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Abstract

The molecular phylogeny of parabasalids has mainly been inferred from small subunit (SSU) rRNA sequences and has conflicted
substantially with systematics based on morphological and ultrastructural characters. This raises the important question, how
congruent are protein and SSU rRNA trees? New sequences from seven diverse parabasalids (six trichomonads and one hyper-
mastigid) were added to data sets of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), enolase, a-tubulin and B-tubulin and
used to construct phylogenetic trees. The GAPDH tree was well resolved and identical in topology to the SSU rRNA tree. This both
validates the rRNA tree and suggests that GAPDH should be a valuable tool in further phylogenetic studies of parabasalids. In
particular, the GAPDH tree confirmed the polyphyly of Monocercomonadidae and Trichomonadidae and the basal position of
Trichonympha agilis among parabasalids. Moreover, GAPDH strengthened the hypothesis of secondary loss of cytoskeletal
structures in Monocercomonadidae such as Monocercomonas and Hypotrichomonas. In contrast to GAPDH, the enolase and both
tubulin trees are poorly resolved and rather uninformative about parabasalian phylogeny, although two of these trees also identify
T. agilis as representing the basal-most lineage of parabasalids. Although all four protein genes show multiple gene duplications (for
3-6 of the seven taxa examined), most duplications appear to be relatively recent (i.e., species-specific) and not a problem for
phylogeny reconstruction. Only for enolase are there more ancient duplications that may confound phylogenetic interpretation.
© 2003 Elsevier Inc. All rights reserved.

Keywords: Evolution; Hypermastigid; Molecular phylogeny; Parabasalia; Protein coding gene; Small subunit rRNA gene sequence; Trichomonad;
Taxonomy

1. Introduction hydrogenosomes, a characteristic mastigont including a
well-developed flagellar apparatus, and one or more
The Parabasalia, or commonly parabasalids, are parabasal apparatus consisting of a parabasal body

anaerobic flagellated protists typified by the presence of (Golgi complex) and a parabasal filament (Brugerolle,
1976; Honigberg, 1963; Honigberg and Brugerolle,
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to the structure and development of the cytoskeleton,
which can range from rudimentary to very complex.
More than 80 genera and 400 parabasalid species were
identified as early as the 1970s (Yamin, 1979). These
were separated into two classes (Cavalier-Smith, 2002):
the Trichomonadea (or commonly trichomonads) and
the Hypermastigea (or hypermastigids). The Tricho-
monadea have been subdivided into four main families:
Monocercomonadidae, Trichomonadidae, Devescovini-
dae, and Calonymphidae (Brugerolle, 1976; Honigberg,
1963). The Monocercomonadidae, which includes spe-
cies exhibiting a rudimentary cytoskeleton, have been
thought to occupy a basal position in the parabasalid
tree. The other trichomonad families, with their more
complex cytoskeleton, were thought to be derived from
monocercomonad ancestors. Finally, the hypermastig-
ids, which are characterized by hyperdevelopment of the
cytoskeleton and multiplication of flagella, were posi-
tioned at the apex of the parabasalid tree, evolving from
the simpler types. Thus, the presumed evolution of the
parabasalids reflected the traditional view regarding
polarization of cytoskeletal development from simple to
complex.

In recent years, phylogenetic studies of parabasalids
have begun to use molecular sequence data, primarily
small subunit (SSU) rRNA gene sequences (for review
see Gerbod et al., 2002; Keeling, 2002; Keeling et al.,
1998; Viscogliosi et al., 1999). The rRNA analyses have
provided new insights into the evolution of this protist
group and have often conflicted with phylogenetic
hypotheses based on morphology (Brugerolle, 1976;
Honigberg, 1963). A pair of logically related major
conflicts involves the Monocercomonadidae and certain
hypermastigids. Whereas morphology suggests that the
Monocercomonadidae is monophyletic and basal
among parabasalids, rRNA suggests that members of
the group arose at least three times separately from or-
ganisms with a complex cytoskeleton. If rRNA trees are
correct on this issue, then the Monocercomonadidae
have lost cytoskeletal structures during evolution and
their apparent simplicity is misleading both as a primi-
tive character and as a significant taxonomic criterion.
Conversely, certain morphologically complex and pu-
tatively phylogenetically derived hypermastigids such as
Trichonympha represent the ecarliest lineage of paraba-
salids in TRNA trees (Dacks and Redfield, 1998; Del-
gado-Viscogliosi et al., 2000; Gunderson et al., 1995;
Keeling et al., 1998; Silberman et al., 1996), thus also
conflicting with the simple-to-complex polarisation of
morphological evolution proposed in traditional sys-
tematics of parabasalids.

