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The tubulin gene family, which includes alpha-, beta-, and gamma-tubulin subfamilies, is composed of highly con-
served proteins which are the principle structural and functional components of eukaryotic microtubules. We are
interested in (1) establishing when in eukaryotic evolution the duplications leading to paralogous alpha, beta, and
gamma subfamilies occurred and (2) the possible utility of tubulin sequences in reconstructing organismal phylogeny.
To broaden the taxonomic representation of alpha-tubulins so that it roughly equals that of beta-tubulins, alpha-tubulin
genes from three Microsporidia (Encephalitozoon hellem, Nosema locustae, and Spraguea lophii), two Parabasalia
(Monocercomonas sp. and Trichomitus batrachorum), and one Heterolobosean (Acrasis rosea) were sequenced. With
these new genes, phylogenetic trees of alpha- and beta-tubulins were constructed and compared. Trees were congruent
with each other, but incongruent with other molecular phylogenies. The agreement between alpha- and beta-tubulin
trees could arise by the co-adaptation of one molecule to variants of the other as a result of their intimate steric
association in microtubules. Thus, these trees may not be providing independent support for the phylogenetic results.
However, one of these unexpected results, that microsporidia cluster with fungi, is supported by other circumstantial
evidence, and may therefore reflect a real relationship despite the basal position usually assigned to microsporidia.
Relationships between the three tubulins were also examined by constructing trees of all three types. These trees were
found to be of limited value for determining the position of the root within each subfamily because of the great
interfamily distances, but they do confirm the classification of all known genes into three monophyletic subfamilies.
Divergent genes from Caenorhabditis elegans and Saccharomyces cerevisiae that have been proposed to represent the
novel classes delta- and epsilon-tubulin were found to be specifically related to gamma-tubulins from animals and

fungi respectively, and therefore are best seen as rapidly evolving orthologues of gamma-tubulin.

Introduction

The tubulin gene family consists of three distinct but
highly conserved subfamilies, alpha-, beta-, and gamma-
tubulin, each defined by sequence conservation, a wide
distribution among eukaryotes, and, where studied, a con-
servation of function. Of the three varieties, alpha- and
beta-tubulins are the most abundant in the eukaryotic cell
and have been studied most extensively. Heterodimers of
these two proteins are the primary constituents of micro-
tubules, which in turn are central to the composition of
eukaryotic flagella, cilia, mitotic spindles, and the cyto-
skeleton. Gamma-tubulin was discovered much later
(Oakley and Oakley 1989) and its function is less clear,
although it is known to be important in microtubule or-
ganizing centers, or MTOCs (Oakley et al. 1990; Zheng,
Jung, and Oakley 1991), and has been implicated in sev-
eral other processes (Gard 1994; Lajoie-Mazenc et al.
1994). Recently, two additional tubulin families have
been proposed based on the identification of two unusual
and highly divergent sequences, the so-called delta-tu-
bulin found in Caenorhabditis elegans, and the epsilon-
tubulin from Saccharomyces cerevisiae (Burns 1995).
While it is true that these sequences are very distant from
other known tubulins, their apparent restriction to a single
taxon each implies that they may not represent novel gene
families but rather unique genes, specific to the lineages
in which they have been described.
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Each tubulin orthologue is unique to eukaryotes,
but the tubulin family as a whole does have a prokar-
yotic antecedent in the FtsZ protein, a component of the
eubacterial cytokinesis system (see Lutkenhaus 1993;
Erickson et al. 1996; Margolin, Wang, and Kumar
1996). Presumably the three tubulins diverged from a
single ancestral FtsZ, but it is not known when this trip-
lication took place, or in which order the paralogues
arose. Of alpha, beta, and gamma, beta-tubulin currently
enjoys the widest taxonomic representation. Beta-tubu-
lin genes have been found even in the earliest-diverging
eukaryotes (Kirk-Mason, Turner, and Chakraborty 1988;
Katiyar and Edlind 1994; Edlind et al. 1996), demon-
strating that at least one gene duplication event took
place prior to the divergence of extant eukaryotes. How-
ever, the data on archezoal tubulins is restricted to beta:
alpha- and gamma-tubulins have been identified in a few
protist lineages, but none that diverged so early in eu-
karyotic evolution (Lai, Remillard, and Fulton 1988;
Sanchez et al. 1995). This leaves some uncertainty as to
when alpha- and gamma-tubulins diverged, before or af-
ter the appearance of extant eukaryotes.

