J. Euk. Microbiol., 43(6), 1996 pp. 475-485
© 1996 by the Society of Protozoologists

Evidence for the Heterolobosea from Phylogenetic Analysis of Genes
Encoding Glyceraldehyde-3-Phosphate Dehydrogenase

ANDREW J. ROGER,*! MICHAEL W. SMITH ** RUSSELL F. DOOLITTLE*** and W. FORD DOOLITTLE*

*Department of Biochemistry, Room 8CI1, Sir Charles Tupper Medical Building, Dalhousie University, Halifax, Nova Scotia, B3H 4H7, Canada,
**Science Applications International Corporation Frederick, National Cancer Institute, Research and Development Center, Post Office Box B,
Frederick, Maryland 21702-1201, USA, and
***Center for Molecular Genetics, University of California, San Diego, California 92093-0634, USA

ABSTRACT. The phylogenetic relationships between major slime mould groups and the identification of their unicellular relatives has
been a subject of controversy for many years. Traditionally, it has been assumed that two slime mould groups, the acrasids and the
dictyostelids were related by virtue of their cellular slime mould habit; a view still endorsed by at least one current classification scheme.
However, a decade ago, on the basis of detailed ultrastructural resemblances, it was proposed that acrasids of the family Acrasidae were
not relatives of other slime moulds but instead related to a group of mostly free-living unicellular amoebae, the Schizopyrenida. The class
Heterolobosea was created to contain these organisms and has since figured in many discussions of protist evolution. We sought to test
the validity of Heterolobosea by characterizing homologs of the highly conserved glycolytic enzyme glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) from an acrasid, Acrasis rosea; a dictyostelid, Dictyostelium discoideum; and the schizopyrenid Naegleria andersoni.
Phylogenetic analysis of these and other GAPDH sequences, using maximum parsimony, neighbour-joining distance and maximum
likelihood methods strongly supports the Heterolobosea hypothesis and discredits the concept of a cellular slime mould grouping. More-
over, all of our analyses place Dictyostelium discoideum as a relatively recently originating lineage, most closely related to the Metazoa,
similar to other recently published phylogenies of protein-coding genes. However, GAPDH phylogenies do not show robust branching
orders for most of the relationships between major groups. We propose that several of the incongruencies observed between GAPDH and

other molecular phylogenies are artifacts resulting from substitutional saturation of this enzyme.
Supplementary key words. Amoebae, endosymbiosis, eukaryotic evolution, lateral gene transfer, Mycetozoa, protein evolution, protist

systematics, slime mould.

LIME moulds alternate between free-living unicellular and
differentiated multicellular or multinucleate life cycle
stages. Systematists have been debating their phylogenetic po-
sition and coherence for more than a century. De Bary [14]
created the Mycetozoa as a taxon to accomodate the myxo-
mycetes (plasmodial slime moulds) and cellular slime moulds.
Since then, this heterogeneous group of amoebae have been
variously treated, most often as fungi (see [64] for example).
However, slime moulds resemble fungi only superficially {42]
and are more correctly considered a protozoan group, a view
reflected in most current classification schemes [9, 32, 42, 43,
47].

Among slime moulds, acrasids are little known organisms
typified by small fruiting bodies with branched spore chains.
They are often found growing on dead attached plant matter,
bark, dung and soil [5, 43]. Initially, van Tiegham [62] included
them with the dictyostelids in a mycetozoan order, the Acra-
sieae, because, in the development of a fruiting body, both
groups form a cellular pseudoplasmodium by the aggregation
of amoebae rather than the multinucleate plasmodium charac-
teristic of the myxomycete slime moulds. However, unlike dic-
tyostelids, acrasid amoebae display lobose pseudopodia, do not
stream to aggregation centres in the formation of the pseudo-
plasmodium, and their fruiting bodies lack a cellulose stalk tube
[5]. These distinctive properties led Olive to place acrasids in
a separate class, the Acrasea, and to propose that they evolved
independently of other eumycetozoans (true slime moulds),
from unicellular flagellated soil amoebae with limax (cylindri-
cal) morphology [43].

More recently, on the basis of ultrastructural similarities,
Page and Blanton {45] have suggested that one family of acras-
ids, the Acrasidae, are specifically related to schizopyrenid
amoebae, and that together these be included in a new sarcodine
class, the Heterolobosea. The Schizopyrenida is an order of
amoebae containing two families, the Vahlkampfiidae and the
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Gruberellidae. Members of both these families resemble the
Acrasidae in possessing limax morphology with eruptive hyalo-
plasmic lobose pseudopodia and a closed mitosis. In addition,
these groups all share three strong ultrastructural characters:
discoidal mitochondrial cristae, an envelope of endoplasmic re-
ticulum often found close to or surrounding their mitochondria
and the lack of a recognizable Golgi dictyosome (the Golgi
stacks) [45].

The potential evolutionary importance of the Heterolobosea
is increased by the fact that the available small subunit ribo-
somal RNA sequence data for vahlkampfiids show them to be
one of the earliest branches of mitochondrion-bearing eukary-
otes [9, 10, 12, 28]. This deep phylogenetic position has
prompted their inclusion in the newly-erected protozoan phy-
lum, the Percolozoa [10] containing organisms which possess
discoidal mitochondrial cristae and primitively lack a Golgi dic-
tyosome. Alternative phylogenetic hypotheses suggest that the
Heterolobosea may be related to such groups as the Euglenozoa
[47], nucleariid amoebae [47] and a jakobid flagellate [40], on
the basis that these groups purportedly all possess discoidal
mitochondrial cristae.