Comparative phylogenetic studies have demon-
strated that single gene phylogenies based on either
RNA or protein can, depending on the group in
question, be very misleading. It is therefore critical to
compare and assess the parabasalid SSU rRNA tree

with those of multiple protein genes. Certain proteins
have already been used as phylogenetic markers for
parabasalids, albeit with limited taxonomic sampling.
Iron-containing superoxide dismutase (FeSOD), glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH), and
class II fumarase have all been used to infer relation-
ships within a restricted sampling of trichomonad
species (Gerbod et al., 2001a; Viscogliosi and Miiller,
1998; Viscogliosi et al., 1996), but no gene other than
SSU rRNA has been sampled from a wide variety of
parabasalids. This is especially true with respect to
hypermastigids, which are found exclusively in the guts
of insects, making them difficult to include in molec-
ular studies. However, it is now feasible to obtain
hypermastigid rRNA sequences from the whole-gut
content of termites by polymerase chain reaction
(PCR) approaches and to then assign the sequences to
the corresponding species by whole-cell in situ hy-
bridization using sequence-specific probes (Gerbod
et al., 2002; Moriya et al., 2001; Ohkuma et al., 1998,
2000).

In this work, we have extended previous studies in
which GAPDH (Markos et al., 1993; Viscogliosi and
Miiller, 1998), enolase (Keeling and Palmer, 2000),
a-tubulin (Keeling and Doolittle, 1996a; Moriya et al.,
2001; Noél et al., 2001), and B-tubulin (Katiyar and
Edlind, 1994) gene sequences were obtained from a few
parabasalids, with different sampling for each gene. We
have now sequenced these genes from each of seven
diverse parabasalids representing all four major clades
as defined by SSU rRNA (Gerbod et al., 2002). For the
first time in parabasalids, this allows phylogenetic trees
with the same species sampling to be inferred from
several molecular markers, as well as comparison of
protein- and rRNA-based trees.

2. Materials and methods

2.1. Origin, cultivation and DNA extraction of trichomo-
nads

The origins of strains were as follows: Trichomonas
vaginalis strain NIH-C1 (ATCC 30001) from Homo sa-
piens; Tetratrichomonas gallinarum strain A6 from Anas
platyrhinchos; Tritrichomonas foetus strain KV1 (ATCC
30924) from Bos primigenus; Monocercomonas sp. strain
NS-1PRR (ATCC 50210) from Natrix sipedon; Tri-
chomitus batrachorum strain G11 (ATCC 30066) from
Elaphe obsoleta; Hypotrichomonas acosta strain 3L3
(ATCC 30069) from Drymarchon corais couper. All
isolates used were grown axenically at 37 or 27°C in
trypticase—yeast extract-maltose (TYM) medium (Dia-
mond, 1957) without agar supplemented with 10% (v/v)
heat-inactivated horse serum (Gibco-BRL), 100 U/ml
of penicillin G, and 50 pg/ml of streptomycin sulfate.
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Genomic DNA was isolated as described (Riley and
Krieger, 1992).

2.2. Protein gene sequences of trichomonads

A GAPDH gene from H. acosta was amplified by
PCR from genomic DNA using degenerate primers and
conditions described previously (Viscogliosi and Miiller,
1998). Other GAPDH sequences used in this study have
been previously obtained by Markos et al. (1993) and
Viscogliosi and Miiller (1998). Database accession
numbers of these sequences are: 7. vaginalis gapl and
gap2, L11394 and AF022414, respectively; T. gallinarum
gap, AF022419; T. foetus gapl and gap2, AF022415 and
AF022416, respectively; Monocercomonas sp. gap,
AF022420; T. batrachorum gapl and gap2, AF022417
and AF022418, respectively.

