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Abstract

The origin of microsporidia and the evolutionary relationships among the major lineages of fungi have been examined by

molecular phylogeny using a-tubulin and b-tubulin. Chytrids, basidiomycetes, ascomycetes, and microsporidia were all recovered

with high support, and the zygomycetes were consistently paraphyletic. The microsporidia were found to branch within zygomy-

cetes, and showed relationships with members of the Entomophthorales and Zoopagales. This provides support for the micros-

poridia having evolved from within the fungi, however, the tubulin genes are difficult to interpret unambiguously since fungal and

microsporidian tubulins are very divergent. Rapid evolutionary rates a characteristic of practically all microsporidian genes studied,

so determining their evolutionary history will never be completely free of such difficulties. While the tubulin phylogenies do not

provide a decisive conclusion, they do further narrow the probable origin of microsporidia to a zygomycete-like ancestor.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Microsporidia are a group of obligate intracellular

parasites that infect a wide variety of animals, as well as

certain species of ciliates and gregarine apicomplexa

(Vivier, 1975). The primary distinguishing features of

microsporidia are found in the spore, the only stage of

the microsporidian life cycle that is viable outside of a

host cell. Microsporidian spores are small, typically

unadorned, highly resistant structures protected by a
double layered wall consisting largely of glycoprotein

and chitin. Microsporidian spores are also highly re-

duced cytologically, lacking a variety of structures

common to most other eukaryotes, including flagella

and recognisable mitochondria (V�aavra and Larsson,

1999). While relatively simple in these respects, micro-

sporidian spores do contain several highly specialised

structures that mediate infection; notably the polarop-
last, posterior vacuole, and the polar filament or polar

tube. The parasite gains entry to its host by building up

osmotic pressure within the spore, and using this pres-

sure to force the polar filament to break through the
spore and evert, or turn inside out, at which point the

filament becomes a tube. Once the polar tube is dis-

charged, the cytoplasm in the spore is forced through

the tube. If the discharging tube hits a potential host

cell, it can penetrate the membrane of that cell so that

the microsporidian emerges from the tube directly into

the host cytoplasm where it will grow and divide, ulti-

mately producing more spores.
This unique infection mechanism, together with the

emerging importance of microsporidia as parasites of

domestic animals and humans, have generated increasing

interest in the group since they were first discovered in the

late nineteenth century. In recent years, the group has

also attracted considerable attention from an evolution-

ary perspective [for review see, (Keeling and Fast, 2002)].

Because they are so highly adapted and reduced, it has
proved difficult to determine how microsporidia are re-

lated to other eukaryotes. They have, at various times,

been proposed to be closely related to a number of other

spore-forming parasites such as myxosporidia and acti-

nomyxidia (Lom and V�aavra, 1962), and have also been
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proposed to represent the most ancient and primitive
lineage of eukaryotes (Cavalier-Smith, 1983). Early mo-

lecular data from microsporidia seemed to corroborate

the view that microsporidia were ancient, as phylogenies

of small subunit ribosomal RNA (SSU rRNA), elonga-

tion factors 1a and 2, and valyl-tRNA synthetase all

placed microsporidia as an early lineage of eukaryotes

(Brown and Doolittle, 1995; Kamaishi et al., 1996; Vos-

sbrinck et al., 1987). In addition, the microsporidian 5.8S
and large subunit (LSU) rRNA are fused, as in prok-

aryotes (Vossbrinck and Woese, 1986). Altogether, these

data appeared to show that microsporidia were primitive

eukaryotes. However, doubts continued to linger because

the known microsporidian genes sequences were all very

divergent, which is known to cause difficulties in recon-

structing phylogenies (Kuhner and Felsenstein, 1994),

and cast suspicion on the deep-branching position of
microsporidia (Cavalier-Smith, 1993).

These doubts proved to be well-founded, as addi-

tional sampling of microsporidian protein-coding genes

has altered this picture considerably. The first molecular

phylogenies to challenge the ancient origin of micros-

poridia were those of a-tubulin and b-tubulin; both of

which provided strong support for a relationship be-

tween microsporidia and fungi (Edlind et al., 1996;
Keeling and Doolittle, 1996). Since then, a number of

other gene phylogenies have demonstrated the same

relationship, notably, the largest subunit of RNA

polymerase II (RPB1), TATA-box binding protein,

glutamyl-tRNA synthetase, seryl-tRNA synthetase,

vacuolar ATPase, and transcription factor IIB (Fast

et al., 1999; Hirt et al., 1999; Katinka et al., 2001).