Materials and Methods
Characterization of Tubulin Genes

DNA from a variety of organisms was generously
donated by individuals as follows: Monocercomonas sp.
Ns-1PRR and Trichomitus batrachorum G11 DNA were
gifts from M. Miiller, Encephalitozoon hellem CDC:
0291:V213 DNA was a gift from C. G. Clark, Nosema
locustae ATCC 30860 and Acrasis rosea T-235 DNA
were gifts from A. J. Roger, and Spraguea lophii DNA
was a gift from G. Hinkel.
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These samples were used as templates in PCR re-
actions with primers specific for alpha-tubulin, provided
by A. J. Roger, as described (Keeling and Doolittle
1996). Clones of the expected size were sequenced in
duplicate on both strands and in all cases both duplicates
were found to be identical except for that of Monocer-
comonas, where two clones were discovered that differ
sufficiently to suggest that they are separate genes. The
seven genes were all subcloned into fragments ranging
in size from 200 bp to 800 bp in pBluescript, using
restriction enzymes appropriate for each individual gene.
The actual sequencing was carried out either by manu-
ally sequencing subclones and gap-filling using primers,
or with ABI 373A or LiCor automated sequencing ma-
chines.

Phylogenetic Analysis of the Tubulin Family

An alignment of representatives of all three tubulin
types was made by PileUp (Deveraux, Haeberli, and
Smithies 1984) and edited by eye. From this template
alignment, a larger collection of tubulins consisting of
24 gamma-, 42 beta-, and 81 alpha-tubulins was aligned
according to the template. The divergent S. cerevisiae
and C. elegans sequences were also added by eye, align-
ing them with the globally conserved regions.

Trees based on this alignment were then inferred
by neighbor-joining and Fitch-Margoliash analyses on
distance measurements calculated according to the Day-
hoff PAM?250 substitution matrix using the PROTDIST,
NEIGHBOR, and FITCH programs from PHYLIP ver-
sion 3.57 (Felsenstein 1993). Significance of individual
nodes was assessed by conducting 100 bootstrap resam-
pling replicates and constructing trees by neighbor join-
ing. Trees inferred by Fitch-Margoliash were found to
be nearly identical to those inferred by neighbor joining,
and those differences which were observed are dis-
cussed in the figure legends. Unweighted parsimony
trees were also inferred using PAUP version 3.1.1
(Swofford 1993) for a set of alpha-tubulin sequences,
resulting in over 700 equally parsimonious trees, the
consensus of which was congruent with the neighbor-
joining topology.

Results
Identification of Alpha-Tubulin Genes in Ancient
Eukaryotic Lineages

Products of the expected size were isolated from
the parabasalia Trichomitus batrachorum and Monocer-
comonas sp., the heterolobosean Acrasis rosea, and the
microsporidia Nosema locustae, Encephalitozoon hel-
lem, and Spraguea lophii. These were cloned and the
ends were sequenced, revealing that each encoded a
gene with a high resemblance to alpha-tubulin. Two var-
iants from Monocercomonas were found which differed
at 17 positions (15 transitions and 2 transversions) re-
sulting in two conservative amino acid substitutions
(both due to transitions).