Enolase genes from H. acosta, T. foetus, and T. gal-
linarum were amplified by PCR using primers and con-
ditions described previously (Keeling and Palmer, 2000).
Other enolase sequences were reported previously
(Keeling and Palmer, 2000). Database accession num-
bers of these sequences are: Monocercomonas sp. enol
and eno2, AF159523 and AF159522, respectively; T.
vaginalis enol to eno5, AF159524-AF159528; T. batra-
chorum enol and eno2, AF159521 and AF159520,
respectively.

a-Tubulin-coding genes from 7. gallinarum, H. acosta,
and T. foetus were amplified by PCR using primers and
conditions described previously (Keeling and Doolittle,
1996b). Other a-tubulin sequences from trichomonads
were reported previously (Keeling and Doolittle, 1996b;
Noél et al., 2001). Database accession numbers of these
sequences are: Monocercomonas sp. alphal and alpha?,
U66902 and U66903, respectively; T. batrachorum alpha,
U66904; T. vaginalis alphal and alpha2, AF327847 and
AF327848, respectively.

B-Tubulin-coding regions from T. foetus, T. batra-
chorum, Monocercomonas sp., H. acosta, and T. gallina-
rum were amplified using the primers GCCTGCAGGN
CARTGYGGNAAYCA and GTCCATGCCYTCRTT
NACYTACCAYTG. Amplifications consisted of 35 cy-
cles of 1 min at 94 °C, 2min at 50 °C and 3 min at 72 °C.
The B-tubulin sequence from 7. vaginalis was reported
previously (Katiyar and Edlind, 1994), and is under the
Accession No. L05468.

PCR products were separated by agarose electro-
phoresis, purified, and cloned in the T-vector, pCR
2.1-TOPO (Invitrogen). Clones containing inserts of
approximately the expected size were picked and
sequenced. From each species, several clones were se-
quenced on both strands by primer walking using ABI
dye-terminator chemistry. Trichomonad sequences ob-
tained in this study have been deposited in GenBank
under the Accession Nos. AY272770-AY272775 and
AY272777-AY272791.

2.3. Construction of a cDNA library from symbionts of
Reticulitermes speratus and assignment of protein se-
quences from Trichonympha agilis

The lower termite Reticulitermes speratus (order
Isoptera, family Rhinotermitidae) was collected in the
vicinity of Ogose, Saitama prefecture, Japan, and
maintained on a sterile artificial diet (cellulose pow-
der:pine wood chips:water = 1:1:3) in 6-cm plastic dishes
at room temperature for 1 to 2 weeks. Briefly, a cDNA
library was constructed by the biotinylated CAP trapper
method (Carninci and Hayashizaki, 1999) from the
mixed protist population found in the gut of R. speratus.
The sequencing project of this cDNA library is com-
pleted, and the analysis of these data is now in progress
(Moriya et al., in preparation).