Moreover, a number of molecules that once supported
an early origin of microsporidia have been re-examined

with methods that consider rate variation between sites

in a sequence. Upon re-analysis nearly all of these

molecules do not support a deep placement of micros-

poridia, and in some cases weakly support the fungal

relationship [e.g., LSU rRNA and EF-2 (Hirt et al.,

1999; Van de Peer et al., 2000)]. Most recently, the

complete genome of the microsporidian Encephalitozoon

cuniculi has been sequenced, providing a wealth of mo-

lecular data to test the evolutionary position of mi-

crosporidia, and preliminary results indicate that the

most robust phylogenies support the fungal affinity of

microsporidia (Katinka et al., 2001).

While these data provide compelling support for the

notion that microsporidia are somehow related to fungi,

exactly how these groups are related to one another
remains uncertain. Most gene phylogenies that have

been used to address the origin of microsporidia are

poorly sampled: typically only one microsporidian se-

quence is known, and fungi are represented solely by

ascomycetes. This lack of sequence diversity renders it

impossible to make the critical distinction between mi-

crosporidia and fungi originating from a common an-

cestor (i.e., microsporidia are a sister group to fungi),
versus microsporidia evolving from a bona fide fungus

(i.e., microsporidia are themselves fungi). The only gene

that has been sampled sufficiently from both microspo-

ridia and fungi to make any such distinction is b-tubu-
lin. In this case, phylogenies suggest that microsporidia

evolved from within the fungi and hint that they are

related to either ascomycetes or zygomycetes, but fail to

identify a more specific position (Keeling et al., 2000).
Here, the relationship between microsporidia and

fungi has been addressed with a-tubulin and b-tubulin
independently, and in combination. The tubulin genes

from microsporidia and all fungi except chytrids are very

divergent (perhaps because these organisms lack 9+ 2

microtubule structures, and accordingly their tubulins

are under relaxed evolutionary constraints). This accel-

erated rate of divergence in microsporidia and some
fungi means that the position of microsporidia within

tubulin phylogenies must be interpreted with a great deal

of caution since between taxon rate heterogeneity can

lead to erroneous trees with strong support (for instance

the original SSU rRNA trees that placed microsporidia

at the base of fungi). However, it is difficult to avoid this

problem with the microsporidia since the accelerated rate

of substitution seen in the first genes characterised from
the group appears to be true for most or all of the ge-

nome (Katinka et al., 2001). It appears that resolving the

exact relationship between microsporidia and fungi will

require a careful analysis of many proteins, none of

which will be ideal individually. Of the microsporidian

genes that have been analysed to date, the tubulins show

the greatest consistent support for any relationship be-

tween microsporidia and fungi, so they are a credible
starting point, although once again, they must be inter-

preted cautiously. Tubulin genes from several micros-

poridia, chytrids, and zygomycetes have been sequenced

so that the two tubulin genes are roughly equally sam-

pled and represent a broad spectrum of fungal diversity.

Phylogenies based on both tubulins individually and in

combination all converge on the conclusion that mi-

crosporidia are derived from zygomycete fungi, and are
most likely related to insect pathogens belonging to the

Entomophthorales and Zoopagales. The tubulins are

also now among the more widely sampled protein-coding

genes from fungi, and lend some interesting insights into

deep fungal evolution and fungal gene structure.

2. Materials and methods

2.1. Strains

Nosema locustae (ATCC 30860) spores were a gift

fromM&RDurango (Bayfield, CO). DNAwas prepared

from approximately 5� 109 spores as described (Fast

and Keeling, 2001). Microsporidian DNA from Glugea

P.J. Keeling / Fungal Genetics and Biology 38 (2003) 298–309 299



plecoglossi and Trachipleistophora hominis were gifts
from T. Hashimoto (Rockefeller University) and Sarah

Cheney (Imperial College of Science, Technology and

Medicine), respectively. DNA from the chytrid fungi

Karlingiomyces sp. (strain JEL93), Rhizophydium sp.

