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Abstract

a-Tubulin is one of the most widely used markers for estimating deep-level phylogenetic relationships amongst eukaryotes. We
sequenced 6–7 nuclear protein-coding genes, including a-tubulin, from the two described species of the enigmatic jakobid(-like) excavate
protist Andalucia. Concatenated protein phylogenies place Andalucia in a clade with other jakobids, Euglenozoa and Heterolobosea.
Individual gene trees, except that of a-tubulin, do not conflict strongly with this position. In a-tubulin trees, Andalucia instead falls
in a strongly supported clade with diplomonads, parabasalids and opisthokonts (including animals and fungi), and branches with dip-
lomonads. This clade is robust to changes in taxon sampling, and is unlikely to represent long-branch attraction, compositional heter-
ogeneity artefact, or segmental gene conversion. Phylogenies estimated without a-tubulin strongly support the original position for
Andalucia, and also reinforce recent studies in placing diplomonads and parabasalids with Preaxostyla, not opisthokonts. a-Tubulin
seems to have experienced two or more eukaryote-to-eukaryote lateral gene transfer (LGT) events, one perhaps from an ancestral opis-
thokont to an ancestor of diplomonads and parabasalids, or vice versa, and one probably from the diplomonad lineage to Andalucia.
Like EF-1a/EFL, a-tubulin has a complex history that needs to be taken into account when using this marker for deep-level phylogenetic
inference.
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1. Introduction

Phylogenetic inference from nucleus-encoded proteins
serves an important role in improving our understanding
of the eukaryotic portion of the tree of life, alongside esti-
mates based on nuclear ribosomal RNA sequences and
organellar genes. Nucleus-encoded protein phylogenies
have been crucial in identifying and/or strongly confirming
many high-level groupings amongst eukaryotes that are
now widely, if not universally accepted (see Adl et al.,

2005; Baldauf, 2003; Keeling et al., 2005; Parfrey et al.,
2006; Simpson and Roger, 2004). These include: opi-
sthokonts, the super-group that contains animals and fungi
(Baldauf and Palmer, 1993), stramenopiles and alveolates
(Harper et al., 2005; Simpson et al., 2006), Microsporidia
with or within Fungi (Edlind et al., 1996; Keeling and Doo-
little, 1996; Li et al., 1996), Euglenozoa and Heterolobosea
(Baldauf et al., 2000), Rhizaria, or at least a Foraminifera–
Cercozoa relationship (Keeling, 2001), Amoebozoa (Bal-
dauf et al., 2000; Bapteste et al., 2002) and Amoebozoa
with opisthokonts (Baldauf et al., 2000). Recently, phylog-
enies of datasets largely or entirely composed of nucleus-
encoded proteins have been used to argue strongly that
jakobids are related to Euglenozoa and Heterolobosea
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(Rodrı́guez-Ezpeleta et al., 2007; Simpson et al., 2006), that
metamonads sensu Cavalier-Smith (2003) are a clade
(Hampl et al., 2005), and that Rhizaria is related to stra-
menopiles and alveolates (Burki et al., 2007; Hackett
et al., 2007; Rodrı́guez-Ezpeleta et al., 2007).

Studies based largely or entirely on nucleus-encoded
proteins differ widely in the quality and quantity of data.
At one extreme, many studies employ a few (typically 1–
10) proteins, usually chosen deliberately because they are
slowly evolving, essential and well-sampled (recent exam-
ples: Hampl et al., 2005; Harper et al., 2005; Kim et al.,
2006; Shalchian-Tabrizi et al., 2006; Simpson et al., 2006;
Steenkamp et al., 2006). The proteins most commonly
examined include actin, a-tubulin, b-tubulin, elongation
factor 1a (EF-1a), elongation factor 2 (EF-2), cytosolic
heat shock protein 70 (HSP70), cytosolic heat shock pro-
tein 90 (HSP90), and the largest subunit of RNA polymer-
ase II. At the other extreme, phylogenomic approaches
include sequences for tens or hundreds of proteins,
obtained primarily from genome sequencing and EST pro-
jects (Bapteste et al., 2002; Burki and Pawlowski, 2006;
Burki et al., 2007; Patron et al., 2007; Philippe et al.,
2004; Rodrı́guez-Ezpeleta et al., 2005, 2007). Phylogenomic
datasets, however, typically include many rapidly evolving
and/or sparsely distributed proteins. Studies employing
intermediate quantities of data also exist, thanks to unusu-
ally extensive PCR-based efforts, small-scale EST projects
on the taxa of interest, or extraction of the ‘best’ genes
from large phylogenomic datasets (Arisue et al., 2005; Cic-
carelli et al., 2006; Hackett et al., 2007; Nozaki et al., 2007).

Phylogenetic approaches that use slowly evolving, essen-
tial proteins have several potential virtues. All things being
equal, slowly evolving sequences will preserve historical
signal over more time than rapidly evolving sequences.
Slowly evolving proteins typically exhibit little length vari-
ation, and thus are easy and uncontroversial to align, elim-
inating a potentially significant source of ambiguity that
can affect analyses of rapidly evolving proteins (and ribo-
somal RNA genes). Further, it is believed by some that
genes for essential proteins with core functions are more
refractory to gene transfer between species than are spar-
sely distributed genes, and thus the gene’s history is more
likely to faithfully reflect organismal phylogeny (see
Andersson, 2005).