Full length sequences coding for GAPDH, enolase,
and B-tubulin were obtained from this library. Using
BLASTP, we identified some of these clones that shared
significant similarity with those of parabasalids reported
so far. To confirm the origin of these GAPDH and enolase
sequences, in situ hybridization was performed on R
speratus gut biota. The hindgut content was fixed and
incubated as previously described (Moriya et al., 1998)
with some minor modifications. For fluorescence in situ
hybridization (FISH) and enzymatic amplified immuno-
hybridization studies, we used two different oligonucleo-
tides 5'-labeled with FITC. Probe A (5-AACCTTCTCT
GAAAGGTTTTG-3) is complementary to a region of
the specific GAPDH sequence of clone 2038A-85,
whereas probe B (5-GACAATATTTAACATCATCA
A-3’) is complementary to a region of the specific enolase
sequence of clone 2030A-07. The SSU rRNA probe (5'-
GGRCATCACRGACCTGTTAT-3) used as a positive
control hybridizes to most eukaryotes (Amann et al.,
1995) and recognizes sequences within helix E-38 ac-
cording to the Saccharomyces cerevisiae SSU rRNA sec-
ondary structure (Neefs et al., 1993). The hybridization
solution (100 pmol/ml of FITC-labeled probe oligonu-
cleotide) was applied onto the specimen, sealed in a cover
well chamber, and incubated at 37 °C for 6 h. The speci-
men was immunologically stained with alkaline phos-
phatase-conjugated anti-FITC antibodies (1/250 dilution:
Boehringer—-Mannheim) for 1h at 37°C. Signals were
detected using the NBT/BCIP system (Boehringer—
Mannheim). For signal detection, the specimen was wa-
shed with water and mounted in 50% glycerol with 0.5%
triethylenediamine and observed by light microscopy.

The origin of two closely related B-tubulin sequences
obtained from the cDNA library made from symbio-
nts of R speratus was confirmed by PCR. Sense
(Betub-para-200F: 5-AAAGTGCAGATGAAGTTTT
C-3') and antisense (Betub-para-410R: 5-CTTCAT
CAAAT TCAACTGTT-3') primers were designed from
the sequences of both cDNA clones. The hypermastigids
T. agilis and Teranympha mirabilis and the oxymonads
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Pyrsonympha grandis and Dinenympha exilis were col-
lected by micropipetting as already described (Gerbod
et al., 2000) from the hindgut of R. speratus. cDNAs
were prepared from each sample of micro-manipulated
cells according to Moriya et al. (2001). PCR was done
using each of these cDNA samples as template. Ampli-
fications consisted of 30 cycles of 20s at 94°C, 30s at
55°C, and 1 min at 72°C. The resultant PCR products
were cloned into a pCR 2.1-TOPO vector and se-
quenced. Full length GAPDH, enolase, and B-tubulin
sequences from 7. agilis obtained in this study have been
deposited in GenBank wunder Accession Nos.
AB107786-AB107789. o-Tubulin sequences were al-
ready available for 7. agilis under Accession Nos.
AF230347 and AF230348.

2.4. Phylogenetic analyses

Amino acid sequences from parabasalids and other
organisms were aligned with the use of the BioEdit
v5.0.9 package (http://www.mbio.ncsu.edu:BioEdit/bio-
edit.html). Alignment was facilitated by the fact that,
like all previously characterized genes from parabasa-
lids, none of these genes appear to contain any introns.
Unambiguously alignable sites were chosen for phylo-
genetic inference (296, 306, 377, and 372 sites from
GAPDH, enolase, o-tubulin, and B-tubulin, respec-
tively). Full-length alignments and sites used in analyses
are available upon request to the corresponding author.
Distance matrices were calculated with TREE-PUZZLE
5.0 (Strimmer and Von Haeseler, 1996) using the WAG
substitution matrix and site-to-site rate variation mod-
elled on a gamma distribution with invariable sites and
eight rate categories, and the shape parameter o was
estimated from the data. Distance trees were constructed
using weighted neighbour-joining using WEIGHBOR
(Bruno et al., 2000). Bootstrap resampling (100 repli-
cates) was carried out using the shell script PUZZLE-
BOOT (by Holder and Roger: http://www.tree-puzzle.
de). A protein maximum likelihood analysis was also
conducted using ProML (Felsenstein, 1993). Site-to-site
variation was corrected using the R option by entering
the nine categories estimated by TREE-PUZZLE and
their respective frequencies (eight rates plus invariable
sites). Protein maximum-likelihood bootstrapping (100
replicates) was performed as above, with the rates and
rate categories from the original dataset enforced on
each replicate. Phylogenetic analyses were also carried
out using MrBAYES 2.01 (Huelsenbeck and Ronquist,
2001). Bayesian analyses were performed using the JTT
amino acid replacement model (Jones et al., 1992). In all
Bayesian analyses, starting trees were random, four si-
multaneous Markov chains were run for 500,000 gen-
erations, burn-in values were set at 30,000 generations
(based on empirical values of stabilizing likehoods), and
trees were sampled every 100 generations. Bayesian

posterior probabilities were calculated using a Markov
chain Monte Carlo (MCMC) sampling approach
(Green, 1995) implemented in MrBAYES 2.01. All
analyses were carried out both including and excluding
outgroups to determine if this was substantially affecting
relationships within the Parabasalia.