(strain JEL138) were gifts from Timothy James (Duke

University) from the culture collection of Joyce Long-

core (University of Maine). DNA from the chytrid fungi

Nowakowskiella hemisphaeorspora (strain BK85-6),
Nowakowskiella elegans (strain BK50-1), Gaertneromy-

ces semiglobiferus (strain BK91-10), Powellomyces vari-

abilis (strain BK85-1) were gifts from John Taylor

(University of California, Berkeley). DNA from the

zygomycete Rhizopus microsporus var. oligosporus (strain

NRRL 2710) was a gift from Franz Lang (Universit�ee du
Montr�eeal). DNA from the zygomycetes Micromucor

ramannianus (strain NRRL 5844), Furculomyces boom-

erangus (strain AUS-42-7), Spiromyces minutus (strain

NRRL 3067), Syncephalis depressa (strain NRRL

22627), Basidiobolus ranarum (strain NRRL 20525),

Conidiobolus coronatus (strain NRRL 1912), ‘‘Conidio-

bolus lamprauges’’ (strain NRRL 28637), Entomophaga

maimaiga (strain ARSEF 1400), ‘‘Entomophaga destru-

ens’’ (strain NRRL 3727), and Capniomyces stellatus

(strain MIS-10-108) were gifts from Kerry O�Donnell
(United States Department of Agriculture, National

Center for Agricultural Utilization Research).

2.2. Amplification and sequencing of tubulin genes

a-Tubulin genes were amplified from B. ranarum, S.

depressa, C. stellatus, ‘‘E. destruens’’, ‘‘C. lamprauges,’’

and C. coronatus using the primers GGGCCCCAGG
TCGGCAAYGCNTGYTGG and GGGCCCCGAGA

ACTCSCCYTCYTCCAT. All other a-tubulins were

amplified using the primers TCCGAATTCARGTNGG

NAAYGCNGGYTGGGA and CGCGCCATNCCYT

CNCCNACRTACCA. Both of these primer sets am-

plify approximately 95% of the a-tubulin gene. So that

a-tubulin and b-tubulin data could be compared and

combined, b-tubulin genes were amplified from N. loc-

ustae, ‘‘C. lamprauges,’’ ‘‘E. destruens,’’ N. hemisphae-

orspora, N. elegans, Karlingiomyces sp., Rhizophydium

sp., and P. variabilis using primers GCCTGCAGGN

CARTGYGGNAAYCA and GGCCTCAGTRAAYT

CCATYTCRTCCAT. All PCR products were cloned

into the vector pCR 2.1 using the TOPO TA cloning kit

(Invitrogen), and both strands of multiple clones se-

quenced using BigDye dideoxy terminator chemistry.
Thirty-seven new sequences have been deposited in

GenBank under Accession Nos. AY138769–AY138805.

2.3. Phylogenetic analysis

New sequences were added to existing protein align-

ments and trees inferred using distance and maximum

likelihood methods. The alignments used to infer phy-
logenies consisted of 58 sequences and 374 characters

for a-tubulin and 64 sequences and 387 characters for b-
tubulin. Tubulins are highly conserved in sequence and

length, so no significant gaps exist in the data. All se-

quences were tested for significant deviations from

amino acid composition by a v2 test using TREE-

PUZZLE version 5.0 (Strimmer and von Haeseler,

1996), and none of the sequences used were found to
deviate significantly (two highly divergent ascomycetes

a-tubulins from Neurospora and Emericella were found

to deviate in amino acid composition, so these sequences

were excluded from all subsequent analyses). Insertions

are typically restricted to one sequence, and these were

not considered in the analysis. For individual a-tubulin
and b-tubulin trees, distance trees including represen-

tatives of major eukaryotic groups, as well as trees in-
cluding only animals, choanoflagellates, fungi, and

microsporidia, were inferred using distance methods.

Maximum likelihood distances were calculated using the

WAG substitution frequency matrix, and corrected for

site-to-site rate variation according to a gamma distri-

bution with the eight rate categories plus invariable sites

and the shape parameter a estimated from the data (a
parameters were estimated at 0.75 and 0.44 for a- and b-
tubulins, respectively, and the proportion of invariable

sites was estimated at 0.06 and 0.00 for a- and b-tubu-
lins, respectively). Trees were inferred by weighted

neighbor-joining [using WEIGHBOR version 1.0.1 a
(Bruno et al., 2000)] and Fitch–Margoliash [using

FITCH version 3.6 a (Felsenstein, 1993)]. All methods

gave very similar results, and all strongly supported

nodes were found with all methods, so only weighted
neighbor-joining trees are shown. Bootstrap resampling

was carried out using PUZZLEBOOT (shell script by

A. Roger and M. Holder, http://www.tree-puzzle.de)

under the same conditions, except that the alpha pa-

rameter and the proportion of invariable sites from the

original data set were used with each replicate.