All of the above proposals take for granted the phylogenetic
coherence of the Heterolobosea. However, for groups proposed
solely on the basis of ultrastructual characters like the Hetero-
lobosea, independent confirmation is needed and molecular
phylogenetics has proved very useful in this regard. Small sub-
unit ribosomal RNA phylogenetics has confirmed the mono-
phyly of many groups previously proposed on ultrastructural
grounds such as the alveolates [66], the Euglenozoa [56] and
the Vahlkampfiidae [28]. Nevertheless, there are drawbacks to
the use of small subunit ribosomal RNA in inferring phylogeny;
extreme biases in base compositions in sequences may con-
found phylogenetic inference by generating artifactual topolo-
gies [22-24, 35]. By contrast, highly conserved protein-coding
genes appear to be less sensitive to the the effects of biased
base composition [24, 25] and for this reason their development
as phylogenetic markers is crucial to improve our understanding
of organismal relationships.

In order to test the phylogenetic coherence of the Heterolo-
bosea and their relationship to dictyostelid slime moulds and
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other protist groups, we chose to focus on the phylogeny of the
gene encoding the glycolytic enzyme glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Previous studies have shown
that the GAPDH tree for eukaryotes differs markedly from
those derived from small subunit ribosomal RNA comparisons
[27, 38, 39, 51, 65, 67]. In addition, the discovery of eukary-
otic-like GAPDH genes in both gamma-Proteobacteria [6, 15,
54] and cyanobacteria [39] has lent support to controversial
hypotheses of lateral transfer of this enzyme between prokar-
yotes and eukaryotes [15, 26, 39, 54]. One of these hypotheses
suggests that eukaryotes acquired their GAPDH gene from eu-
bacteria [26], perhaps via an endosymbiotic event [27].

We have sequenced GAPDH homologs from a schizopyrenid,
Naegleria andersoni, an acrasid, Acrasis rosea, and the dic-
tyostelid, Dictyostelium discoideum. Our analyses yield the first
molecular phylogenetic evidence for the Heterolobosea and
against a cellular slime mould grouping. The phylogenetic po-
sitions of the Heterolobosea and Dictyostelium in the GAPDH
tree have interesting implications for both organismal and
GAPDH gene phylogeny.

MATERIALS AND METHODS

Organism culture and DNA extraction. Naegleria ander-
soni DNA (strain PPFMB-6) extracted from an axenic culture
was kindly provided by S. Kilvington (Public Health Labora-
tory, Bath, England). Dictyostelium discoideum (strain AX4)
DNA was provided by W. Loomis (University of California at
San Diego, San Diego).

A culture of Acrasis rosea (strain T-235) was obtained from
E Spiegel (University of Arkansas, Fayetteville). Acrasis cells
were maintained on 1.5% agar plates supplemented with 0.01%
malt extract and 0.01% yeast extract with the yeast Rhodotorula
mucilaginosa as a food source. Liquid media, consisting of
0.05% yeast extract, 0.25% proteose peptone, 0.1% glucose
buffered with 3 mM K,HPO,/16 mM KH,PO,, was innoculated
with a small block of solid media containing the yeast and
amoebae and flasks were shaken slowly for 4-5 days at room
temperature until significant Acrasis growth was observed un-
der the light microscope. Cells were harvested by centrifuga-
tion, resuspended in lysis solution containing 200 mg/ml pro-
teinase K and 1% SDS and were incubated at 50° C for 1 h.
This treatment selectively disrupts the acrasid amoebae leaving
the hard chitinous Rhodotorula cells intact. The yeast cells were
subsequently removed by centrifugation and DNA was purified
from the supernatant using the hexadecyltrimethyl-ammonium
bromide (CTAB) extraction procedure described in [11].

DNA amplification, cloning and sequencing. Degenerate
oligonucleotide primers were designed against the conserved
amino acid sequences NGFGRI and WYDNE found at the N-
and C-termini of most GAPDH genes. These primers, desig-
nated GAPN and GAPC respectively, had the sequences GA-
GAGAGCTCRAYGGNTTYGGNMGNAT and GAGAGAGCT
CWYTCRTTRTCRTACCA. DNA amplification was per-
formed using 100 ng of genomic DNA as template and 1 pM
final concentration of each primer in a 100 pl reaction. All other
reagents were present in standard concentrations. Cycling con-
sisted of 92° C for 1 min (denaturation), 50° C for 1 min (an-
nealing) and 72° C for Imin (elongation) repeated 35 times with
a final elongation step of 72° C for 10 min. Amplification prod-
ucts were run on an agarose gel and DNA was extracted from
gel slices containing DNA of the appropriate molecular weight
using the Prep-a-gene kit (BIO-RAD, Richmond, CA). Ampli-
fied fragments were cloned into the pCRII T-tailed vector (In-
vitrogen, San Diego, CA) and clones containing inserts were
selected for further analysis. Plasmid DNA was extracted using
the Nucleobond PC-20 kit (Macherey-Nagel, Diiren, Germany).
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Clones were sequenced using both manual and automated en-
zymatic sequencing techniques. Internal sequencing primers
were synthesized in order to determine the complete sequence
on both strands of the clones.

Alignment and phylogenetic analysis. Amino acid se-
quences of 86 GAPDH genes from eubacteria and eukaryotes
were selected from GenBank release 91. These, along with the
Acrasis, Naegleria and Dictyostelium sequences were aligned
using the ClustalW program [61] using default settings. The
alignment was then adjusted by eye and regions of equivocal
alignment were identified and excluded from subsequent anal-
ysis. A preliminary analysis of this dataset was performed by
estimating a distance matrix using the Dayhoff Accepted Point
Mutation (PAM) correction (PROTDIST) and constructing a
tree with the neighbour-joining algorithm (NEIGHBOR) (see
citations below). From this tree, representatives of major groups
(metazoauns, plants, algae, protists, eubacteria and plastids) were
selected to assemble a smaller dataset for subsequent analysis.
For both parsimony and distance analysis, a final dataset con-
sisting of 35 taxa and 350 positions was selected with ambi-
gously aligned regions removed. Insertions, deletions and miss-
ing sequence (at the ends of the alignment) were coded as miss-
ing data for sequences lacking the homologous regions.

Unweighted parsimony analysis was conducted using the
PAUP 3.1.1 package [60]. Shortest trees were obtained by heu-
ristic searches employing 50 random sequence addition repli-
cates to avoid islands of local minima. Bootstrap analysis was
performed using simple addition heuristic searches on 300 re-
samplings of the dataset.

