topologies and almost identical support values were recovered.

Fig. 4. Bayesian analysis (MrBayes) including data from three additional taxa, L.
braziliensis, T. vivax and E. gracilis. Topology support values in the key match
corresponding internal branches of the tree. The green branch deﬁnes monophyly of
Trypanosoma to the exclusion of both the Leishmania species.

reduced data set. Further sequences were recovered from two
other kinetoplastids: T. vivax and L. braziliensis, both from GeneDB
(Hertz-Fowler and Hall, 2004). The genomes of Leishmania
mexicana and Trypanosoma congolense were not included as they
were considered too closely related to L. major and T. brucei.
Despite a reduction in gene family number and sites available
for phylogenetic reconstruction, the additional analysis, which
included three other closely related species, L. braziliensis, T. vivax
and E. gracilis, demonstrated strong support for monophyly of
genus Trypanosoma (Fig. 4).
4. Discussion
This paper attempts to resolve the contentious nature of the
monophyly (Stevens et al., 1999, 2001; Hamilton et al., 2004;
Simpson et al., 2006) or paraphyly (Hughes and Piontkivska, 2003;
Piontkivska and Hughes, 2005) hypotheses for the phylogeny of
genus Trypanosoma. We have used a range of robust phylogenetic
techniques adapted for analysis of few taxa, but utilising a ‘whole
genome’-based approach. The analyses used multi-gene
concatenated alignments and selected the most appropriate
outgroup taxa available at the time. This strategy demonstrated
near-total support for the monophyly of T. brucei and T. cruzi, and
has resolved the branching order of key kinetoplastid taxa.
Additionally, this work outlines a new strategy for resolving
phylogenies of whole genome data sets with low taxon sampling
(3–4 genomes).
Of course, conclusions reached using a low-taxon approach are
inevitably limited and are, to a large extent, dependent on the
idiosyncrasies of the taxa included. Thus, while this study sheds
light on the nature of trypanosome monophyly, a more taxon rich
data set will be required to fully elucidate the evolutionary history
of the kinetoplastids. Additionally, we are aware of the potential
confounding effects of long-branch attraction that use of N. gruberi
as an outgroup may have given rise to; certainly, in subsequent
studies, a more closely related outgroup should help to alleviate
this problem, while also allowing a potentially greater number of
potential clusters to be evaluated by OrthoMCL analysis.
Nevertheless, rejection of monophyly for genus Trypanosoma in
the current data set appears to be very weak; indeed, of the initial
599 gene families only 17 (Fig. 2, data sets Y and Z) appeared to
suggest alternative topologies. Moreover, further analysis of the
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genes in data set Z returned a phylogeny supporting monophyly of
the trypanosomes, along with four of the eight genes in data set Y
(Fig. 2; Supplementary Data 1). This suggested that only ﬁve genes
(from data set Y), or <1% of the original 599 gene markers shared
between the genomes of T. brucei, T. cruzi, L. major and N. gruberi,
reject the hypothesis that the trypanosomes form a monophyletic
group. Thus, our ﬁndings provide strong support for the
monophyly of genus Trypanosoma.
Additionally, the approach outlined here, i.e., the use of an
automated tree topology building/assessment pipeline (Richards
et al., 2009) and reciprocally rooted paralogous gene trees (mirrortrees), has been completed for all gene families within an entire
genome and is proposed as a new systematic method for
investigating phylogenetic conﬂicts. Speciﬁcally, these methods
can be adapted for addressing phylogenetic conﬂict hypotheses
amongst trifurcated branching relationships, where taxon sampling is limited to a few whole genomes and where selection of
distantly related taxa as an outgroup is the only viable option.
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