Trees combining a-tubulin and b-tubulin were also

inferred. The two individual phylogenies are very simi-
lar, and only one branching position was found to

conflict between the two trees with bootstrap support

above 65% in both trees, which was the criterion for

combining tubulins and other protein data recently ap-

plied to a question of even deeper eukaryotic phylogeny

(Baldauf et al., 2000). The only taxon for which this

criterion did not hold was the microsporidian Sprague

lophii, which branched on either side of the ‘‘root’’ of
microsporidia. This taxon was left in the analysis as

there were so few microsporidia, and the position of the

root of microsporidia is discussed in the text (see below).

Representatives were chosen for this analysis with the

aim of optimising the taxonomic diversity of each of the

four fungal groups and the microsporidia. In general,

each fungus for which both genes are known was
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included. In cases where two copies of one or the other
gene were known, but the two copies were closely related

(which was nearly always the case), the more conserved

copy was selected. In cases where multiple paralogues

existed for both genes (e.g., Rhizopus), they were always

closely related, so paralogues were combined according

to their relative branching position in each individual

tree, so that genes in the same relative position were

combined with one another. In two cases, one gene was
chosen in order to maximise the congruency between the

two individual gene phylogenies. In the first instance,

one Spiromyces b-tubulin branches at the same position

as Spiromyces a-tubulin (at the base of the harpellales),

while a second copy branches elsewhere in the zygo-

mycetes. In this instance the first copy was chosen as its

phylogenetic position matched that of the gene with

which it was combined. In the second instance, a di-
vergent paralogue of b-tubulin that was described pre-

viously in chytrids (Keeling et al., 2000) was found to be

widespread among members of this group. The two

chytrid paralogues were not observed to branch together

in phylogenies, however the extreme difference between

the substitution rates of these genes could easily cause

the more divergent type to branch with the other more

divergent fungal genes. This was tested using AU tests
(see below) which suggests that the chytrid tubulins

probably all descended from a common ancestral gene.

With this in mind, only the short-branched chytrid genes

were considered in the combined analysis. A data set

of 45 sequences and 761 characters was used to infer

distance trees (as described above) and with protein

maximum likelihood using ProML version 3.6 a (Fel-

senstein, 1993), as the reduced number of taxa in the
combined data allowed ML analysis. In this case, the

JTT substitution frequency matrix was used and site-

to-site rate variation was modeled on a gamma distri-

bution using the R-option with six rate categories plus

invariable sites, with rates and frequencies estimated by

TREE-PUZZLE (the a parameter was estimated to be

0.61 and the proportion of invariable sites 0.09). Protein

ML bootstrapping was done in the same way, except
with four categories of rates and invariable sites as the

computational requirements were too great to consider

six categories of sites.

To more directly test whether microsporidia really do

branch within the fungi, as opposed to branching as

sister group to the fungi, alternative topologies of the

individual genes and the combined data were tested

using the Approximately Unbiased (AU) test (Shimo-
daira, 2002). Hypothetical alternative topologies were

constructed by moving microsporidia (and in b-tubulin
both microsporidia and chytrids) to alternative positions

in the trees shown. The likelihood at each character

position was calculated for each alternative topology, as

well as the topology under scrutiny, using PAML ver-

sion 3.12 (Yang, 1997). Likelihoods were calculated

using the WAG and gamma distributed rates, with a
parameters either estimated by PAML or as estimated

previously by TREE-PUZZLE (both estimated very

similar parameters). Likelihoods were used to calculate

p-values using CONSEL version 0.1d (Shimodaira and

Hasegawa, 2001).

3. Results and discussion

3.1. Characterisation of tubulin genes from microsporidia,

chytrids, and zygomycetes

Using primers that span approximately 95% of the

gene, 26 new a-tubulins were amplified and sequenced

from 6 chytrid species, 11 zygomycete species, and 2

microsporidian species. In addition, to make the a-tu-
bulin and b-tubulin data sets as complementary as

possible, 11 new b-tubulin genes were amplified and

sequenced from 5 chytrid species, 2 zygomycete species,

and one microsporidian (see Section 2 for species and

strain designations). With these new data, the repre-

sentation of chytrid, zygomycete, and microsporidian

tubulins encompasses a broad taxonomic range. A re-

cent phylogenetic analysis of chytrid SSU rRNA genes
identified eight distinct clades, and a number of inde-

pendent taxa (James et al., 2000). Of these, six are rep-

resented here by either a-tubulin or b-tubulin, with the

‘‘Chytrium-clade’’ and the Neocallimastigales being un-

derrepresented in either data set. It was previously noted

that some chytrids contained two b-tubulins: one highly
conserved and one highly divergent (Keeling et al.,

2000). The presence of this second, divergent b-tubulin
was confirmed in five genera representing four of the

eight chytrid lineages. Traditional classifications and

recent molecular phylogenetic analyses recognise eight

distinct groups of Zygomycota (including zygomycetes

and trichomycetes) (Tanabe et al., 2000), of which five

are represented here in both a-tubulin and b-tubulin
data sets (including several harpellalean trichomycetes).