An alignment of the inferred amino acid sequences
of these genes is shown in figure 1. These genes are
from taxa that are among the deepest-branching eukary-

*
LYCLEHGIQPDGQMPSDKTIGVEDDAFNTFFSETGAGKHVPRAVFLDLEPTVIDE
LYCLEHGIQPDGQMPSDKTIGICDDAFNTFFSETGAGKHVPRAVMVDLEPTVVDE
LYCLEHGIQPDGOMPSDKTIGVCDDAFNTFFSETGAGKHIPRAVFVDLEPTVVDE
LYCLEHGIQPDGQMPSDKTIGVCDDAFNTFFSETGAGKHVPRAVFVDLEPTVVDE
LYCKEHGILPDGRLDQNRM. . . DDESAESFFSQTSVGTYVPRTLMVDLEPGVLES
S.lo LYCKEHGILPDGTPDPNFN. . DKESYSSTFFSETSGGNFVPRALMIDLEPGVIDS
LYCKEHNIRPDGTTGGV...... DDSCSSFFIETSAGTYVPRTLMVDLEPGVIES

VRTGTYRQLFHPEQLISGKEDAANNYARGHYTIGKEIVDLCLDRIRKLADNCTGL
VRTGTYRQLWHPEQLINGKEDAANNYARGHYTVGKEIIDLTLDRIRKLADQCTGL
VRTGTYRQLFHPEQI INGKEDAANNYARGHYTVGKEIIDLTLDRIRKLADQCTGL
VRTGTYRQLFHPEQI INGKEDAANNYARGHYTVGKEIIDLTLDRIRKLADQCTGL
IKTGKYRELYHPGQLISGKEDAANNYARGHYTVGKEIIEPVMEQIRRMADNCDGL
S.lo IKTSEYKNLYHPSQLIAGQEDAANNYARGHYTAGKEITEKVTDQIKRIAENCSGL
IKNSEYRALYHPSSLINGKEDAANNYARGHYTVGKEIIEPVMEQIRRMADCCDGL

QGFLVFNSVGGGTGSGLGALLLERLSVDYGKKSKLGFTVYPSPQVATAVVEPYNS
QGFLIFHSFGGGTGAGFGSLLLERLSVDYGKKSKLEFTVYPAPQVSTAVVEPYNS
QGFLIFHSFGGGTGAGLGSLLLERLSVDYGKKSKLELTVYPAPQVSTAVVEPYNS
QGFLIFHSFGGGTGAGFGSLLLERLSVDYGKKSKLEFTVYPAPQVSTAVVEPYNS
E.he QGFLIYHSFGGGTGSGFASLMMDRLAAEFGKKSKLEFSVYPAPKIATAVVEPYNS
S.lo QGFLVFHSFGGGTGSGFGALLMDRLSVEFGKKSKLEFAIYPSPRISTAVVEPYNS
Nlo QGFLIFHSFGGGTGSGFGGLLMDRLSQEFGKKSKLEFSVYPAPRIATAVVEPYNS

A.ro  VLSTHALLEHTDVAVMLDNEAIYDICRRSLDIQRPTYTNLNRLVAQVISSLTCSL
ILATHAMIDHSDCAFMVDNEALYDLCRRALDIERPTYTNLNRLIGQVVSSLTASL
ILATHAMIDHSDCAFMVDNEALYDLCRRALDIERPTYTNLNRLMGQVVSSLTASL
ILATHAMIDHSDCAFMVDNEALYDLCRRALDIERPTYTNLNRLIGQVVSSLTASL
ILTTHTTLDYSDCSFLVDNEAIYDMC . RNLGIQRPYYTDINRIIAQVVSSITASL
S.lo ILTTHTTLNHFDCSFLVDNEAIYDIC.KNLGIAMPHANDLNKCITQVVSSITASL

ILTTHTTLDHSDCSFLVDNEAIYDMC . RNLGIERPKYKEINRVLAQVVSSITASL

RFDGALDVDVTEFQTNLVPYPRIHFMLCSIAPVISAEKAYHEQLSVAEITNSAFE
RFDGALNVDFTEFQTNLVPYARIHFPICSYAPVISAEKAYHEQLTVAEVINTLFE
RFDGALNVDFTEFQTNLVPYPRIHFPICSYAPVISAEKAYHEQLSVAEITNSLFE
RFDGALNVDFTEFQTNLVPYSRIHFPICSYAPVISAEKAYHEQLSVAEITNSLFE
RFPGSLNVDLTEFQTNLVPYPRIHFPLVAYSPMLSKEKAAHEKLSVQEITNACFE
S.lo RFPGSLNVDLTEFQTNLVPYPRIHFPLVAYFPMLSRERASHEQLSVQEITSACFD
RFPGSLNVDLTEFQTNLVPYPRIHFPLVAYAPMLSRNKASHEQLSVSEITSACFN