Nonetheless recent studies have shown that some of the
nuclear protein-coding genes used most widely for deep-
level phylogenetic inference have more complex evolution-
ary histories than first realized, even after excluding endo-
symbiotic gene replacement events, and cases likely to
represent phylogenetic analysis artefact. Most spectacu-
larly, the normal eukaryotic form of elongation factor 1a
(EF-1a) is not detected in certain taxa scattered across
the breadth of the eukaryotic tree. These organisms instead
have an ‘elongation factor-like’ protein (EFL) that is
related to EF-1a, but is very different in sequence (Gile
et al., 2006; Keeling and Inagaki, 2004; Noble et al.,
2007). EFL has apparently ‘replaced’ EF-1a many times

(e.g., Noble et al., 2007), and EFL genes have probably
been transferred laterally between eukaryotes on several
occasions (Keeling and Inagaki, 2004). From the perspec-
tive of reconstructing organismal phylogeny, it is fortunate
that eukaryotic EF-1a and EFL are easily distinguishable,
and form separate clades in phylogenetic trees (Keeling and
Inagaki, 2004). For this reason, recent molecular phyloge-
netic studies that include EF-1a can and do deliberately
exclude EFL sequences (e.g., Harper et al., 2005; Simpson
et al., 2006; Steenkamp et al., 2006).

Other studies have recovered unexpected phylogenetic
patterns from a-tubulin data. Phylogenies of a-tubulin,
or of a-tubulin and b-tubulin combined, almost always
group sequences from parabasalids, diplomonads, and
Carpediemonas (a close relative of diplomonads) with those
from opisthokonts, with strong statistical support (Hampl
et al., 2005; Simpson et al., 2002, 2006, see also Arisue
et al., 2005). By contrast, other well-sampled genes only
rarely recover this relationship, and never with high sup-
port. It is suspected that the strong signal in the a-tubulin
data is not reflecting the organismal phylogeny (Hampl
et al., 2005; Simpson et al., 2006). This is difficult to dem-
onstrate, however, since the position of the diplomonad–
parabasalid grouping itself has not been established with
any confidence. Several studies of SSUrRNA genes or mul-
tiple proteins show a relationship with Preaxostyla (oxy-
monads and Trimastix), but statistical support is usually
low unless taxon sampling is very limited (Berney et al.,
2004; Cavalier-Smith, 2003; Hampl et al., 2005; Simpson,
2003; Simpson et al., 2002, 2006).

In this study, we consider another example of conspicu-
ous phylogenetic aberrancy in a widely used marker
sequence, again, a-tubulin. This case concerns the enig-
matic taxon Andalucia, a clade of small heterotrophic fla-
gellates with ‘excavate-type’ feeding grooves (Lara et al.,
2006; Simpson, 2003). The group contains just two
described species, Andalucia incarcerata (formerly Jakoba

incarcerata) and Andalucia godoyi (Lara et al., 2006).
Transmission electron microscopy studies of both species
demonstrate that their cytoskeletal organizations are very
similar to those of previously studied members of the exca-
vate group Jakobida, such as Jakoba and Reclinomonas

(Lara et al., 2006; Simpson and Patterson, 2001). Phyloge-
netic analyses of these morphological data place Andalucia

in a strongly supported clade with (other) jakobids, relative
to other excavates (Lara et al., 2006). Published SSUrRNA
gene phylogenies, however, never group Andalucia specifi-
cally with other jakobids (Lara et al., 2006; Simpson
et al., 2002). At closest, Andalucia and other jakobids fall
as two separate branches within a larger clade that also
includes Euglenozoa and Heterolobosea, and statistical
support even for this larger clade is relatively weak (Berney
et al., 2004; Cavalier-Smith, 2003, 2004; Lara et al., 2006;
Nikolaev et al., 2004a, b), unless outgroup taxon sampling
is extremely limited (Lara et al., 2007). Interestingly, stud-
ies of tubulin proteins including one of the two species (A.

incarcerata) place this organism in a poorly resolved
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position in b-tubulin phylogenies, but with or within the
suspicious (diplomonads, parabasalids, opisthokonts)
clade in a-tubulin trees and combined tubulin phylogenies
(Edgcomb et al., 2001; Simpson et al., 2002).

Here, we examine the phylogenetic placement of Andalu-

cia using a dataset of seven slowly evolving nuclear protein-
coding genes, including a-tubulin, and containing data
both from A. godoyi, and from a novel isolate of A. incarc-

erata. Our analysis, especially of sequences other than a-
tubulin, strongly supports the placement of Andalucia with
other jakobids, Euglenozoa, and Heterolobosea, thereby
highlighting the discordant position of Andalucia in a-
tubulin trees. In the absence of any signature of phyloge-
netic artefact, it is likely that Andalucia acquired its current
a-tubulin gene via eukaryote-to-eukaryote LGT.

2. Methods

2.1. Organism isolation and identification; DNA extraction

Andalucia godoyi strain And28, originally described by
Lara et al. (2006, 2007), was grown in 30 ml tissue culture
flasks containing 6 ml of Neff’s (=Page’s) Amoeba Saline
(AS) supplemented by 1:300 v/v LB medium (see Lara
et al., 2006). Genomic DNA was extracted from a dense
culture (�106 cells/ml) using CTAB and organic extrac-
tions, after Clark and Diamond (1991).