Distance analyses were performed using the following pro-
grams of the PHYLIP package, version 3.57c [19]. A PAM-
corrected distance matrix was obtained by using PROTDIST
and from this a tree was calculated using the neigbour-joining
method implemented in the NEIGHBOR program. Bootstrap
analysis employed 300 resampled datasets generated by SEQ-
BOOT and distance matrices and trees for each dataset were
derived using the programs as described above. A majority-rule
consensus bootstrap tree was then calculated by the CON-
SENSE program.

Due to the computationally intensive nature of maximum
likelihood analysis, the use of the PROTML program (of the
MOLPHY2.2 package [1]) required the analysis to be broken
into two subanalyses. First, to place the root and determine the
early branching order of the eukaryote GAPDH subtree, a da-
taset consisting of 17 sequences of eubacterial and eukaryote
sequences was assembled. A semiconstrained tree was then de-
veloped based on groupings which were highly supported in
both distance and parsimony analysis or for which there is
strong reason to believe the sequences are closely related. The
maximum likelihood tree was then obtained by exhaustive tree-
searching using the semiconstrained tree and employing the
Jones, Taylor and Thornton amino acid substitution matrix with
transition probabilities adjusted for the amino acid frequencies
observed in the dataset (the JTT-F option). To determine the
precise position of D. discoideum within the crown of the eu-
karyote subtree, we chose the heterolobosean and euglenozoan
glycosomal sequences as outgroups. Once again, exhaustive
tree searching was performed on a semiconstrained tree (con-
taining a total of 18 taxa) to find the maximum likelihood tree.
Both maximum likelihood analyses required the removal of
missing data shared by two or more taxa yielding a dataset
consisting of 292 aligned positions. Bootstrap values for nodes
were obtained by the resampling estimated log-likelihood
(RELL) procedure employed in the PROTML program [1].

Nomenclature for genes and trees. The GAPDH tree can
be broken up into two major subtrees: one that contains mostly,
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but not exclusively, eubacterial sequences and another that con-
tains mostly, and also not exclusively, eukaryotic sequences.
We shall refer to these as the eubacterial and eukaryotic
GAPDH subtrees respectively.

To minimize confusion, the following conventions will be
observed to denote homologs of the GAPDH enzyme in organ-
isms where multiple copies exist. As has been reported in [65],
the kinetoplastids, such as Trypanosoma brucei and Leishmania
mexicana, possess two phylogenetically distinct homologs of
GAPDH. In kinetoplastids, one of these homologs is localized
in an organelle, the glycosome, whereas the other is a cytosolic
enzyme. For the more distantly related euglenozoans Trypan-
oplasma borelli and Euglena gracilis, only GAPDH homologs
very similar to the kinetoplastid glycosomal GAPDH are
thought to be present [27, 65]. We shall refer to the glycosomal
versions of this enzyme as the gapG class of enzymes and the
cytosolic ones as the gapC. Since Euglena lacks a glycosome
and only possesses a single type of enzyme, its GAPDH ho-
molog will be referred to as gapC. The entire grouping of gly-
cosomal-related sequences (including the Euglena sequence)
described in phylogenetic analyses will be referred to as the
euglenozoan gapG clade.

The eubacteria Escherichia coli, Anabaena variabilis and Sy-
nechocystis sp. also possess multiple copies of GAPDH. In
Escherichia these are denoted gapA, gapB and gapC. Synecho-
cystis and Anabaena both have a gapl and gap2 homologs
while a third homolog, gap3, has only been isolated from An-
abaena [39].

RESULTS

Sequence features. The use of the GAPN and the GAPC
primers generated PCR products from Acrasis, Naegleria and
Dictyostelium that were clearly homologous to GAPDH genes
from other organisms and covered more than 90% of the pre-
dicted coding region. The inferred amino acid sequences from
the Naegleria andersoni and Acrasis rosea genes were free of
stop codons and aligned with a minimum of gaps to GAPDH
sequences known from other organisms (Fig. 1), suggesting that
neither gene is interrupted by spliceosomal introns. This is con-
sistent with reports of a low density of introns in genomes of
another vahlkampfiid species, Naegleria gruberi (there are only
two introns currently known [49]). By contrast, the Dictyoste-
lium sequence appears to be interrupted by a two introns dis-
playing typical GT-AG spliceosomal intron boundaries. Their
lengths are 90 bp and 85 bp and they map to codon 1, phase
1, and codon 65, phase 2, respectively. Although there is no
direct evidence these are introns (there is no cDNA sequence),
removal of the predicted intron sequences restores the reading
frame and allows precise alignment of the amino acid sequence.
Intron #1 appears to be unique to the Dictyostelium sequence
whereas the position and phase of intron #2 correspond exactly
to intron #17 described in [29], to date found exclusively in
GAPDH genes of the metazoans, Homo sapiens and Gallus
gallus. Although spliceosomal intron insertion is a controversial
phenomenon [33, 34, 50], the unique presence of intron #1 in
Dictyostelium suggests that it is a recent insertion into this lin-
eage. The shared presence of intron #2 in Dictyostelium and
the metazoans (likely closely related groups as described below
and in [2, 31, 35, 36]) and the lack of this intron in all other
known GAPDH genes suggest that it was also likely inserted,
more anciently, into the Precambrian common ancestor of both
groups. Conversely, the fact that several other introns shared
between metazoans and plants [29] (probably an outgroup to a
metazoan/Dictyostelium clade [31]) are not present in Dictyos-
telium, suggests that these introns were lost in the lineage lead-
ing to the dictyostelids.
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Alignment features. Comparison of the three new sequences
to other homologs (Fig. 1) reveals that they all possess the
conserved catalytic cysteine and histidine residues (alignment
positions 169 and 197 respectively in Fig. 1) [53] suggesting
that they are functional GAPDH genes. Furthermore, they all
possess a eukaryotic-like S-loop region suggesting they are
most similar to the eukaryotic-like gapC class of GAPDH [21,
38].