3. Results and discussion
3.1. Taxon sampling based on rRNA phylogeny

The most recent large-scale phylogenetic analysis of
parabasalids included all known SSU rRNA gene se-
quences from more than 40 parabasalid taxa (Gerbod
et al., 2002). This analysis showed that all trichomonad
families and both classes of parabasalids (trichomonads
and hypermastigids) formed polyphyletic groups, sug-
gesting that a revision of the traditional systematic
scheme is necessary. Maximum likelihood analysis of
SSU rRNA identified four main clades (Fig. 1) that were
consistent with those described in previous phylogenetic
analyses (Delgado-Viscogliosi et al., 2000; Gerbod et al.,
2000, 2001b; Keeling et al., 1998; Keeling, 2002). Clade
1 arises basally and corresponds to the hypermastigid
suborder Trichonymphina, represented in this study by
T. agilis. Next-basal is clade 2, consisting of certain
Trichomonadidae (here represented by 7. batrachorum)
and certain Monocercomonadidae (H. acosta). Most
parabasalids belong to clades 3 and 4. Clade 3 is a very
heterogeneous group composed of certain Trichomo-
nadidae (represented by 7. foetus), certain Monocer-

Free-living Monocercomonadidae
Trichomonadidae

(Trichomonas vaginalis)

(Tetratrichomonas gallinarum)

Monocercomonadidae
(Monocercomonas sp.)
Trichomonadidae
(Tritrichomonas foefus)
Devescovinidae
Calonymphidae
Hypermastigids

Clade 4

Clade 3

Trichomonadidae
(Trichomitus batrachorum)
Monocercomonadidae
(Hypotrichomonas acosta)
Hypermastigids
Trichonymphidae
(Trichonympha agilis)

Eucomonymphidae

Clade 2

Clade 1

Outgroup

Fig. 1. Overview of phylogenetic relationships among parabasalids
based on SSU rRNA analyses (Gerbod et al., 2002). The parabasalid
species examined in this study are in boldface and in brackets. Note
that this species sampling represents the four main clades identified
from SSU rRNA based-trees.
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Fig. 2. Verification of the origin of two clones obtained from the cDNA library made from symbionts of R. speratus. In situ hybridization was
performed using probe A specific for the GAPDH sequence of the cDNA clone 2038A-85 (A) and probe B specific for the enolase sequence of the
cDNA clone 2030A-07 (B). Shown are phase-contrast micrographs of termite intestinal symbiotic protists stained with alkaline phosphatase-con-

jugated anti-FITC antibodies. Note that both probes hybridized only with 7. agilis cells. Scale bars =100 um.

comonadidae (Monocercomonas sp.), all examined
Devescovinidae and Calonymphidae, and certain hy-
permastigids. Clade 4 comprises all free-living Monoc-
ercomonadidae and nearly all species belonging to one
of two main Trichomonadidae subfamilies (Trichomo-
nadinae; represented by T. vaginalis and T. gallinarum).
The taxa chosen for this study represent the phyloge-
netic diversity of parabasalids according to rRNA
phylogeny about as well as is possible with seven taxa,
i.e., all four major rRNA-based clades are represented,
three of them by two taxa each.