Andalucia incarcerata (MB1 isolate) was isolated in
October 2004 from organically enriched and sulphidic
intertidal sediment in a sheltered embayment within Mah-
one Bay, Nova Scotia, Canada (44�210N, 64�200W). Sam-
ples were taken at low tide, following removal of the
overlying aerobic layer. Approximately 2 ml of slurry was
added to sealed 30 ml serum vials containing 10 ml total
of autoclave-sterilised seawater diluted 1:1 with sterile
water, and an autoclaved barley grain. Samples were incu-
bated at 21 �C, and observed periodically. After three
weeks, Andalucia incarcerata was observed in one vial
(identification by phase contrast microscopy), and a sub-
culture was started. Several rounds of subculturing were
carried out on an ad hoc basis, with cultures held at 21–
25 �C. The culture line was apparently monoprotistan after
five transfers, and no eukaryotic contaminant has been
observed since in >36 months of continuous cultivation.
Cultures were subsequently maintained in 15 ml polypro-
pylene tubes containing 12 ml of one of two media: (i) ster-
ile seawater mixed 1:1 with AS, plus 1:30 v/v LB media; (ii)
sterile seawater mixed 1:1 with Sonneborn’s Paramecium

medium (ATCC 802 media). For maintenance, cultures
were kept at 21 �C and subcultured every 10–14 days.
Genomic DNA was extracted as for A. godoyi (see above),
except that two phenol–chloroform extractions were per-
formed, not one.

To compare MB1 to the previously studied organisms,
especially the original Quibray Bay (Australia) isolate of
A. incarcerata (Bernard et al., 2000), the SSUrRNA gene
sequence from MB1 was amplified by polymerase chain

reaction (PCR) using the universal eukaryotic primers
‘EukA’ and ‘EukB’ (Medlin et al., 1988) according to the
protocol described in Section 2.2 below, but without acet-
amide in the PCR cocktail. The PCR product was purified
using a PCR clean-up column kit (Sigma), and directly
sequenced. The SSUrRNA gene sequence was added man-
ually to an alignment of eukaryotic sequences including
those from the Quibray Bay isolate of A. incarcerata, from
A. godoyi (see Lara et al., 2006) and from environmental
sequences with high similarity to Andalucia SSUrRNA
genes (e.g., Luo et al., 2005; Behnke et al., 2006). Two data-
sets were analysed, one containing only ‘short-branching’
eukaryotes, and retaining 1406 well-aligned sites, the sec-
ond also containing representatives of Heterolobosea and
Euglenozoa (two ‘long-branching’ groups), and retaining
1198 sites. Maximum Likelihood (ML) trees were esti-
mated under a ‘GTR+C+invariable sites’ model using
the ‘May 2006’ version of TREEFINDER (Jobb et al.,
2004), with a 500 replicate bootstrap analysis performed
for the former dataset under the same model.

2.2. Sequencing of protein-coding genes

Seven well-sampled nucleus-encoded marker genes were
examined: actin, a-tubulin, b-tubulin, EF-1a, EF-2, HSP70
and HSP90. The majority of the coding region from each
of these genes was amplified from Andalucia godoyi

(And28 isolate) and Andalucia incarcerata (MB1 isolate)
using degenerate PCR. Supplementary material, Table 1
provides a list of degenerate primers used, including the
sequences of new designs. A list of the primers used for
each successful PCR-amplification is given in Supplemen-
tary material, Table 2. All PCR-amplifications were per-
formed in 10 or 20 ll of a cocktail containing 0.05 U/ll
Taq polymerase (Sigma or Invitrogen), 1.5 mM Mg2+,
0.2 mM dNTPs, 1 lM primers, and (in most cases) 5%
w/v acetamide, all in 1� PCR buffer (Sigma or Invitrogen).
Amplification experiments were run for 40 cycles, with
annealing temperatures of 48.5–55 �C. Amplification prod-
ucts of the expected sizes, as determined by gel electropho-
resis, were gel-extracted, and ligated into a TA plasmid
vector (TOPO 2.1; Invitrogen), and used to transform com-
petent Escherichia coli (TOP10; Invitrogen). Positive colo-
nies were PCR-screened to confirm insert size, and one or
more positive clones (usually four) were grown overnight
in liquid LB. The plasmid DNA was extracted using a
miniprep kit (Sigma) and end-sequenced. The reads were
managed and compared using Sequencher version 4.2
(Gencodes Corp.), and amplicon identities were established
by BLASTX searches against the GenBank protein data-
base. In most cases one clone was then selected for
complete sequencing, using primer walking where required.
Two distinct paralogs of Andalucia godoyi a-tubulin
were encountered, and one clone of each was completely
sequenced. Attempts to amplify HSP70 from Andalucia
incarcerata were unsuccessful. New sequences have
the Genbank Accession Nos. EU334873–EU334887.
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Sequences were conceptually translated to amino acids for
subsequent analyses.

2.3. Phylogenetic analysis

The amino acid sequences from A. godoyi and A. incarc-

erata were aligned by eye to putatively orthologous
sequences from other eukaryotes. For the main analyses
47 taxa were selected that represented broadly the major
groups of eukaryotes and also included >30% of well-
aligned sites from at least six of the seven examined pro-
teins, >50% of well-aligned sites from at least five of the
proteins and >70% of well-aligned sites for at least four.
Most of these taxa were individual species, but in some
cases data from two related species (usually from the same
genus) were combined to represent one OTU. Gene fami-
lies, especially those within animals or land plants, were
examined to reduce potential paralog-sampling problems,
as in Simpson et al. (2006). After exclusion of ambiguously
aligned positions, 3597 sites were retained for analysis. The
resulting data matrix was 90% populated (89% when a-
tubulin was excluded—see below), with the least covered
taxon (Corallochytrium) still represented at 62% of sites
(59% without a-tubulin). Andalucia godoyi and A. incarcer-

ata were represented at 87% and 74% of included sites,
respectively (87% and 72% without a-tubulin).

We also examined a dataset based on the same align-
ment that included additional taxa of phylogenetic impor-
tance, including some that were less well-sampled than
allowed in our main dataset (e.g., apusomonads and cryp-
tophytes). This second dataset contained 54 taxa, was 89%
populated (88% without a-tubulin), and the least well-sam-
pled taxon (the apusomonad Apusomonas) was represented
at 51% of sites (47% without a-tubulin). Alignments are
available by request to AGBS.