There are three regions in the alignment where length het-
erogeneity in our sequences relative to other eukaryotic
GAPDH homologs is observed and each is found between units
of secondary structure of the protein (Fig. 1). Alignment posi-
tions 139-142 and 160-162 are regions where length hetero-
geneity in GAPDH genes in general is observed and no con-
sistent pattern is displayed by our sequences. However, at po-
sition 286 (Fig. 1, box B) Naegleria, Acrasis and Dictyostelium
all share a serine residue lacking in all other sequences. Con-
served unique insertions or deletions in alignments can often
be considered strong indicators of relationships [2]. However,
a single amino acid insertion in this position is also found in
GAPDH homologues from Trichomonas vaginalis (a glutamate
residue), Zymomonas mobilis (a threonine) and Anabaena var-
iabilis gap3 (a glutamine). In addition, multiple amino acid in-
sertions at this position are found in Agaricus bisporus gapl
and Haemophilus influenzae. Since these sequences span ex-
tremely deep phylogenetic distances (Fig. 2, 3 and [27, 38, 39,
67]), these are likely polyphyletic insertion events indicating
that this region of the protein tolerates length heterogeneity.
Thus the shared serine displayed by our sequences cannot be
considered strong evidence of their close relationship.

A potentially more stable character is found at alignment
position 40 (Fig. 1. box A) where a single amino acid insertion
is found only in eukaryotic-like gapC sequences and the eu-
bacterial Anabaena gap3 sequence. Interestingly, the eukary-
otic-like GAPDH sequences Anabaena gapl and Escherichia
gapA in addition to the Trypanosoma and Leishmania cytosolic
(kinetoplastid gapC) GAPDH homologs all lack this insertion.
Amongst eukaryotes, this position is occupied by a proline res-
idue in all sequences except Naegleria and Acrasis (which have
an isoleucine) and the euglenozoan gapG sequences (which typ-
ically possess a methionine residue). The deep divergence on
trees (Fig. 2, 3) [39] between the eukaryotic-like gapC sequenc-
es and Anabaena gap3 suggest that at least two independent
insertion events likely occurred: one in the ancestor of Ana-
baena gap3 and at least one in the ancestor of the eukaryotic
sequences. The topology of the GAPDH tree within the eu-
karyotic gapC subtree (Fig. 2, 3) is not consistent with a single
event of insertion at position 40; polyphyletic insertions or de-
letions must be postulated to obtain this consistency. However,
the possibility exists that this topology is not correct in detail.

Phylogenetic analysis. Parsimony analysis of the aligned da-
taset yielded a set of 16 equally parsimonious trees with a
length of 2434 steps from which a randomly selected one is
shown in Fig. 2A. A neighbour-joining tree derived from PAM-
corrected distance analysis of the dataset is depicted in Fig. 2B.
The proportion of trees in the bootstrap analyses displaying a
particular node are shown above branches. Since the bootstrap
majority rule consensus trees for parsimony and distance anal-
yses differed markedly from trees based on the original dataset,
nodes of conflict are indicated in Fig. 2. Maximum likelihood
trees inferred from two datasets, a eukaryotic/prokaryotic da-
taset and a eukaryotic crown dataset are shown in Fig. 3A &
3B respectively.

The phylogenetic coherence of the Heterolobosea. A Nae-
gleria/Acrasis grouping is supported by trees generated using
parsimony, distance and maximum likelihood methods (Fig. 2,
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A.rosea FLND----NFIKLIA 299
D.discoideum ALND----NFVKLVS 299
T.brucei G ONNLPNERRFFKIVSWYDNEWGYSHRVVDLVRHMAARDRAAKL 360
A.variabilis 1 ELNS----NFFKVVAWYDNEWGYSNRVVDLMLS 334
E.coli & ALND--~-NFVKLVSWYDNETGYSNKVLDLIAHISK 332
T.brucei C SLND----NFVKLVSWYDNETGYSNKVHDLIAHITK 331
A.thaliana A VMGD- - --DMVKVIAWYDNEWGY SQRVVDLADIVANNWK 397
B.subtilis VMEG----SMVKVISWYDNESGYSNRVVDLAAYIAKKGL 336
A.variabilis 3 VVDE----TQVKILAWYDNEWGYVNRMVELARKVALSLK 337

Fig. 1. Alignment of a selection of glyceraldehyde-3-phosphate dehydrogenase homologs with the Acrasis, Naegleria and Dictyostelium
sequences. Empty spaces indicate either the end of the gene or amplification product and gaps introduced into the alignment are indicated by
hyphens (-). Numbers in boldface indicate alignment coordinates while all other numbers indicate positions in individual sequences. The forward
arrow (>) indicates that the N-terminal extension (consisting of 58 amino acids) of the Arabidopsis thaliana gapA sequence is not shown. Asterisks
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Fig. 2. Phylogenetic trees of glyceraldehyde-3-phosphate dehydrogenase inferred by parsimony and distance methods. Bootstrap proportions
of greater than 40% are indicated above branches and nodes not present in the bootstrap majority rule tree are denoted by open circles (0) above
the node. A. Unweighted maximum parsimony tree. This tree was randomly chosen from 16 equally parsimonious trees of total tree-length of
2434 steps. Branchlengths were inferred using the ACCTRAN method implemented in the PAUP 3.1.1 package [60]. Asterisks (*) under branches
indicate that they were not present in all 16 shortest trees. The scale bar indicates the number of steps per unit branch length. B. Neighbour-
joining tree constructed from PAM-corrected distances. PAM-corrected distances and the neighbour-joining tree was inferred using the PROTDIST
and NEIGHBOR programs of the PHYLIP package (version 3.57) [19]. The scale bar indicates the numbers of substitutions per site for a unit

branchlength.