Lastly, phylogenies of microsporidia based on SSU
rRNA and RPB1 are consistent with four distinct mi-

crosporidian groups, plus a poorly understood collec-

tion of earlier-diverging lineages (Baker et al., 1995,

1997; Bell et al., 2001; Cheney et al., 2001; Keeling and

McFadden, 1998; Nilsen and Chen, 2001; Vossbrinck

et al., 1996). The characterised microsporidian a-tubulin
and b-tubulin genes now span three of the major groups

of microsporidia.
Since protein-coding genes have not been widely

sampled from fungi in many instances, some charac-

teristics of the diverse chytrid and zygomycete tubulin

sequences deserve note. In particular, the distribution

and characteristics of spliceosomal introns is unusual

and interesting. In general, the zygomycete tubulins are

very divergent and have a very low intron density (most
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genes lack introns). In contrast, both a- and b-tubulins
from chytrids are among the most conserved tubulins

known, and the intron density of both is very high: every

chytrid gene contained at least one intron, and in total,

22 independent intron positions were identified. In some

respects, the distribution of these positions (Fig. 1) is

consistent with chytrid taxonomy and the molecular

phylogeny of the genes where they are found (see be-

low), however, most aspects of the distribution are
consistent with rapid intron gain and loss in chytrid

tubulins. For example, b-tubulin intron position 1 is

occupied only in Powellomyces and Rhizophydium

(which are classified in two different orders and are

unrelated in SSU phylogeny), while position 2 is shared

by Rhizophydium, Rhizophlyctis, and Spizellomyces, but

not Powellomyces, and intron position 11 is found only

in Powellomyces, Rhizophlyctis, and Spizellomyces (all
classified in one order, but Rhizophlyctis is unrelated to

the others in SSU phylogeny). Similar incongruence can

be seen at several positions, altogether suggesting that

intron evolution in chytrids is very active, and probably

involves both gain and loss at a higher than typical

frequency.

In addition to their distribution, some of the sequence

characteristics of the chytrid introns also bear notice. In
general, chytrid introns tend to be fairly short, but those

of Rhizophydium are especially so. To date, the smallest

introns known occur in the reduced algal genome of the
Chlorarachnion nucleomorph, where all introns are 18,

19, or 20 bp in length (Gilson and McFadden, 1996).

Other than this unusual genome, the ciliate Paramecium

has the smallest introns, typically from 25–26 bp, with

extremes of 18–35 bp (Sperling et al., 2002). The four

introns found in Rhizophydium tubulins are only 22, 23,

25, and 37 bp in length, in the same league as those of

Paramecium. More interesting, however, are the introns
of Karlingiomyces. Spliceosomal introns are almost

universally bounded by GT and AG splice boundaries

(referred to as GT–AG introns). Only a few exceptions

to this rule are known, the best characterised being the

non-canonical AT–AC introns found in animals, plants,

and recently zygomycete fungi. In animals, AT–AC in-

trons have been shown to use a spliceosome with some

unique components, suggesting that the alteration of
splice sites is a non-trivial event. In the Karlingiomyces

b-tubulin paralogue 2, however, three introns are

bounded by a novel, non-canonical sequence, CT–AC.

In all three cases, the positions of these introns corre-

sponds to the position of a canonical GT–AG intron in

the closely related N. elegans b-tubulin paralogue 2, and

two of the three positions are also occupied by canonical

introns in Spizellomyces and Powellomyces paralogue 2
genes (Fig. 1). This eliminates any doubt that these are

in fact introns, and also indicates that they arose very

Fig. 1. Intron positions of chytrid a-tubulins and b-tubulins. The position number is indicated at the top of each diagram and introns are marked by

boxes in the taxa where they appear beneath the number. Sequences are grouped according to their traditional taxonomic position and their position

in SSU phylogenies. The non-canonical CT–AC introns in Karlingiomyces are open boxes.
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recently from canonical GT–AG introns in this gene by
two G-to-C substitutions, presumably though another,

intermediate splice site sequence. Whether Karlingi-

omyces has more such introns is unknown, but the two

a-tubulin genes from this organism each contain two

canonical GT–AG introns, so it is clear that this

organism uses two different classes of intron, and non-

canonical introns do evolve directly from canonical GT–

AG introns.