Phylogenetic trees were estimated using the Whelan and
Goldman (WAG) amino acid substitution matrix, with
among-site rate variation modelled by a C distribution. Ini-
tially, we examined the data using a ‘concatenated’
approach (i.e., treating all the data as a single ‘super-gene’).
In this approach, tree-searching was performed in a ML
framework using two programs: (i) RAxML v2.2.3 (Sta-
matakis, 2006), with 50 replicates, each beginning from a
parsimony tree constructed by random taxon addition,
and with the C distribution approximated by four discrete
categories; (ii) PHYML v2.4.5 (Guindon and Gascuel,
2003) using an eight discrete category approximation of a
C distribution, with the shape parameter a estimated previ-
ously under the neighbour-joining tree by TREE-PUZZLE
5.2 (Strimmer and von Haeseler, 1996). We performed a
Bayesian analysis using MRBAYES v3.1.2 (Ronquist and
Huelsenbeck, 2003) under the same model, except that
branch lengths and a parameter were estimated separately
for each gene (‘unlinked’ model). Default priors were used.
Two independent analyses were run with three heated and
one cold chain (temperature parameter 0.2) for 1.93 � 106

generations, with a sampling frequency of 0.01 and a con-

servative 1.4 � 106 generations discarded as burn-in fol-
lowing examination of the likelihood plots (note that the
two runs had stabilised, but had not converged). The ML
tree was selected by comparing all unique tree topologies
recovered in the RAxML replicates (10), the PHYML anal-
ysis (1), and all tree topologies sampled in either run of the
bayesian analysis (7) under both our concatenated and
unlinked models, using TREE-PUZZLE as the common
platform for likelihood estimation (C distribution approx-
imated by eight discrete categories).

Support for the recovered topologies was evaluated
using bootstrapping under the concatenated model. A
500 replicate bootstrap analysis was performed using
PHYML under the WAG+C model described above. As
a check for the effectiveness of tree searching in PHYML,
we also performed a 200 replicate bootstrap analysis in
RAxML, with the WAG substitution matrix, and the
‘CAT’ approximation to model among-site rate variation,
with 25 categories (parsimony-based starting trees, as
described above).

We more briefly examined the 54-taxon dataset.
PHYML and RAxML were used to search for the ML tree
under the concatenated model as described above, except
that the C distribution was approximated by four discrete
categories. Bootstrap support under the same model was
assessed using PHYML, with 200 re-sampling replicates.

The searches for the best tree and bootstrap support
analyses were repeated with the a-tubulin data excluded
(3173 sites remaining), as described above, except that the
Bayesian analysis used four independent runs of 1 � 106

generations, with 7 � 105 generations burn-in (none of
the runs converged). For the 47-taxon dataset, 12 unique
tree topologies were recovered in the RAxML replicates,
and 26 were sampled in the Bayesian analyses.

All the gene alignments were also analysed individually.
Under a WAG+C model (four categories) we searched for
the ML tree for each dataset using RAxML and PHYML
and assessed bootstrap support using PHYML (200 repli-
cates). In all cases, the ML tree estimated using RAxML
had a higher likelihood than the tree found using PHYML
when compared on a common platform (PHYML). In
cases where the alignments contained sequences with
<50% of sites represented (actin, b-tubulin, EF-2 and
HSP90) the analyses were repeated with these sequences
excluded. In the case of a-tubulin, the bootstrap analysis
was redone as a 1000 replicate analysis (with an eight cat-
egory C approximation)—there was little relevant differ-
ence in the results.

We performed a suite of additional phylogenetic analy-
ses of the a-tubulin data alone. Firstly we constructed a
second a-tubulin dataset in which we increased taxon sam-
pling, but excluded highly divergent sequences. Notable
additions included Telonema spp., kathablepharids and
Apusomonas. The inclusion of Apusomonas is significant
because it branches strongly with opisthokonts in a-tubulin
trees (Kim et al., 2006). Notable exclusions were non-flag-
ellated Amoebozoa, Sawyeria, red algae and fungi other
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than chytrids. This second dataset included 75 taxa and 424
sites. The ML tree and statistical support for this dataset
were estimated as for the original a-tubulin analyses (see
above). For both this 75-taxon dataset, and the original
47-taxon a-tubulin dataset, amino acid composition was
examined using the v2 test in TREE-PUZZLE. The v2 tests
were repeated with all constant sites excluded. Branch
lengths across the tree were compared using the values esti-
mated for the ML tree by RAxML.

For both a-tubulin datasets we performed ML boot-
strap analyses (PHYML, WAG+C model, eight rate cate-
gories, 1000 replicates), excluding either opisthokonts or
diplomonads and parabasalids. For the 75-taxon dataset
we also ran similar analyses excluding Apusomonas plus
either opisthokonts or diplomonads and parabasalids.

Andalucia a-tubulin shares several unusual amino acid
characters with either (i) diplomonads and parabasalids,
(ii) diplomonads, parabasalids and opisthokonts, or (iii)
diplomonads, parabasalids, opisthokonts and Amoebozoa.
Many of these are located in one short segment of the
alignment, corresponding to residues 190–204 in Homo a-
tubulin 1. To test whether this segment was responsible
for the observed phylogenetic position of Andalucia a-
tubulin, we excluded these 15 amino acids from both a-
tubulin datasets and performed ML bootstrap analyses
(PHYML, WAG+C, eight rate categories, 1000 replicates),
as described above.