3A). Bootsirap analysis suggested that this grouping was highly
significant for both the distance and maximum likelihood trees
(with bootstrap support of 99% and 95%, respectively). How-
ever, support for this node in parsimony analysis, although
strong, is substantially lower (75%). Inspection of all groupings
incompatible with a heterolobosean clade in the parsimony
bootstrap analysis showed that all other groupings were found
in less than 4% of the replicates. It is likely, therefore, that
these other groupings are artifactual topologies where the long

branch of the Acrasis GAPDH is attracted to other long branch
taxa, an artifact well known to occur in parsimony analysis
[177.

Contrary to the hypothesis of a cellular slime mould grouping
[37, 62], none of the phylogenetic methods obtained significant
support for an Acrasis/Dictyostelium clade.

The general structure of the GAPDH tree. Our phyloge-
netic analyses (Fig. 2, 3) generate overall topologies of the
GAPDH tree which are similar to other published analyses [27,

—

(*) below the alignment mark regions of ambiguous alignment which were excluded from the parstmony and distance analyses. Units of protein
secondary structure, inferred from the Bacilius stearothermophilus crystal structure (PDB entry: 1GD1.pdb) [53], are shown above the alignment;
alpha helices are indicated by (a) and beta-strands by (b). Two regions of the alignment are boxed where potentially informative single amino
acid insertions and deletions exist. Box A indicates an insertion common to most eukaryotic nuclear sequences and found in a single eubacterial
sequence while box B shows an identical insertion shared by Acrasis. Naegleria and Dictyostelium. Black circles (®) indicate residues involved

in catalysis [53].
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38, 39, 51, 65, 67] despite the differences in the methods em-
ployed and the taxonomic sampling. Although the primary fo-
cus of this study concerns the branching order within the eu-
karyote subtree, it should be noted that very different relation-
ships in much of the eubacterial portion of tree are obtained in
distance and parsimony analysis. Bootstrap support for most
nodes is poor with the exception of the Anabaena gap2/Ara-
bidopsis gapA grouping which is supported with a bootstrap
value of 100% using both methods.

The deepest successive branches in the eukaryotic subtree in
the distance and likelihood trees (Fig. 2B, 3A) are the eugle-
nozoan gapG group followed by the cyanobacterial gapl se-
quences. Support for the euglenozoan gapG group occupying
the deepest branch is quite strong with bootstrap values ex-
ceeding 80% for both distance and maximum likelihood meth-
ods. By contrast, all 16 shortest trees in the parsimony analysis
instead show that the euglenozoan gapG and the cyanobacterial
gapl sequences form a clade at the base of the eukaryote tree.

Acrasis rosea
Trypanosoma brucei G
Euglena gracilis C

10

Interestingly, the parsimony bootstrap majority-rule consensus
tree, which can be considered a bias-corrected estimate of the
phylogeny [18], does not display this clade but instead shows
the same topology as recovered by distance and maximum like-
lihood methods. However, the node placing the euglenozoan
gapG sequences at the base of the eukaryote subtree is sup-
ported by a bootstrap value of 42% versus 40% for the cyano-
bacterial gapl/euglenozoan gapG clade suggesting that neither
topology is significantly preferred over the other in parsimony
analysis.

The node unifying the rest of the eukaryotic-like GAPDH
sequences to the exclusion of both cyanobacterial gapl and eu-
glenozoan gapG sequences is highly supported by distance
methods (with bootstrap support of 97%) and while only mod-
erately by parsimony and likelihood (with bootstrap support of
63% and 71% respectively).

In all methods, the heteroloboseans are the next group to
diverge on the GAPDH tree. Bootstrap values suggesting that
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they are an outgroup to all remaining eukaryotic-like sequences
are quite low for all methods (40%, 44% and 64% for parsi-
mony, distance and maximum likelihood respectively). The het-
erolobosean sequences show no special affinity for any other
group in the trees.

The overall structure of the eukaryotic subtree following the
branching of the Heterolobosea is very poorly resolved. Several
major groups, also described in previous analyses [27, 38, 39,
51, 65, 67], receive strong bootstrap support from both distance
and parsimony methods. These include the land plants, the rho-
dophytes, the diplomonads and the kinetoplastid gapC/gamma-
Proteobacterial clade. In sharp contrast, the monophyly of the
Metazoa is only strongly supported by distance methods, re-
ceiving only 46% support in the parsimony analysis. Fungi are
polyphyletic with the yeast Saccharomyces cerevisiae having
no specific relationship to the two other fungi included in the
analysis, Aspergillus nidulans and Ustilago maydis. The latter
form only a weak clade in parsimony analysis (with bootstrap
support less than 40%). In the distance tree, these fungi appear
as an outgroup to a Dictyostelium/metazoan grouping but are
paraphyletic, interrupted by the sequence from the oomycete
Phytophthora infestans.

The relative branching order of well supported groups and
all other sequences in the eukaryotic subtree is not consistent;
many internal nodes are not shared by all of the 16 shortest
trees in parsimony analysis (stars under nodes in Fig. 2A) or
by the shortest trees and the bootstrap consensus tree in parsi-
mony and distance analysis (open circles above nodes in Fig.
2), or between the trees generated by the the different methods
(Fig. 2, 3). Moreover, very few of these internal nodes receive
significant bootstrap support in any of the analyses.

The position of Dictyostelium. One consistent feature in
these analyses is the placement of the Dictyostelium sequence
as a sister group to the metazoa. Once again, bootstrap support
is low for both distance (40%) and parsimony analyses (45%)
but it receives stronger support (82%) in the global maximum
likelihood tree with reduced taxonomic representation (Fig.
3A). Such an effect is not surprising given that in this maximum
likelihood analysis there were fewer taxa represented near the
node of interest. This reduces the number of possible alternative
suboptimal topologies and, on average, bootstrap support for
any node will increase. In agreement with this, the eukaryotic
GAPDH subtree maximum likelihood analysis (Fig. 3B), with
several more eukaryotic sequences included, also shows the
Metazoa/Dictyostelium grouping, but with reduced bootstrap
support (62%).