3.2. Assignment of protein genes from T. agilis

The termite Reticulitermes speratus harbors in its
hindgut at least 13 flagellates (Koidzumi, 1921; Yamin,
1979): nine oxymonad species belonging to the genera
Dinenympha and Pyrsonympha and four species of hy-
permastigids (Holomastigotes elongatum, Spironympha
porteri, T. mirabilis, and T. agilis). All of these micro-
organisms were found in our cell suspensions (data not
shown). In particular, the hypermastigid 7. agilis was
found to be a relatively dominant member of the mi-
crofauna in the hindgut of R speratus and is easily
recognizable on the basis of its large size and morpho-
logical features (Grassé, 1952; Hollande and Carruette
Valentin, 1971; Kirby, 1932, 1944; Koidzumi, 1921). T.
agilis is approximately 150-200 um long and 150-
180 um in width at its widest point and exhibits a typical
“pear-shaped” cell morphology (Figs. 2A and B). The

body of this hypermastigid is subdivided into three re-
gions: the rostrum at the anterior part of the cell; the
flagella-bearing region of the body behind the rostrum;
and the non-flagellated posterior region. The flagella are
exceedingly numerous, estimated at several hundreds.

A full length cDNA library was constructed from the
mixed protist population found in the gut of R. speratus.
The deduced GAPDH, enolase, and B-tubulin amino
acid sequences of certain clones obtained from this li-
brary were highly similar in sequence to those described
in other parabasalids. Since four species of hyperm-
astigids can be found in the hindgut of this termite, we
applied a whole-cell FISH technique using sequence-
specific probes in order to confirm the source of these
unassigned cDNA sequences. The positive control for
FISH experiments was a Texas-Red labelled probe
complementary to all eukaryotic SSU rDNA sequences.
Hybridization with this probe resulted in a fluorescence
signal for each flagellate (data not shown). The FITC-
labeled GAPDH- (Fig. 2A) and enolase-specific
(Fig. 2B) probes hybridized strongly and specifically to
only those cells with the size and morphology of T. agilis
(Fig. 2A). These results indicate that the GAPDH and
enolase sequences obtained from the R. speratus sym-
biont library were in all probability derived from T.
agilis and not from other hypermastigid cells.

The assignment of two closely related B-tubulin se-
quences obtained from this cDNA library was not
convincing by FISH experiments. Therefore, cDNA was
prepared from micro-manipulated cells of 7. agilis and

»-

»

Fig. 3. Maximum-likelihood trees based on GAPDH (A), enolase (B), B-tubulin (C), and a-tubulin (D). Choices of outgroups were according to
previous phylogenetic analyses (Edlind et al., 1996; Keeling and Doolittle, 1996b; Keeling and Palmer, 2000; Keeling et al., 2000; Moriya et al., 2001;
Viscogliosi and Miiller, 1998). The systematic assignment of each parabasalid taxon is indicated as established from morphological data: M, Mo-
nocercomonadidae; T, Trichomonadidae; H, Hypermastigid. Clades identified from SSU rRNA trees (1-4) and recovered in protein based-trees are
boxed. Numbers near the individual nodes indicate bootstrap values and Bayesian posterior probabilities given as percentages by the three different
tree reconstruction methods (maximum likelihood/distance/MrBAYES). Asterisks designate nodes with values below 50%. The scale bars indicate 0.1
substitutions (corrected) per site.



D. Gerbod et al. | Molecular Phylogenetics and Evolution 31 (2004) 572-580

100/100/100

92/100/100
98/100/100

- Trichomonas vaginalis 1 (T)

Trichomonas vaginalis 2 (T) 4

77/68/99

Tetr

atrich gallinarum (T)

96/57/100

Tritrichomonas foetus 1 (T)

80/58/99

Monocercomonas sp. (M)

Tritrich foetus 2 (T) 3

Trichomitus batrachorum 2 (T)

Trichomitus batrachorum 1 (T)

Hypotrich 1as acosta (M)

—I Trichonympha agilis (H) | 1

Escherichia coli

Rhodobacter sphaeroides

0.1

64/75/99

100/100/100

2

Hypotrichomonas acosta 2

| Trichomitus batrachorum 2

Monocercomonas sp. 2
Monocercomonas sp. 1
Tritrichomonas foetus
Tetratrichomonas gallinarum