3.2. Phylogeny of a-tubulin and b-tubulin, independently

and combined

New a-tubulins and b-tubulins were added to an ex-

isting alignment representing available eukaryotic di-

versity, and phylogenies inferred using sequences from a

wide selection of eukaryotes (not shown), confirming the
relationship between fungi and microsporidia in global

phylogenies that has been demonstrated in numerous

previous analyses (Baldauf et al., 2000; Edlind et al.,

1996; Keeling and Doolittle, 1996; Keeling and Fast,

2002; Keeling et al., 2000). In order to allow a com-

prehensive analysis of a wide diversity of fungal se-

quences, all subsequent analyses were restricted to

animals, a choanoflagellate (a close relative of animals),
and fungi, including the microsporidia. The animal/

choanoflagellate outgroup was chosen since these are the

closest relatives of microsporidia and fungi in tubulin

phylogenies (Keeling and Doolittle, 1996; Keeling et al.,

2000), and other phylogenies [e.g., see (Baldauf et al.,

2000)].

In the a-tubulin phylogeny of fungi (Fig. 2), fungi

form a monophyletic group with strong support, as do
the chytrids and basidiomycetes. Ascomycetes are

monophyletic (though not well supported), and zygo-

mycetes are paraphyletic. Microsporidia form a strongly

supported monophyletic group within the zygomycetes,

and fall specifically within a lineage composed of the

Entomophthorales (Conidiobolus and Entomophaga)

and Zoopagales (Syncephalis). This grouping was found

in all analyses of a-tubulin, and is relatively well sup-
ported by bootstrap (82% in weighted distance and

Fitch–Margoliash), although the exact position of mi-

crosporidia within this group was not supported. This

position was compared with alternate topologies using

the AU test. In topologies where the microsporidia were

placed as sisters to chytrids, basidiomycetes, or asco-

mycetes were rejected, while topologies where micros-

poridia were sisters to all fungi except chytrids or,
interestingly, sisters to fungi as a whole, were not re-

jected at the 5% level.

The microsporidia have been proposed to be related

to harpellalean trichomycetes based on superficial sim-

ilarities between the microsporidian polar tube and the

harpellalean apical spore body (Cavalier-Smith, 1998).

However, microsporidia were never found to show a

specific relationship with the harpellales included here,
Furculomyces and Capniomyces. Instead, the harpellales

showed a consistent and well-supported relationship

with Spiromyces, a relationship is seen in some SSU

analyses (O�Donnell et al., 1998; Tanabe et al., 2000).

Several relationships within the Entomophthorales were

resolved with apparently strong support, and the genera

Conidiobolus and Entomophaga were intermixed. Al-

though there is a potential for paralogy to interfere with
resolving such close relationships in tubulin phylogenies,

it does appear that some generic designations should be

examined, in particular ‘‘E. destruens’’ and ‘‘C. lam-

prauges,’’ which are relatively divergent and closely re-

lated to one another and E. maimaiga.

The relationships within the microsporidia are also

largely consistent with existing taxonomy and previous

molecular analyses, but the relationships among mi-
crosporidia have only been addressed at the molecular

level using SSU rRNA, and recently RPB1. rRNA

analyses indicate four major microsporidian groups

(called Groups I–IV: (Baker et al., 1997; Keeling and

McFadden, 1998). The available sampling of RPB1 is

not completely overlapping with SSU analyses, but in

general RPB1 phylogeny supports the monophyly of

Groups I and IV [unfortunately the nomenclature for
RPB1 phylogeny is different from SSU, and these two

groups are referred to as Groups II and I, respectively

(Cheney et al., 2001)]. In a-tubulin phylogenies, Glugea

and Trachipleistophora form a strongly supported clade

(corresponding to Group I in SSU phylogeny), while the

Nosema (Group IV) and Encephalitozoon (Group III)

are united by a highly supported branch also seen in

SSU rRNA trees (Baker et al., 1995, 1997; Keeling and
McFadden, 1998; Nilsen and Chen, 2001; Vossbrinck

et al., 1996). In contrast, the position of Spraguea as

sister to Groups III and IV is in conflict with both SSU

and RPB1 phylogenies where it falls within Group I and

Group IV, respectively (Cheney et al., 2001; Nilsen and

Chen, 2001).