PASMMAKCDPRHGKYMACCLMYRGDVVPKDVNAAVATIKTKRTIQFVDWSPTGFK
PANMMVKCDPRHGKYMACTLLYRGDVVPKDVSAAIATIKTKRAIQFVDWCPTGFK
PANMMVKCDPRHGKYMACTLLYRGDVVPKDVGAAVATIKTKRTIQFVDWCPTGFK
PANMMVKCDPRHGKYMACTLLYRGDVVPKDVGAAVATIKTKRTIQFVDWCPTGFK
PQSOMVRCDTRKGKYMACCLLFRGDVNPKDANTATANVKAKRTNQFVEWCPTGFK
S.lo PENQMVKCDPRNGKYMACCLLFRGNVNPKDVNQATSLVKSKRANQFVEWCPTGFK
PESQMVKCDPKKGKYMACCLLFRGDVQPKDVNQAMAFVKAKRAAQFVEWCPTGFK

CGINYQPPIVVPGGDLAKIQRAVCMISNSTAIAEVFSRIDHKFDLMYAKRAFVH
IGINYQPPTVVPGGDLAKVQRAVCMLANTTAVAEAWSRLDHKFDLMYAKRAFVH
IGINYQPPTVVPGGDLAKVQRAVCMLANTTAIAEAWSRLDHKFDLMYAKRAFVH
M.3 IGINYQPPTVVPGGDLAKVQRAVCMLANTTAIAEAWSRLDHKFDLMYAKRAFVH
E.he VGINSRKPTVLDGEAMAEVSRAVCALSNTTAISEAWKRLNNKFDLMFSKRAFVH
S.lo IGINDRKPYVFEDGAMAPVDRAVCMLSNTTAISEAWKRLNRKFDLMFSKRAFVH
N.lo  IGMNSRKPTILDDDAMAPVSRAVCLLSNTTAIAEAWQRLNQKFDLMFSKRAFVH

F1G. 1.—Inferred amino acid alignment of alpha-tubulins from
Acrasis rosea (A.ro), Trichomitus batrachorum (T.ba), Monocerco-
monas sp. (M.1 and M.2), Encephalitozoon hellem (E.he), Spraguea
lophii (8.10), and Nosema lucustae (N.lo). The acetylated lysine at po-
sition 40 of the full-length protein is marked with an asterisk.

otes known according to molecular and ultrastructural
data (see Cavalier-Smith 1993), but are nevertheless ex-
tremely similar to known alpha-tubulin homologues.
There are a number of conserved motifs which have a
defined function in tubulin proteins (for review see
Burns 1991) which are also maintained in all these se-
quences except those from the microsporidia, where
there are two noteworthy exceptions. The GTP-binding
motif at positions 70 to 73 (numbered according to the
full length human sequence) is generally LEPT in alpha-
tubulins and LEPG in beta-tubulins, but in microspori-
dia, both alpha- and beta-tubulin sequences contain
LEPG. Also, the acetylatable lysine at position 40 of
alpha-tubulins (marked in fig. 1) and the highly con-
served region around it are both missing in microspor-
idia as they are in fungi, Entamoeba histolytica and Dic-



tyostelium discoideum. It is not obvious why constraints
on this otherwise highly conserved region have relaxed
in these unrelated taxa, but one interesting correlation is
that these organisms all lack flagella and cilia in all
stages of their life cycle (although the same is true of
some other organisms that have maintained the acety-
lation domain). In any case, the role and importance of
acetylation in tubulin function remains unclear, especial-
ly since it may be abolished without apparent conse-
quence in Chlamydomonas and Tetrahymena (Kozmin-
ski, Diener, and Rosenbaum 1993; Gaertig et al. 1995),
but is always observed when acetylatable alpha-tubulin
is present in the cell.