Hypotrichc ta1 2

Trichomitus batrachorum 1

Trichomonas vaginalis 3
76/100/10

67/94/99]1 Trichomonas vaginalis 1

0
Trichomonas vaginalis 4

97/100/1 ooLI
77/100/96

Trichomonas vaginalis 2

Trichomonas vaginalis 5

Escherichia coli

Moth

Trichonympha agilis | 1

a

J

69/92/74} Tritrichomonas foetus 1

Trichonympha agilis 2
100/100/100
Trichonympha agilis 1

batrach

Hypotrichc acosta 1

53/72/*
100/100/100

Hypotrichomonas acosta 3
81/99/55
Hypotrichomonas acosta 2
Trichomonas vaginalis
Tetratrichomonas gallinarum 1

Tetratrichomonas gallinarum 3

93/100/73 rTetratrichomonas gallinarum 2

inflata

Giardia i inali

0.1

e

Wi 57/87/*
Monocercomonas sp. 1

]

93/99/100

100/100/100

Tritrich foetus 1

98/96/100
Wil I Tritrichomonas foetus 2

Trichomitus batrachorum

Monocercomonas sp. 2

e Hypotrichomonas acosta

Trich

69/68/92

Tetratrichomonas gallinarum

l— Trichomonas vaginalis 2

omonas vaginalis 1 4

100/100/100(

| Trichonympha agilis 2

Homo

|

[

Trichonympha agilis 1

Jo

Giardia intestinalis

0.1

577



578 D. Gerbod et al. | Molecular Phylogenetics and Evolution 31 (2004) 572-580

also from the hypermastigid 7. mirabilis and the oxy-
monads D. exilis and P. grandis and used for PCR ex-
periments. Using specific primers designed from the
sequences of both B-tubulin cDNA clones, we succeeded
in amplifying a 620bp fragment from cDNAs of
Trichonympha and Teranympha (data not shown),
whereas no product was obtained from both oxymonad
cDNAs. Several independent clones were completely
sequenced from both PCR products. The two B-tubulin
sequences obtained from the R. speratus mixed library
were much more similar to those from micro-manipu-
lated Trichonympha cells than to those from Teranym-
pha cells. This strongly suggests that 7. agilis was
the source of both B-tubulin clones derived from the
R. speratus library.

3.3. Phylogenies of parabasalids inferred from protein
sequences

As stated above, SSU rRNA-based trees have deeply
modified the classic/intuitive systematic of parabasalids.
However, congruence between independent data sets is
the strongest argument in favor of a given topology, so
the SSU rRNA tree of Parabasalia needs to be com-
pared with phylogenies based on other molecules. To
this end, we sought to examine the relationships among
parabasalids using four protein coding genes: GAPDH,
enolase, a-tubulin, and B-tubulin.

The maximum likelihood tree of parabasalid
GAPDH sequences (Fig. 3A) is identical in topology for
the relevant taxa to rRNA trees (Fig. 1, Gerbod et al.,
2002), with all but one of the GAPDH branches re-
ceiving moderate to high support. In contrast, the eno-
lase tree (Fig. 3B) and both the a- and B-tubulin trees
(Figs. 3C and D) are poorly resolved, with very few well-
supported groups of taxa (as opposed to a number of
well-supported groups of duplicated genes all belonging
to the same species; see below). It is important to em-
phasize that the enolase and tubulin trees are not
strongly inconsistent with the well-supported (and
identical) GAPDH and rRNA trees; the issue is simply
one of lack of resolution. In analyses where outgroups
were excluded, no significant deviation from these to-
pologies was noted.

The one relationship from the GAPDH and rRNA
trees that is also recovered with at least two of the other
three proteins is the placement of the hypermastigid
Trichonympha as the earliest-diverging parabasalid (this
receives moderate support with GAPDH and enolase,
and weak support with o-tubulin). This emerging
molecular consensus that hypermastigids with a hyper-
developed cytoskeleton, classically considered to be a
late-evolving lineage, instead arose early, possibly ba-
sally, in parabasalid evolution suggests that the tradi-
tional, simple-to-complex evolutionary polarization of
characters in comparative morphological analyses

should be reconsidered. However, as suggested by
Brugerolle and Patterson (2001), the hypermastigids
might have been preceded by less complex parabasalid
ancestors, whose other descendants have either become
extinct or not yet been identified. In any event, this
major upheaval of parabasalid phylogeny emphasizes
the need for caution when attempting to polarise trends
such as morphological “complexity.”