Perhaps the most unusual group are the chytrids,

where there is practically no molecular diversity at the
amino acid level (as shown by the very short branch

lengths in Fig. 2). Of the a-tubulins in Fig. 2, four are

identical at the amino acid level, and the other five are

nearly so (varying at only five positions among all five

genes). In contrast, the variation at synonymous sites is

high (only 17 synonymous positions have not been

substituted in at least one sequence), and there is no

detectable sequence conservation between introns that
fall at homologous positions (e.g., intron position 1 in

Fig. 1, which is found in all chytrids). Altogether, it

appears that the chytrid a-tubulins are under strong

selection as opposed to representing limited divergence

time.

b-Tubulins have already been relatively widely sam-

pled from chytrids, zygomycetes, and microsporidia
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(Keeling et al., 2000), but the taxon selection in a-tu-
bulin and b-tubulin is non-overlapping in many in-

stances. Accordingly, b-tubulins were sequenced from

members of each group and the phylogeny re-analyzed

with these new sequences (Fig. 3). In all analyses the

ascomycetes, basidiomycetes, microsporidia, and the

fungi as a whole formed strongly supported monophy-

letic lineages. The chytrids formed a strongly supported
monophyletic lineage of conserved sequences (paralogue

1), and a second, weak lineage of uncertain position

made up of the highly divergent sequences (paralogue

2), previously observed in Spizellomyces and a partial

gene sequence from Harpochytrium (Keeling et al.,

2000). Although not well supported by bootstrap, the

divergent paralogue 2 genes all contain two common

introns (Fig. 1), and almost certainly diverged from a

common ancestor. To test the relationship between the

two chytrid paralogues, an alternative topology where
the chytrid genes were monophyletic was compared with

the topology where they are paraphyletic (shown in

Fig. 2. Weighted neighbor joining tree based on gamma-corrected distances of a-tubulin from diverse fungi and microsporidia, with animals and

choanoflagellates as outgroup taxa. Taxonomic groups are bracketed to the right. Note that the harpellalean trichomycetes are nested within the

zygomycetes. Taxa are labeled by genus and species, unless no species designation exists, in which case the strain designation is given in brackets.

Numbers following taxon names and outside brackets indicate the copy number where multiple genes have been characterised. Numbers at nodes

correspond to bootstrap support from weighted neighbor joining (top) and Fitch–Margoliash (bottom). Scale bar represents 0.1 (corrected) sub-

stitutions per site.
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Fig. 3), and interestingly not only was the alternate,

monophyletic topology not rejected, but was actually

found to be the favoured topology by the AU test. Not

surprisingly, the paraphyletic topology was not rejected

at the 5% level.

As in a-tubulin phylogenies, microsporidia fall within

the zygomycetes, forming a weak but consistent clade

with C. coronatus, but not the remainder of the En-
tomophthorales (which branch with the Mucorales,

Micromucor and Rhizopus). Alternative topologies were

also tested for b-tubulin using the AU test, and in this

case topologies where microsporidia were sisters to as-

comycetes, basidiomycetes, or chytrids were all rejected,

while topologies where microsporidia sisters to all fungi

except chytrids were not rejected. The topology where

microsporidia were sisters to fungi as a whole was re-

jected at the 5% level. Once again, the microsporidia

show no relationship to the harpellales, Capniomyces,

Smittium, and Furculomyces, which, as in the a-tubulin
phylogenies, show a strong relationship with one of two

paralogues from Spiromyces. Within the Entomoph-
thorales, the topology is congruent with that of a-tu-
bulin, where ‘‘E. destruens’’ is closely related to ‘‘C.

lamprauges.’’ This suggests that this relationship is less

likely to be an artifact of paralogy, and more likely re-

flects the actual branching order of these species.

Fig. 3. Weighted neighbor joining tree based on gamma-corrected distances of b-tubulin from diverse fungi and microsporidia, with animals and

choanoflagellates as outgroup taxa. Figure notations are as in Fig. 2.
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Within the microsporidia, the overall branching order
of major groups is similar to that seen in a-tubulin trees.

Nosema and Encephalitozoon form an unsupported

clade, while the relationship between Glugea and

Trachipleistophora is well supported. The position of

Spraguea is inconsistent with a-tubulin, but it is im-

portant to note that this reflects uncertainty with respect

to the position of the root of the microsporidia rather

than the topology within the group, and so either result
should be considered with caution.