Phylogeny Based on Alpha- and Beta-Tubulins

* Tubulin genes, for the most part beta-tubulin, have
been used in the past to infer organismal relationships
(Baldauf and Palmer 1993; Edlind et al.1996; Li et al.
1996), but the extreme conservation leaves few infor-
mative characters. Nevertheless, the utility of three
alignable gene-families is attractive, and the substantial
diversity of taxa previously known for beta-tubulin has
now been roughly matched in the alpha-tubulin branch.
From an amino acid alignment composed of 24 gamma-,
42 beta-, and 81 alpha-tubulins, phylogenetic trees were
inferred for each tubulin independently, and combined
sets were used to reciprocally root one anther.

To make the data more manageable, pairwise dis-
tance calculations were used to identify and eliminate
closely related sequences. In this way the numbers of
sequences were reduced to 58 and 40 for alpha and beta,
respectively. Unfortunately, these numbers are still pro-
hibitively large for protein maximum-likelihood analy-
sis, and maximum-parsimony analysis was also ham-
pered by the impractically large number of equally par-
simonious trees. However, it should be noted that the
strict consensus of over 700 maximum-parsimony trees
of alpha-tubulin yielded a topology consistent with
neighbor-joining trees (including the fungi-microspori-
dia clade discussed below). Trees were therefore con-
structed by neighbor-joining and Fitch-Margoliash anal-
yses of corrected distance measurements calculated ac-
cording to the Dayhoff PAM250 substitution matrix.
Significance of individual nodes on these trees was as-
sessed by conducting 100 bootstrap resampling repli-
cates, the results of which are also shown on each tree.

An alpha-tubulin tree is depicted in figure 2. This
tree is based on 406 positions, includes 58 sequences,
and has been oriented with a diplomonad outgroup (di-
plomonads were chosen because they are consistently
deep-branching eukaryotes in trees based on ribosomal
RNA and EF-1 alpha; Leipe et al. 1993; Hashimoto et
al. 1994). Figure 3 is a beta-tubulin tree consisting of
431 positions from 40 sequences, and once again has a
diplomonad outgroup. These trees share a number of
features with other molecular phylogenies, including the
presence of several monophyletic groupings such as an-
imals, plants, fungi, and alveolates. It is also noteworthy
that the alpha-tubulins of Acrasis rosea and Naegleria
gruberi branch together, since these taxa are thought to
belong to the phylum Heterolobosea (Page and Blanton
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1985), for which supporting molecular data have just
been introduced (Roger et al. 1996).

While these groups may be consistent with other
data, alpha- and beta-tubulin trees also mirror one an-
other in several ways that are not generally supported
by other data. Such anomalies may well be artifacts or
the results of inappropriate data for the question, but
being shared by both trees, they do require some aux-
iliary explanation.

The first such characteristics is the position of the
animals and fungi relative to parabasalia and diplomon-
ads. When the diplomonads are used as an outgroup in
these unrooted trees, the result is a deep split in the
eukaryotes where animals and fungi fall on one side,
and plants, euglenozoa, alveolates, and heterolobosea on
the other (slime molds and parabasalia cannot readily be
classified into either category as they both branch close
to diplomonads and their exact position is inconsistent).
This topology (also found by Edlind et al. 1996 and Li
et al. 1996) is not a feature of ribosomal RNA or EF-1
alpha phylogenies, in which diplomonads fall at or near
the base of a comblike distribution of taxa (Cavalier-
Smith 1993; Leipe et al. 1993; Hashimoto et al. 1994).

A second noteworthy characteristic of both trees is
the position of microsporidia within the fungi. Micro-
sporidia are generally thought to be archezoa, partly be-
cause they lack several cytological features also missing
in other archezoa (see Cavalier-Smith 1993), and partly
because they normally branch very deeply in eukaryotic
trees of ribosomal RNA or translation elongation factors
(Vossbrinck et al. 1987; Kamaishi et al. 1996). Consid-
ering that fungi and microsporidia share a highly diver-
gent acetylation domain in alpha-tubulin, these residues
were excluded and the analysis was repeated. The re-
sulting topology was no different than that of figure 2
(data not shown), suggesting that microsporidian and
fungal alpha-tubulins do generally resemble one another
outside the acetylation domain.