3. Results

3.1. Identity of the new isolate of Andalucia incarcerata

The new ‘MB1’ isolate of Andalucia incarcerata is mor-
phologically indistinguishable from the original isolate
from Quibray Bay, Australia, and was extracted from a
similar habitat (sulphide-rich and oxygen-poor marine
intertidal sediment). Their SSUrRNA gene sequences are
98% identical, and these form a strongly supported clade
with each other and with some environmental sequences
(see Supplementary material, Fig. 1). Interestingly, the
related environmental sequences come from sulphide-rich
water from a Norwegian fjord (Behnke et al., 2006), and
a sulphide-rich spring in mid-west USA (Luo et al.,
2005). The a-tubulin and b-tubulin gene sequences from
MB1 are also very similar to those from the Quibray Bay
isolate (96–97% identity at the DNA level; 99–100% identi-
cal in amino acid sequence). Bearing in mind the close
genetic, morphological and ecological similarity to the Qui-
bray Bay isolate (from which the type is derived), we regard
MB1 as belonging to the same nomenclatural species,
Andalucia incarcerata.

SSUrRNA gene phylogenies confirm that Andalucia

godoyi and A. incarcerata are close relatives, although at
least two other distinct, shallow clades represented only
by environmental sequences group with the two described
Andalucia species (Supplementary material, Fig. 1; see also
Behnke et al., 2006). In the analysis including only ‘short-

branching’ SSUrRNA gene sequences Andalucia branches
quite strongly with other jakobids. As in previous studies
however, this clade is interrupted by Heterolobosea and
Euglenozoa when these ‘long-branching’ taxa are included
(Supplementary material, Fig. 1; see also Lara et al., 2006).

3.2. Combined gene analysis

The ML trees estimated for the seven-gene, 47-taxon
dataset under both concatenated and unlinked models
are mostly consistent with similar previous studies of
eukaryote phylogeny (Fig. 1). Opisthokonts form a strong
clade, and branch close to a moderately supported
Amoebozoa clade. Stramenopiles and alveolates are each
strongly supported, and form a strong clade. Archaeplast-
ida (Chloroplastida/Viridaeplantae, red algae and glauco-
phytes) are close to each other, but the weakly supported
clade that unites them unexpectedly also includes hapto-
phytes and the rhizarian Bigelowiella.

As is typical, excavates are not monophyletic in the ML
trees. Diplomonads and parabasalids form a strong clade
that is related to opisthokonts. Preaxostyla (Trimastix

and oxymonads) form a strong clade that represents a sep-
arate deep branch within the tree. Jakobids, Heterolobosea
and Euglenozoa form a third excavate clade that also
includes Andalucia (this clade is described in more detail
below). Finally, Malawimonas falls in a weakly supported
position at the base of the (Andalucia, other jakobids, Het-
erolobosea, Euglenozoa) clade with the concatenated
model, but as the sister group to Preaxostyla with the
unlinked model.

The (Andalucia, other jakobids, Heterolobosea, Eugle-
nozoa) clade receives weak PHYML bootstrap support
(58%). The four groups within the clade each receive strong
bootstrap support (Andalucia, 100%; other jakobids, 100%;
Heterolobosea, 88%; Euglenozoa, 100%), however the rela-
tionships amongst these groups are poorly resolved. In the
ML trees Andalucia branches with other jakobids, but
bootstrap support is trivial (13%). Bootstrapping using
RAxML gives broadly similar results, except that the sup-
port for the (Andalucia, other Jakobids, Heterolobosea,
Euglenozoa) clade is quite strong (82%). Support for
(Andalucia, other jakobids) is higher, but still very low
(33%).

A very similar topology is recovered in the analysis (con-
catenated model) of the 54-taxon dataset (with crypto-
phytes weakly related to haptophytes, and apusomonads
weakly sister to opisthokonts). The (Andalucia, other jako-
bids, Heterolobosea, Euglenozoa) clade receives 69%
PHYML bootstrap support. Within this clade Andalucia

branches as sister to other jakobids in the ML tree, but
support is extremely low (8%).

3.3. Single gene analyses

When each gene is analysed individually, a striking dif-
ference is apparent in the phylogenetic signal for the place-
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ment of Andalucia from the a-tubulin data when compared
to the other proteins. Most nodes within the backbones of
the individual gene trees are poorly supported. In particu-
lar, the (Andalucia, other jakobids, Heterolobosea, Eugle-
nozoa) clade observed in the combined gene analysis is
not present in the ML tree for any one gene, and receives,
at best, very weak bootstrap support. Nonetheless, for all
genes except a-tubulin, the Andalucia species usually
branch with at least some of ‘other jakobids’, Heterolobo-
sea and Euglenozoa in the ML tree, and never branch spe-
cifically with diplomonads (see below). This pattern holds
irrespective of whether partial sequences with >50% of
aligned sites are included or excluded. With rare excep-
tions, only 0–2 nodes separate Andalucia species from a
position as the unique sister group of some or all ‘other
jakobids’, and the intervening nodes are always very
weak—most receive >30% bootstrap support (Table 1).
Therefore we characterize all examined genes except a-
tubulin as not being in strong conflict with the combined

gene phylogeny, at least with respect to the position of
Andalucia.

In the a-tubulin trees, by contrast, Andalucia branches
with diplomonads, parabasalids and opisthokonts, and
specifically with diplomonads. In this position, nine nodes
separate Andalucia from any other jakobid, and three of
these nodes receive >30% bootstrap support (Table 1). In
particular, the (diplomonads, parabasalids, opisthokonts,
Andalucia) grouping has a long ‘basal’ branch and receives
87% bootstrap support while the (diplomonads, Andalucia)
grouping receives 59% support. Thus, uniquely among the
individual gene trees examined in this study, the a-tubulin
tree seems to be in marked conflict with the combined gene
phylogeny with respect to the placement of Andalucia.