DISCUSSION

The Heterolobosea and beyond. Our finding of a Naegler-
ia/Acrasis grouping in the GAPDH tree strongly supports the
proposal of a Schizopyrenida/Acrasidae grouping, the Hetero-
lobosea. This suggests that the three ultrastructural characters
described by Page and Blanton as defining the Heterolobosea
are, taken together, good phylogenetic indicators [45].

It is unclear, however, if either of the classes Acrasidae or
the Schizopyrenida are themselves monophyletic. In their study
{45], Page and Blanton considered only one family of acrasids,
the Acrasidae, containing the genera Acrasis and Pocheina.
Three additional acrasid families, the Guttulinopsidae, the Co-
promyxidae and the Fonticulidae were excluded from that study
because they did not possess all of the features defining the
Heterolobosea and were suspected to be unrelated. Of the three,
the Guttulinopsidae are most similar to the Acrasidae, possess-
ing discoidal mitochondrial cristae and lacking a Golgi dictyo-
some. However, they differ by the absence of an envelope of
rough endoplasmic reticulum surrounding their mitochondria.
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The relationship of the Fonticulidae and the Copromyxidae to
these groups is more doubtful; the former possess mitochondria
with discoidal cristae but their amoebae are not of the eruptive
limax type, while the latter have mitochondria with tubular cris-
tae [5]. Our study only confirms the relationship of the family
Acrasidae to the schizopyrenids and more developmental, ul-
trastructural and molecular data are necessary to determine the
relationship of these other acrasid groups to the Heterolobosea.

The similarity of the flagellated species of the Acrasidae to
some specific schizopyrenids suggests that the latter may be a
paraphyletic group. The acrasid Pocheina flagellata, for ex-
ample, has a flagellate stage which bears two equal length fla-
gella [44], thus specifically resembling members of the vahlk-
ampfiid genus Naegleria. Hinkle and colleagues [28] have re-
cently shown that, within the Vahlkampfiidae, there is a deep
phylogenetic gulf between Naegleria and three other genera,
Vahlkampfia, Tetramitus and Parasetramitus. We suggest that,
if the schizopyrenids are paraphyletic, then the Acrasidae may
be specifically related to the Naegleria lineage. Further studies
of the small subunit ribosomal RNA of acrasids will be useful
in resolving this issue.

Several authors have suggested specific relatives of the Het-
erolobosea. In his description of the protozoan phylum Perco-
lozoa, Cavalier-Smith [10] suggests that the Heterolobosea are
related to members of the protist genera, Percolomonas (as first
suggested by Fenchel and Patterson [20]) and Stephanopogon
because both lack a Golgi dictyosome and possess discoidal
mitochondrial cristae. Along similar lines, Patterson has argued
that heteroloboseans are related to two other protist groups with
discoidal mitochondrial cristae; nucleariid amoebae and the Eu-
glenozoa [47].

Of these organisms, only species of Percolomonas appear
particularly similar to known heteroloboseans, resembling
members of the vahlkampfiid genus Tetramitus but lacking an
amoeboid stage [20]. Except for the Euglenozoa, no molecular
data exist for any of these organisms and thus suggestions re-
garding their phylogenetic affinities must be considered only as
tentative hypotheses.

By contrast, it is possible to test the validity of Patterson’s
euglenozoan/heterolobosean hypothetical grouping with exist-
ing molecular data. In our GAPDH trees, no affinity between
the heterolobosean homologs and either the euglenozoan gapG
or the kinetoplastid gapC enyzmes is found. This coupled with
the absence of a euglenozoan/heterolobosean grouping in trees
based on small subunit ribosomal RNA [9, 56] and elongation
factor 1a (AJR., unpubl. data) can be regarded as evidence
against Patterson’s hypothesis. However, one molecular dataset
does show such an affinity; trees based on a-tubulin [2] do
show a Naegleria/euglenozoan clade, although the critical node
is not strongly supported in bootstrap analysis. Clearly, the is-
sue will only be decided when sequences of other phylogenetic
marker molecules from heteroloboseans become available and
a consistent pattern emerges.

Dictyostelium and the position of the Eumycetozoa. Sug-
gestions [41, 62] that acrasids and dictyostelids are related, due
to their common possession of a cellular slime mould habit, are
discredited by the complete absence of an affinity of Acrasis
for Dictyostelium in our GAPDH trees. If other molecular trees
are congruent, then we suggest that the use of names based on
the concept of an acrasid/dictyostelid grouping, such as the
Acrasieae [14, 41, 62] or the Acrasiomycota [37, 64], be dis-
continued.

Several years ago, it was suggested that extremes in base
composition have led to a consistent misplacement of Dictyos-
telium as branching prior to the radiation of the eukaryotic
“crown” groups in small subunit ribosomal RNA trees [35].
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Analyses of multiple protein-coding genes have instead shown
that Dictyostelium consistently branches close to the metazoa
and the fungi [2, 31, 36]. Our analysis also suggests that Dic-
tyostelium is not a deeply branching eukaryotic group in the
GAPDH tree, emerging as an immediate sister group to the
Metazoa.

It is difficult to compare this result to those reported by others
[2, 31, 35, 36] since, in our analysis, the different phylogenetic
methods do not concur on the degree of monophyly nor the
position of the fungal sequences relative to other eukaryotic
GAPDH sequences. Nevertheless, taken literally, the trees in
Fig. 2, 3 appear, superficially, to support the view that dictyos-
telids are more closely related to metazoans than either group
are to fungi [36]. However, a recent maximum likelihood anal-
ysis of 19 protein datasets yielded greater overall support for a
topology where Dictyostelium is an immediate outgroup to a
metazoan/fungal clade [31], in agreement with the consistent
placement of Fungi and Metazoa as sister groups in phyloge-
netic analyses of other molecular datasets [2, 9, 16, 63]. More-
over, the metazoa and fungi possess two strong synapomorphies
lacking in Dictyostelium: a 12-amino acid insertion in their
elongation factor la homologues [2] and flattened mitochon-
drial cristae [9, 43]. We suggest, therefore, that the weight of
evidence favours dictyostelids as an immediate outgroup to a
metazoan/fungal clade. The polyphyly of the fungi as well as
their lack of a strong affinity for the metazoan sequences in the
GAPDH tree, indicates that the fungi are likely artifactually
misplaced, perhaps as a result of an accelerated rate of evolu-
tion in the fungal enzymes.