One last concern with these tree topologies is the
position of Entamoeba histolytica and its alarmingly
long branch. Entamoeba tubulins, although easily clas-
sifiable by family, are extremely divergent from other
orthologues, resulting in a very long branch. The posi-
tion of Entamoeba in these trees is therefore suspect,
since it branches with the next longest branch in trees
based on both alpha- and beta-tubulins. This conclusion
seems to be borne out by removing Dictyostelium from
alpha-tubulin trees, which results in no change to the
topology except that Entamoeba moves to the next lon-
gest branch on the tree, at the base of the fungi (data
not shown). In contrast, the removal of Entamoeba re-
sulted in no change at all to the rest of the tree (data
not shown). Moreover, although the trees inferred by
Fitch-Margoliash differ very little from the neighbor-
joining trees shown, the position of Entamoeba is vari-
able in both alpha- and beta-tubulin trees, suggesting
that this long branch is very unstable.

Gamma-, Delta-, and Epsilon-Tubulins

In addition to the well-represented alpha- and beta-
tubulins, there are the more poorly represented gamma-
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' FiG. 2,—'Neighbor-joining tree of 58 alpha-tubulins with bootstrap support for nodes over 50%. Fitch-Margoliash analysis on the sam
distance matrix resulted in a tree with the same topology except that the slime molds are paraphyletic, and Entamoeba branches at the base o

the fungi, further reinforcing the tenuity of Entamoeba’s position in the tree.
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FiG. 3.—Neighbor-joining tree of 40 beta-tubulins with bootstrap support for nodes over 50%. Once again, Fitch-Margoliash analysis on

the same distance matrix resulted in an identical tree except that sli
within the fungi changes.

tubulins, and two highly divergent tubulin-like sequenc-
es from Caenorhabditis elegans and Saccharomyces
cerevisiae. Based on their extreme distance from other
tubulins, these two genes have prompted a proposal to
expand the number of tubulin families from three to five,
classifying C. elegans and S. cerevisiae sequences as
delta- and epsilon-tubulins, respectively (Burns 1995).
Distance notwithstanding, there are a number of
facts that support the contrasting notion that these delta-
and epsilon-tubulins are not really novel families, but
rather highly divergent orthologues of an existing family

me molds and animals switch positions, and the position of Entamoeba

that are unique to the lineages where they have been
observed. First, the now completed S. cerevisiae ge-
nome does not contain either a conventional gamma-
tubulin gene or a so-called delta-tubulin gene, but only
highly conserved alpha- and beta-tubulins and the so-
called epsilon-tubulin. Similarly, searching the ex-
pressed sequence tag (EST) database for gamma-, delta-,
and epsilon-tubulins in C. elegans and C. briggsae
yielded only alpha-, beta-, and the so-called delta-tu-
bulin. The implication from these observations is that
neither S. cerevisiae nor C. elegans contain either a con-
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FiG. 4.—C. elegans (A) and S. cerevisiae (B) tubulin genes show a specific relationship to the gamma-tubulins of other animals and fungi
respectively (support for nodes uniting these groups is circled). In Fitch-Margoliash analyses both distance matricies yield trees nearly identica
to those shown, and in both cases the C. elegans and S. cerevisiae sequences branch within the animals and fungi, respectively.

ventional gamma-tubulin or the supposed novel tubulin
found in the other. Indeed, no other organism has ever
been found to contain either of these genes except C.
briggsae, which contains an EST almost identical to the
C. elegans delta-tubulin.