3.4. Detailed analyses of a-tubulin

We ran a series of analyses on the a-tubulin data alone
to determine whether the position of Andalucia was robust
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to changes in taxon sampling. Firstly we analysed a larger
75-taxon dataset of a-tubulin sequences that better repre-
sented broad-scale eukaryotic diversity, but excluded
long-branch-forming sequences (e.g., those from non-flag-
ellated fungi). This dataset includes Apusomonas, which
branches close to opisthokonts in a-tubulin trees (Kim
et al., 2006), and the diplomonad relative Carpediemonas
(see Simpson et al., 2002). Then, from both the 75-taxon
dataset and the original 47-taxon dataset, we excluded
either diplomonads (plus Carpediemonas) and parabasa-
lids, or opisthokonts (with or without apusomonads for
the 75-taxon dataset), and re-estimated the ML trees and
bootstrap support values. In all cases a clade containing
Andalucia and all included diplomonads, Carpediemonas,
parabasalids, opisthokonts and Apusomonas is still recov-
ered (Fig. 2). In fact, this clade is even stronger than in
the original analysis of the 47-taxon dataset (bootstrap
support 88–99%). Within this clade, the ML trees always
show Andalucia as related to diplomonads rather than
parabasalids or opisthokonts (or Apusomonas), although
bootstrap support is never very high (44–72%). Note that
when Carpediemonas is included, it always branches as
the sister group to diplomonads (bootstrap support 85–
86%), thus in these analyses Andalucia is sister to the dip-
lomonad–Carpediemonas clade, rather than to diplomo-
nads specifically (Fig. 2).

We observed nothing intrinsic about the Andalucia a-
tubulin sequences to suggest that the position of Andalu-

cia in a-tubulin trees might be a phylogenetic analysis
artefact. For both the 47-taxon and 75-taxon datasets,
all sequences within the (diplomonads, parabasalids, opi-
sthokonts, Andalucia) subtree pass naı̈ve v2 tests of amino
acid composition, whether or not constant sites are con-

sidered. While Andalucia’s closest relatives in the a-tubu-
lin tree—diplomonads—include relatively long branches,
the branches of the Andalucia lineage are not extraordi-
narily long. The terminal branches of Andalucia sequences
are actually shorter than the average among terminal
branches for both the 47-taxon and 75-taxon a-tubulin
datasets. The basal branch for Andalucia is only slightly
longer (0.65 standard deviations—SD) than the median
of all branches in the 47-taxon analysis (0.29 SD longer
than the mean). This branch is 2.7 standard deviations
longer than the median (2.4 SD from the mean) in the
75-taxon dataset, from which many long-branching
sequences were excluded a priori, but is still not long in
an absolute sense (0.083 expected substitutions per site
under the WAG+C model), and is shorter than the basal
branch for parabasalids. Thus, if long-branch attraction
were structuring this part of the a-tubulin tree, it would
not be expected that diplomonads (and Carpediemonas)
would attract Andalucia rather than, for example, paraba-
salids, especially since parabasalids are probably the true
closest sampled relatives of the (diplomonads, Carpedie-

monas) clade (see Simpson et al., 2006), and long-branch
attraction and historical signal might be expected to rein-
force each other.

Visual inspection of the a-tubulin alignment shows that
Andalucia shares a number of unusual amino acid charac-
ters with either (i) diplomonads and parabasalids, (ii) dip-
lomonads, parabasalids and opisthokonts, or (iii)
diplomonads, parabasalids, opisthokonts and Amoebozoa
[Amoebozoa appear to be closely related to opi-
stokonts—see Discussion, and some Amoebozoa, e.g.,
Mastigamoeba, tend to branch close to the (opisthokont,
diplomonad, parabasalid, Andalucia) grouping in a-tubulin
trees—see Fig. 2]. Curiously, many of these characters are
located in one 15-residue segment of the sequence. None-
theless, when this region is excluded from analysis, the
(opisthokont, diplomonad, parabasalid, Andalucia) clade
is still recovered. Bootstrap support for this clade remains
strong in the 75-taxon dataset (96%). Support is lower with
the 47-taxon dataset (63%), however this is due to variabil-
ity in the positions of the long-branching sequences from
the fungi Neurospora and Cryptococcus, not the Andalucia

sequences—if Neurospora and Cryptococcus are simply
pruned from the bootstrap trees, the (opisthokont, dip-
lomonad, parabasalid, Andalucia) clade receives strong
support (91%). In both analyses Andalucia still branches
with diplomonads (and Carpediemonas), with moderate
support (71% for the 75-taxon dataset, 61% with the 47-
taxon dataset).

3.5. Andalucia monophyly in single gene analyses

One other noteworthy difference between a-tubulin and
the other single gene datasets concerns the support for the
monophyly of Andalucia. Andalucia is not recovered as a
clade in the ML trees for b-tubulin, EF-1a and EF-2,
and bootstrap support for Andalucia monophyly is very

Table 1
Single gene analyses: comparison of the number and strength of nodes
separating Andalucia from other jakobids

Dataset # Taxa # Nodes separating
Andalucia and
other jakobids

Highest bootstrap
support for
separating node %

Actin, all 47 0 NA
Actin, no pa 46 12 <30
b-tubulin, all 47 1/1b <30
b-tubulin, no pa 46 2/2b <30
EF-1a 40 1/1b,c,d <30
EF-2, all 45 0/3b 36
EF-2, no pa 42 1 <30
HSP70 43 1 30
HSP90, all 47 1 <30
HSP90, no pa 46 1 <30
a-Tubulin 47 9c 87

a Excluding ‘partial’ sequences containing <50% of analysed sites.
b Andalucia not monophyletic in ML tree; node counts calculated by

assuming Andalucia is a clade in the positions of each species.
c ‘Other jakobids’ not monophyletic in ML tree. Node count calculated

for the clade of other jakobids closest to Andalucia.
d Node ‘separating’ Andalucia and (most) other jakobids is due to