Three relationships seen with GADPH and rRNA are
also recovered with one of the other three proteins.
These are the clustering of (1) Hypotrichomonas and
Trichomitus (enolase, Fig. 3B), (2) Monocercomonas and
Tritrichomonas (B-tubulin, Fig. 3C), and (3) Tricho-
monas and Tetratrichomonas (a-tubulin, Fig. 3D).

The GAPDH tree (Fig. 3A) confirms the rRNA-
based hypothesis of polyphyly (Fig. 1, Gerbod et al.,
2002) of two trichomonad families, the Monocercomo-
nadidae (here represented by Monocercomonas and
Hypotrichomonas) and the Trichomonadidae (7richo-
monas, Tetratrichomonas, Tritrichomonas, and Tri-
chomitus). Moreover, the positions of Monocercomonas
and Hypotrichomonas strengthen the hypothesis that the
relative morphological simplicity of these Monocer-
comonadidae might have arisen through the loss of cy-
toskeletal structures, and that they are descended from
more complex forms.

Multiple sets of gene duplicates were recovered for all
four proteins (Fig. 3). At least three (Fig. 3A) and as many
as six (Fig. 3C) of the seven parabasalids examined were
found to contain either two copies of a given gene (in a
total of 14 cases), three copies (two cases), or even five
copies (one case). As previously seen for FeSOD (Visco-
gliosiet al., 1996), in almost all cases the duplicates from a
particular species are closely related and group as sister
sequences in the gene trees (or, if not, are part of a poorly
resolved cluster of sequences in a manner not significantly
inconsistent with a sister-sequence relationship). In other
words, in most cases the duplications are recent and
therefore do not confound phylogeny reconstruction.
Only with enolase (Fig. 3B) is there evidence of deeper
duplications that might cause problems with the resulting
gene tree. Enolase was clearly duplicated in a common
ancestor of the sister-taxa (Figs. 1 and 3A) Hypotricho-
monas and Trichomitus, but what is unclear is whether this
duplication predates their common ancestry with any of
the other examined parabasalids. The positions of the two
enolase genes from Monocercomonas is part of this un-
certainly, as they group apart in a manner consistent with
the possibility of enolase duplication at or near of the base
of parabasalids.

Despite this (these) problematic duplication(s) of the
enolase gene, much of the problem with the enolase tree
(Fig. 3B) is probably unrelated to gene duplication and
instead the result of a fundamental lack of phylogenetic
resolution in the data set (note the relatively low boot-
strap values on a number of nodes), resulting from some
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combination of homoplasy and just too few informative
characters. In the case of both tubulins, the major cause
of poor resolution is probably their low rates of evolu-
tion within Parabasalia (as in most eukaryotes) and a
corresponding paucity of informative characters. Ex-
cluding the unusually divergent B-tubulin of Hypotri-
chomonas acosta 1, there is only a maximum of 6 and 7%
divergence among parabasalid B- and o-tubulins, re-
spectively.

In summary, phylogenetic trees of parabasalids based
on GADPH and SSU rRNA sequences are well-sup-
ported and entirely congruent with each other. For
enolase and both a- and B-tubulins, however, paraba-
salid trees are relatively poorly resolved. Nonetheless,
these trees do recover some of the same groupings that
are present in the GAPDH and rRNA trees, and in no
case is there strongly supported conflict among any of
the five gene trees. Numerous gene duplications are ev-
ident in all four protein trees. Most duplications are very
recent and only certain of those for enolase appear to
hamper phylogeny reconstruction. Overall, our data
suggest that GAPDH should be a valuable complement
to SSU rRNA to elucidate phylogenetic relationships
among parabasalids and that other molecules should be
assessed in order to find other good phylogenetic
markers for the group.
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