Greater support for the gamma-tubulin provenance
of these unusual sequences comes from phylogenetic re-
construction of all gamma-tubulins with the delta and
epsilon gene and outgroups chosen from the alpha- and
beta-tubulins. In trees of all three tubulins, the unusual
Caenorhabditis and Saccharomyces sequences branch
with the gamma-tubulin subtree with 100% bootstrap
support (not shown), but they fall very deep in the gam-
ma subtree and not within the animals and fungi (see
also Sobel and Snyder 1995). The possibility that the
basal position of these sequences is the result of an at-
traction to the other long branches on the tree was ad-
dressed by including the C. elegans and S. cerevisiae
sequences independently in trees where other long
branches were excluded. In analyses excluding Enta-
moeba, Reticulomyxa, and Plasmodium (fig. 4), or sim-
ply excluding Entamoeba (not shown), S. cerevisiae
branches specifically with the fungi with high statistical
support, and C. elegans branches specifically with the
animals, although with much weaker support.

Lastly, and perhaps most conclusively, several re-
cent functional characterizations of the Saccharomyces
gene product provided excellent evidence that it is lo-
cated at the spindle pole body (a MTOC), and that its

disruption results in a phenotype similar to gamma-tu-
bulin disruptions in other ascomycetes (Sobel and Sny-
der 1995; Marschall et al. 1996; Spang et al. 1996)
Taken together, these observations leave little room tc
doubt the conclusion that both Saccharomyces and Cae-
norhabditis tubulin-like genes are lineage-specific, high-
ly divergent orthologues of gamma-tubulin.

Rooting Tubulin Trees

Figure 5 shows the result of combining subsets of
the alpha-, beta-, and gamma-tubulin alignments (choser
for representative diversity, but excluding the extremely
diverse gamma-tubulins from Saccharomyces and Cae-
norhabditis discussed above). This tree is based on 31
positions and 70 sequences. Clearly the three families
are each independent, monophyletic groups, and it is not
obvious if any two are more similar than the third, re-
flecting the great interfamily distances relative to intra-
family distances. The actual topologies within the alphz
and beta subtrees differ only very subtly from the to-
pologies yielded by individual analyses, but in both
cases trees appear different on account of the root falling
within the branch leading to Entamoeba histolytica. As
discussed above, Entamoeba tubulins are quite diver-
gent, so it is likely that this relationship is the product
of a long branch attraction between E. histolytica and
the branch leading to the other tubulin families. This
conclusion is supported by the three-way rooted Fitch-
Margoliash trees, which also retain the topology of the
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FiG. 5.—Reciprocally rooted neighbor-joining tree of alpha-, be
Fitch-Margoliash trees of this distance matrix the topology differed
topology was affected by the position of Entamoeba. In Fitch-Marg
rather than with the slime molds as in neighbor joining (see fig. 2)

Entamoeba histolytica

ta-, and gamma-tubulins with bootstrap support for nodes over 50%. In
very little in the gamma and beta subtrees, but in the alpha subtree the
oliash trees of alpha-tubulin alone, Entamoeba branched with the fungi

; this topology was preserved in the rooted Fitch-Margoliash trees with

Entamoeba falling at the base, resulting in a topology which differs from that shown for neighbor joining.

individual Fitch-Margoliash analysis in each subtree, but
root each with Entamoeba, resulting in an overall to-
pology much different from that of neighbor joining (not
shown). Moreover, when E. histolytica alpha- and beta-
tubulins were removed and the three-way rooting re-
peated with neighbor-joining and Fitch-Margoliash, the
topology does not change within each subtree, but the
position of the root does change, moving in both cases
to the next longest branch in the fungi (data not shown).

Therefore, the position of the root within each subtree
appears to be largely dependent on branch length and
should therefore be considered highly suspect.

Discussion

Phylogenetic analysis of alpha-tubulin genes from
diplomonads, microsporidia, parabasalia, and heterolo-
bosea provides convincing evidence that alpha- and
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beta-tubulins diverged prior to the divergence of extant
eukaryotes. Moreover, since each of the three subtrees
is holophyletic, it appears that gamma-tubulin was also
present by this time. If this were not the case, then,
barring any paralogue-specific rate acceleration, one
would expect that the gamma subtree would branch
from within one of the other two, and not from the basal
position seen in figure 5.