Cyanophora (a glaucophyte) falling cladistically within Andalucia. The
Andalucia + Cyanophora clade is actually sister to the main ‘other jakobid’
clade in the ML tree.
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low (13–36%). Andalucia is monophyletic in the ML trees
for actin, HSP90 and a-tubulin. Bootstrap support for this
clade is weak (42% or 43%) with actin, and only moder-
ately strong (71% or 77%) with HSP90, whereas it is very
strong (99–100%) in all of the analyses of a-tubulin data
described above. In the cases of actin and HSP90, the
ML tree for the gene resembles the ML tree for the com-
bined protein datasets in showing a deep divergence
between the two Andalucia species, with the branch at the
base of the clade being much shorter than the terminal
branches (data not shown). By contrast, the Andalucia

clade is quite shallow in a-tubulin trees, with the basal
branch for the clade being several times longer than the ter-
minal branches (see Fig. 2).

3.6. Combined gene phylogeny excluding a-tubulin

If a-tubulin is excluded from the original 47-taxon align-
ment, the ML trees are similar in most respects to those for
the full seven-protein analyses (Fig. 3). The one major
exception is that diplomonads and parabasalids are no
longer close to opisthokonts but instead fall as the sister
group to Preaxostyla with considerable bootstrap support
(96% PHYML; 78% RAxML). As a result, opisthokonts
and Amoebozoa now form a strongly supported clade
(92% PHYML; 91% RAxML). Malawimonas branches
with (Andalucia, other jakobids, Heterolobosea, Eugleno-
zoa) in both the concatenated and unlinked ML trees,
but support is weak. The (Andalucia, other jakobids,
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Heterolobosea, Euglenozoa) clade itself now receives con-
sistently strong bootstrap support (81% PHYML; 88%
RAxML). However, while Andalucia again branches as
the sister to other jakobids, bootstrap support for this clade
remains weak (32% PHYML; 36% RAxML).

With a-tubulin excluded, the ML tree for the 54-taxon
dataset is completely consistent with the concatenated
model tree for the 47-taxon dataset. Bootstrap support
for the (Andalucia, other jakobids, Heterolobosea, Eugle-
nozoa) clade is moderately strong (74%), and support for
(Andalucia, other jakobids) is again low (36%). The support
for Andalucia monophyly is 94%.

4. Discussion

4.1. The phylogenetic position of Andalucia

Previous studies based on one or two genes have not
resolved the phylogenetic position of Andalucia (Edgcomb
et al., 2001; Lara et al., 2006; Simpson et al., 2002). The cur-

rent study somewhat improves our understanding—our
multi-protein datasets provide the first substantial support
for a grouping of Andalucia with other jakobids, Euglenozoa
and Heterolobosea, especially once the aberrant signal from
a-tubulin is excluded. Also for the first time, our ML trees
place Andalucia specifically with other jakobids, as suggested
by morphological comparisons. Nonetheless, bootstrap sup-
port for this larger jakobid clade is negligible in all our anal-
yses. Even if Andalucia is specifically related to other
jakobids, it appears that their divergence occurred deep in
the history of this lineage, and relatively little signal remains
in individual gene sequences. Despite the very strong mor-
phological similarity between Andalucia and other jakobids,
conclusive resolution of their precise relationship could well
require sequence data from dozens of genes.

4.2. The evolutionary history of a-tubulin

The a-tubulin dataset clearly includes a very different phy-
logenetic signal from the other protein sequences examined,
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placing Andalucia together with opisthokonts, diplomo-
nads and parabasalids, rather than close to other jakobids.
This signal is robust to changes in taxon sampling, including
the exclusion of long-branching immediate relatives of Anda-

lucia a-tubulin (diplomonads and parabasalids). The Anda-

lucia a-tubulins are not especially ‘long branches’, nor do
they display unusual amino acid compositions. The signal
is not isolated to one segment of the sequence (or at least,
to the most conspicuous ‘potentially signal-rich’ segment),
and therefore is unlikely to result from partial gene conver-
sion. Thus, there is strong evidence that Andalucia a-tubulin
genes have a genuinely different history from that of the
other genes from Andalucia examined here.

The simplest explanation is that a common ancestor of
Andalucia godoyi and Andalucia incarcerata was the recipi-
ent in a eukaryote-to-eukaryote lateral transfer of an a-
tubulin gene. The donor in this transfer would appear to
have been an organism from the opisthokont lineage, or
from the diplomonad–parabasalid clade. In light of the
persistent (though never strong) signal uniting Andalucia

and diplomonads, the donor was most likely an early
branch from the diplomonad lineage.