The relationship of Dictyostelium to the plasmodial slime
moulds is also a controversial issue. In nearly all small subunit
ribosomal RNA trees published to date (for an exception see
[9)), Dictyostelium and Physarum polycephalum are not sister
taxa. This has led to the commonly-held notion that the dic-
tyostelids and myxomycetes are unrelated [36, 52]. Curiously,
however, the recent inclusion of a protostelid slime mould se-
quence into a partial small subunit ribosomal RNA dataset, ap-
peared to move these species into a clade [59], consistent with
the previously proposed slime mould group, the Eumycetozoa
[43], an assemblage comprised of protostelids, dictyostelids and
myxomycetes. In addition, this group was placed in the
“crown” of the eukaryotic tree suggesting a more recent com-
mon ancestry with metazoans than previously observed. How-
ever, these trees, unlike those based on GAPDH and other pro-
tein data, group the Eumycetozoa specifically with the oomy-
cetes and heterokonts rather than the animals and fungi. Inter-
estingly, strong support for a dictyostelid/myxomycete clade is
also found in trees of actin [4]. Thus it is clear that more data
are needed; characterization of GAPDH and other protein cod-
ing genes from myxomycetes, protostelids and a wider variety
of eukaryotes may be helpful in clarifying their phylogenetic
position and testing the holophyly of the Eumycetozoa.

Reconciling GAPDH phylogeny with phylogeny of other
molecules. When there are discrepancies between molecular
trees in the absence of a known phylogeny, it is difficult to
decide which, if any, molecules are correctly resolving true or-
ganismal relationships. One method of dealing with this prob-
lem is to look for congruence between different molecular and
morphological phylogenies. If a single molecular tree conflicts
with several others which are mutually congruent, then there
are grounds to argue that that tree is not reflecting true organ-
ismal relationships.

In addition to those mentioned in the preceeding section,
there are several major discrepancies between phylogenies of
eukaryotes inferred by GAPDH and those of other molecules.
For instance, as several authors have pointed out [27, 38], Giar-
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dia lamblia (and now several other diplomonads [51]) and En-
tamoeba histolytica, both amitochondrial protists, do not branch
deeply in the eukaryotic GAPDH tree, incongruent with their
deep position in phylogenies of small subunit ribosomal RNA
[9, 56]. elongation factor 1o [2, 24, 25] and the A-subunit of
RNA polymerase II [30]. We suggest that the lack of strong
bootstrap support for internal nodes connecting these with other
eukaryotic groups in the GAPDH tree and the major differences
between parsimony, distance and maximum likelihood-derived
topologies is consistent with a lack of resolution at deep phy-
logenetic distances caused by substitutional saturation in this
enzyme. If this is true, then there is no significant conflict with
other datasets. Consistent with this view, strong support was
obtained for clades of recently diverged organisms such as the
monocots and the dicots, represented by Arabidopsis and Zea,
the two red algae Chondrus and Gracilaria and the kinetoplas-
tids Trypanosoma and Leishmania. By contrast, poorer resolu-
tion is found for all of the Precambrian branches; those con-
necting the groups described above with most of the other
groups found in the eukaryotic subtree.

As has been previously reported [S1, 55, 67] and mentioned
above, the ascomycete yeast Saccharomyces, fails to group with
the filamentous ascomycete Aspergillus and the basidiomycete
Ustilago, despite a wealth of morphological and molecular ev-
idence that these are members of a holophyletic fungal group
[3. 8]. This case of incongruence appears more problematic
since the two ascomycetes, Saccharomyces and Aspergillus,
likely shared a common fungal branch for at least 200 million
years (my) prior to their splitting roughly 320 million years ago
(mya) [3]. Since the much earlier divergence (540 mya), and
shorter shared common history (probably lasting less than 100
million years [48]) of the metazoan groups is resolved by
GAPDH, this suggests that the globally high rate of sequence
evolution of this enzyme cannot alone be responsible for the
anomaly. This coupled with the abberrant placement of Fungi
relative to the Metazoa (discussed above), suggests that fungal
GAPDH sequences, especially Saccharomyces and the other as-
comycete yeasts [51], may have suffered a change in their pat-
tern of substitution or increase in their rate of evolution which
has obscured their true phylogenetic relationships.

The origin(s) of the cytosolic GAPDH genes of eukary-
otes. Perhaps the two most peculiar features of GAPDH phy-
logeny are the presence of two phylogenetically distinct ho-
mologues of the enzyme found in the kinetoplastids (gapG and
gapC) and the grouping of gamma-Proteobacterial (represented
by Escherichia gapA and the Haemophilus homologs) [6, 15,
54] and cyanobacterial gapl homologs [39] firmly within the
eukaryotic-like GAPDH subtree. For these anomalies two al-
ternative explanations have been offered.

R. E Doolittle et al. [15] suggested that an event of lateral
gene transfer occurred whereby a eukaryotic GAPDH gene
(presumably from the kinetoplastid gapC lineage) was trans-
ferred to the gamma-Proteobacterial lineage. The subsequent
discovery of a eukaryotic-like GAPDH gene in cyanobacteria
(the cyanobacterial gapl enzymes), not specifically related to
the gamma-Proteobacterial version, makes it necessary to pro-
pose that two such events occurred independently.

A second explanation, offered by Martin and colleagues [39],
accounts for these anomalies by suggesting that the gene en-
coding the GAPDH enzyme underwent a series of gene-dupli-
cations early in eubacterial evolution, giving rise to several par-
alogous gene families. Subsequently, GAPDH homologs from
lineages of these eubacterial paralogous subtrees were laterally
transferred to the eukaryotic nucleus several times; once, rela-
tively recently from the gamma-Proteobacteria to kinetoplastids
(giving rise to the kinetoplastid gapC enzyme) and once, or
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possibly several times, anciently in a common ancestor of ex-
tant eukaryotes perhaps in the context of the endosymbiotic
origin of mitochondria [27, 39].