These new sequences also provide the opportunity to
compare alpha- and beta-tubulin phylogenies with an al-
most equal representation of major lineages. The alpha-
and beta-tubulin trees are nearly identical in topology, but
in several major respects this topology is curiously incon-
sistent with the phylogeny inferred by other molecular
markers. This is most evident in the relative branching
order of the unrooted trees of figures 2 and 3, where the
animals and fungi branch closer to supposedly deep-
branching protists such as diplomonads and parabasalia
than they do conventionally (Cavalier-Smith 1993; Leipe
et al. 1993; Gunderson et al. 1995; Kamaishi et al. 1996).
Another unexpected relationship mirrored by both mole-
cules is the firm position of the microsporidia within the
fungi. Conventionally, Microsporidia is seen as an ancient
phylum, in part because its members display a very de-
generate cytology, lacking numerous features also missing
in other Archezoa, and in part from the consistently deep
position of microsporidia in the few molecular trees where
microsporidian data are available (Vossbrinck et al. 1987;
Kamaishi et al. 1996).

The congruent alpha- and beta-tubulin trees might
be taken as independent support for these unusual re-
sults. However, since microtubules are composed of al-
ternating units of closely packed alpha- and beta-tubulin,
these trees may instead reflect a strong tendency to co-
variation between the two tubulin molecules. If there
were a finite number of ‘“‘solutions” to the problem of
satisfactory interactions between the proteins (which is
supported by the extreme degree of both inter- and in-
trafamily conservation in tubulins), then the appearance
of a certain variant of one tubulin could strongly favor
the covariation of the other along predictable lines. Par-
alogy and loss could also be involved in such a process,
but in such a case once again covariance would have to
be evoked to explain the congruent loss of paralogues
in several supposedly unrelated lineages.

Even if the congruence between tubulin trees is not
independent support for this topology, there are truly
independent reasons to carefully consider the phyloge-
netic position of the Microsporidia within the fungi. The
extremely derived, obligately parasitic lifestyle of these
organisms has raised doubts as to whether their “‘prim-
itive” cytology is ancestral or a relatively recent adap-
tation (Cavalier-Smith 1993). Similarly, since microspo-
ridian gene sequences are typically very divergent, the
deep phylogenetic position of these sequences may be a
consequence of attraction to other long branches. Alpha-
and beta-tubulins are not immune to this possibility ei-
ther, and their position within the fungi may simply be
due to the fact that both microsporidian and fungal tub-
ulins are diverging faster than other lineages, but there
is other circumstantial evidence for a relationship be-

tween microsporidia and fungi. First, the ridged endo-
spore wall of microsporidia is composed of chitin (see
Canning 1990), the same material that fungi utilize as a
cell wall polymer (chitin is also found in numerous other
unrelated lineages: Mulisch 1993). Secondly, unlike oth-
er archezoa, which appear to be clonal (see Tibayrenc
et al. 1991 for review), microsporidia undergo a form
of meiosis. This process is in itself a source of debate,
however, as there have been alternative arguments that
it is either radically different from meiosis in other eu-
karyotes (Canning 1988) or fundamentally the same
process (Flegel and Pasharawipas 1995). Curiously, the
argument that microsporidian meiosis is typically eu-
karyotic in form is based on similarities observed by the
authors between the cell cycles of microsporidia and
fungi (Flegel and Pasharawipas 1995). Lastly, although
the molecular phylogeny of EF-1 a supports the deep
divergence of microsporidia (Kamaishi et al. 1996), the
only microsporidian EF-1a gene known to date, that of
Glugea plecoglossi, contains an 11-codon insertion at
exactly the same position as a 12-codon insertion that
has been argued to be a determinative feature of the
animal—fungal clade (Baldauf and Palmer 1993). An in-
sertion in this general region of the protein may be a
common event, but the Glugea insertion is at exactly the
same location and also bears a weak resemblance to that
of animals and fungi (see fig. 2 of Kamaishi et al. 1996).

Individually each of these characters may be in-
adequate to argue strongly for any relationship between
microsporidia and fungi, as each is also shared with oth-
er taxa. However, taken together, and considering the
relatively strong support for the microsporidia—fungi
clade in both alpha- and beta-tubulin trees, the possibil-
ity that microsporidia are highly derived fungi certainly
should be considered.
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