In most single gene trees and concatenated gene trees in
which Andalucia is monophyletic, the group is a ‘deep’
clade with a relatively short basal branch (this study; Lara
et al., 2006, 2007). In a-tubulin trees, by contrast, Andalu-

cia forms a shallow clade, with a proportionately long
basal branch. Assuming that the Andalucia a-tubulin genes
were acquired by LGT, there are two interesting explana-
tions possible for this relatively long basal branch. One
possibility is that there was a high rate of evolution in
Andalucia a-tubulin genes immediately after transfer, per-
haps associated with adaptation to a novel cellular milieu.
A second possibility stems from the fact that the branch
leading to Andalucia represents a combination of the line-
age of Andalucia from the LGT event through to the diver-
gence of the lineages of the two sampled species, plus the
lineage of the donor, back to the last common ancestor
that it shares with any organism that was included in our
a-tubulin analysis (excluding gene duplications, lineage
sorting, etc.). If the donor lineage had been independent
of the other sampled lineages for a long time and/or was
rapidly evolving, much of the basal branch of Andalucia

in a-tubulin trees could actually represent the period that
this gene was resident in the genome of the donor lineage,
and not the genome of direct ancestors of Andalucia. Test-
ing these possibilities is complicated by several factors.
Firstly, the most likely close relatives of the donor line-
age—diplomonads (and Carpediemonas), or perhaps para-
basalids—are themselves rapidly evolving. Secondly, it is
possible that diplomonads and parabasalids also acquired
their a-tubulin genes through an earlier LGT (see below).
Thirdly, our taxon sampling at the base of the diplomo-
nad–Carpediemonas clade is poor—it would be interesting
to compare the a-tubulin genes of Andalucia to those of
other deep-branching relatives of diplomonads, such as
the recently described Dysnectes (Yubuki et al., 2007).

In addition to the substantial case that Andalucia

acquired a-tubulin genes by lateral transfer, this study
highlights the possibility that diplomonads and parabasa-
lids also acquired their a-tubulin genes by this mechanism.
Previous studies have noted that the strong placement of
diplomonads and parabasalids with opisthokonts in a-
tubulin trees is discordant with the phylogenetic signal
from other genes (Arisue et al., 2005; Hampl et al., 2005;
Simpson et al., 2006), however, explaining this disparity
has been complicated by uncertainty over the phylogenetic
position of diplomonads and parabasalids. Some studies
have recovered a specific relationship between diplomo-
nads, parabasalids and Preaxostyla, but support has been
weak (Cavalier-Smith, 2003; Simpson et al., 2002, 2006),
or taxon sampling has been low (Hampl et al., 2005).
Despite our dataset being quite similar to that of Simpson
et al. (2006), we unexpectedly found strong support for a
(diplomonads, parabasalids, Preaxostyla) clade once a-
tubulin data is excluded. This strengthens the hypothesis
that a-tubulin trees are not reflecting organismal phylogeny
in their placement of diplomonads and parabasalids rela-
tive to opisthokonts. Given the lack of obvious reasons
to suspect phylogenetic analysis artefact (for example, the
relationship remains strong even when long-branching opi-
sthokonts are excluded), LGT is perhaps the most likely
explanation for this disparity.

Although the evidence is very weak, it seems more likely
that diplomonads and parabasalids were the recipients of
the putative LGT, and a relative of opisthokonts was the
donor, rather than the other way around. Multi-gene phy-
logenies and other molecular data indicate that opi-
sthokonts and Amoebozoa are closely related (e.g.,
Baldauf et al., 2000; Bapteste et al., 2002; Richards and
Cavalier-Smith, 2005; Rodrı́guez-Ezpeleta et al., 2007).
Shorter-branching Amoebozoa, such as Mastigamoeba

and Physarum tend to branch close to opisthokonts, dip-
lomonads and parabasalids in a-tubulin trees, albeit with
weak support, which is consistent with opisthokonts being
related to the donor lineage. On the other hand, parabasalids
are closer to opisthokonts than to diplomonads in our a-
tubulin trees, which is consistent with LGT from a donor
within the diplomonad–parabasalid clade to an ancestor of
opisthokonts. This topology, however, could also be
explained by separate transfers into ancestors of diplomo-
nads and parabasalids, or simply by incorrect phylogenetic
reconstruction. It is noted that transfers of other genes have
been traced both to a common ancestor of diplomonads and
parabasalids (Andersson et al., 2005; Henze et al., 2001) and
to the opisthokont stem lineage (Huang et al., 2005).

Yet another LGT involving a-tubulin is hinted at by this
study. In our a-tubulin trees the apusomonad Apusomonas

falls within the (opisthokonts, diplomonads, parabasalids)
clade with strong support, and branches close to, or
actually within opisthokonts. The phylogenetic position
of apusomonads is uncertain, but it has been noted previ-
ously that a-tubulin is the only gene (of the tiny number
studied) that by itself strongly places Apusomonas with
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opisthokonts (Kim et al., 2006). It is difficult at present to
test the possibility of LGT from opisthokonts to Apuso-

monas, since the best current hypothesis is that apusomo-
nads are closely related to opisthokonts (see Kim et al.,
2006). a-Tubulin data from other apusomonads may help
in exploring this question.

5. Conclusions

The a-tubulin of Andalucia may represent only the most
clear of two or more instances of lateral transfer of charac-
teristic ‘opisthokont-type’ a-tubulin genes between eukary-
otic lineages. Although less extreme, the case of a-tubulin
bears similarities to that of EF-1a/EFL, where numerous
distantly related lineages have independently ‘replaced’ an
‘essential’ gene (EF-1a) with a distinctly different, though
related gene (EFL) that was apparently acquired by LGT
following its evolution in one eukaryotic lineage (Keeling
and Inagaki, 2004). In some groups there is evidence for
the ancestral presence of both EF-1a and EFL, followed
by differential loss in descendent lineages (Noble et al.,
2007), a process for which we have no evidence in the case
of a-tubulin. As with EF-1a/EFL, it would be interesting
to know whether opisthokont-type a-tubulin conferred a
selective advantage on its recipients. For the moment, how-
ever, we emphasise that a-tubulin has undergone LGT
between distantly related microbial eukaryotes with no
known history of eukaryote–eukaryote endosymbiosis.
This propensity should be taken into account when infer-
ring deep-level eukaryote evolution using this marker—in
particular, studies employing a ‘few genes, many species’
approach could be significantly affected.
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