It is difficult to decide between these two hypotheses as they
both require multiple lateral transfer events. However, it is pos-
sible to discern the directionality of the transfer for the case of
the gamma-Proteobacterial/kinetoplastid gapC clade. The fact
that two successive outgroups to the kinetoplastids, Trypano-
plasma and Euglena, lack the gapC enzyme is most parsimo-
niously explained if the transfer occurred from the gamma-Pro-
teobacteria to the kinetoplastids after the splitting of these
groups [27]. If one accepts this argument, then it seems simplest
to assume that the cyanobacterial gapl is also an enzyme native
to these bacteria and that the ancestral GAPDH of the eukary-
otic gapC clade resided in a eubacterium, in agreement with
Martin et al. [39].

However, the inclusion of our heterolobosean sequences in
the GAPDH tree makes this scenario more complex. If the to-
pologies of our GAPDH trees (Fig. 2, 3) are taken literally,
then many independent transfer events to the eukaryotic nucle-
us must be postulated (Fig. 4A). If we instead presume that
most of the internal structure of the eukaryotic GAPDH tree is
unresolved (as demonstrated by the incongruency of trees in-
ferred by different methods and the low bootstrap values for
most of the internal nodes) and that aberrant rates and patterns
of amino acid substitution in the euglenozoan gapG lineages
are artifactually placing them deeply in the eukaryotic subtree
(consistent wth the large number of unique insertions present
in these enzymes), then the hypothetical tree shown in Fig. 4B
may be closer to the true gene phylogeny.

This topology requires that only two lateral transfers to the
eukaryotic nucleus took place. One transfer occurred anciently
to the ancestor of all extant eukaryotes giving rise to most eu-
karyotic cytosolic enzymes. A second, more recent transfer
from the gamma-Proteobacterial lineage to the kinetoplastid lin-
eage (after Trypanoplasma and Euglena diverged) then took
place giving rise to the kinetoplastid gapC enzyme [65]. As
circumstantial evidence for this suggestion, we find that the
hypothetical topology shown in Fig. 4B also reduces the num-
ber of independent insertion events necessary at position 40 in
the alignment (Fig. 1, box A) to two; one occurring on the
branch leading to the eukaryotic gapC enzymes and one on the
branch leading to Anabaena gap3.

If the endosymbiotic origin scenario for nuclear GAPDH is
correct, two major problems still remain. Firstly, entamoebids
and diplomonads, both amitochondrial protist groups, possess
GAPDH genes derived from mitochondrial endosymbiosis. Sec-
ondly, the GAPDH gene found in the protist Trichomonas va-
ginalis falls firmly within the eubacterial subtree [38]. These
facts can be rationalized by considering the growing body of
evidence that these amitochondrial protists may have second-
arily lost their mitochondria [13, 58] (AJR, unpubl. data). If
this is the case, then the ancestral mitochondrial endosymbiont’s
genome may have possessed several of the anciently-duplicated
GAPDH homologs, and diplomonads, entamoebids and most
other eukaryotes could have retained one copy that gave rise to
the typical eukaryotic gapC enzyme, while trichomonads re-
tained another version belonging to a different eubacterial par-
alogous gene family.

However, these speculative hypotheses will only be tenable
when evidence for a mitochondrial origin for these enzymes, in
the form of alpha-Proteobacterial GAPDH homologs of both
the eukaryotic and trichomonad enzymes, is forthcoming. The
recent finding of a typical eukaryotic/eubacterial-like GAPDH
gene in the archaebacterium Haloarcula vallismortis [7], in
contrast to the highly divergent version found in many other

483

'
A L + Other eukaryotes
+
= Y-proteobacterial gapA
Y 1 = Kinetoplastid gapC
N Cessmmm——— - Heterolobosea
1 v — = Cyanobacterial gapl
+ Euglenozoan gapG
F— = Other eubacterial paralogs
== 4+ Anabaena gap3
B
Other eukaryotes
Y
+ Euglenozoan gapG

+ Heterolobosea

o-proteobacterial gap

= Y-proteobacterial gap

= Kinetoplastid gapC

—
Y
-}
1 = Cyanobacterial gapl
ﬁF L
- b= 4 Anabaena gap3

Other eubacterial paralogs

Fig. 4. Two possible scenarios of transfer of GAPDH to the eu-
karyotic nucleus from a prokaryotic source superimposed on the gene
tree. Blackened branches indicate that the gene is residing in a eukar-
yote and white branches indicate its presence in a prokaryote. Plusses
(+) indicate the presence of an insertion at position 40 in the alignment
(Fig. 1, box A) in that lineage and, conversely, minuses (—) denote the
lack of this insertion. Arrows (V) indicate events of gene transfer from
prokaryote to eukaryote. A. A topology of the GAPDH tree similar to
those recovered by all of the phylogenetic methods. B. A hypothetical
topology which minimizes the number of transfer and insertion events
necessary to explain the data. If this topology is correct, then the trees
depicted in Fig. 2, 3 misplace the euglenozoan gapG lineage too deeply
in the eukaryotic-like subtree and fail to place the kinetoplastid/gamma-
Proteobacterial gapC clade as an outgroup to all other eukaryotic se-
quences. If the GAPDH of the eukaryotic cytosol is derived from the
mitochondrial endosymbiont, we propose that a hypothetical eukaryot-
ic-like alpha-Proteobacterial homolog, indicated by the dashed branch,
will be found.

archaebacteria [26], suggests that we may have to reconsider
the possibility that the nuclear GAPDH is not of endosymbiotic
origin but instead evolved by direct filiation from the common
ancestor of eukaryotes and archaebacteria. If this view were
correct, eukaryotic-like cyanobacterial and gamma-Proteobac-
terial GAPDH genes have originated by several lateral transfers
from eukaryote to prokaryote in agreement with the hypothesis
advocated by R. E Doolittle et al. [15, 54].
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