The overlap in taxon sampling between the two data

sets is substantial, and the overall topology of the two

trees is also very similar, so a combined analysis was

performed with a total of 761 amino acid characters. A

maximum likelihood tree (ln likelihood¼)16093.21013)
inferred from this data is shown in Fig. 4. Here, the

overall topology of the fungi is much as expected, and

the chytrids, basidiomycetes, ascomycetes, microspori-

dia, and fungi as a whole are all highly supported by

distance and maximum likelihood bootstrap analyses.

Not surprisingly, zygomycetes are paraphyletic, and the

microsporidia fall within the zygomycetes forming a

moderately supported clade with the Entomophthorales
and Zoopagales. The branching orders within the vari-

ous groups are much the same as the well-supported

relationships seen in individual analyses. Alternative

topologies were also tested using this combined data

using the AU test. In this case the topology where mi-

Fig. 4. Gamma-corrected protein maximum likelihood phylogeny based on combined a- and b-tubulin sequences. Figure notations are as in Fig. 2,

except that numbers at node correspond to bootstrap support from gamma-corrected protein maximum likelihood (top), weighted neighbor joining

(centre), and Fitch–Margoliash (bottom).
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crosporidia were sisters to all fungi except chytrids was
not rejected, while topologies where microsporidia were

sisters to ascomycetes, basidiomycetes, chytrids, or fungi

as a whole were all rejected at the 5% level.

3.3. Insights into fungal molecular phylogeny and the

origin of microsporidia

The fungi are one of the major lineages of eukary-
otes, and yet many of the fundamental aspects of fungal

molecular phylogeny remain debated. In part, this is

due to the relatively limited number of genes that have

been applied to the problem of fungal phylogeny. The

vast majority of molecular analyses of fungal phylogeny

have focused on rRNA and, not surprisingly, reach

similar conclusions and have difficulties with the same

regions of the tree (Bruns et al., 1992; James et al., 2000;
Tanabe et al., 2000). Only recently have protein-coding

genes been sampled from diverse fungi to address these

questions; EF-1 a and actin have been sampled from a

large number of zygomycetes (Voigt and Wostemeyer,

2001), b-tubulin has been used to test the position of

microsporidia within fungi (Keeling et al., 2000), and

whole mitochondrial genomes have been analysed for a

small number of diverse fungi (Paquin and Lang, 1996).
From these analyses it is clear that fungal phylogeny is

like other phylogenetic problems: each gene has its

strengths and weaknesses, and no believable, compre-

hensive phylogeny will emerge from the analysis of a

single gene.

Tubulins are clearly not ideal markers for fungal

phylogeny, due to the obvious rate heterogeneity be-

tween different taxa. However, a number of important
features of fungal evolution are supported by both tu-

bulin phylogenies, as well as the combined analyses, and

these should be noted. First, the major lineages of fungi

are all well supported, except the zygomycetes, which

are paraphyletic. In other analyses of fungal phylogeny

based on rRNA, the ascomycetes and basidiomycetes

are both highly supported, but the distinction between

zygomycetes and chytrids is not clear, and is at odds
with traditional taxonomy based on characteristics such

as presence of flagella (Bruns et al., 1992; James et al.,

2000; Tanabe et al., 2000). Here, however, the separa-

tion of chytrids and zygomycetes is well supported and

matches traditional taxonomy, although there are rea-

sons to be cautious in making this claim with genes in-

volved in microtubule structure (see below). In addition,

some of the relationships with zygomycetes are of in-
terest, in particular relationships among the genera

Conidiobolus and Entomophaga, the grouping of Spir-

omyces and harpellales, and the association between the

Entomophthorales and Zoopagales.

One of the more intriguing single characteristic of

these trees is the placement of the microsporidia. Two

outstanding questions relating to microsporidian evo-

lution are whether they are truly fungi or sisters to fungi
and, if the former is true, from what kind of fungus did

they evolve? In all tubulin phylogenies observed here,

the microsporidia fall within the zygomycetes, and in a-
tubulin and combined-tubulin phylogenies they specifi-

cally branch with the Zoopagales and the (or some of

the) Entomophthorales with relatively strong bootstrap

support. In addition, the branches uniting the basidio-

mycetes and ascomycetes at the exclusion of microspo-
ridia are highly supported in both a-tubulin and

combined-tubulin phylogenies, and trees in which mi-

crosporidia are sisters to either of these groups are re-

jected by AU tests. This suggests that microsporidia are

not related to either of these groups, despite earlier data

based on b-tubulin alone (Keeling et al., 2000). On the

other hand, topology comparisons using the AU tests

consistently fail to reject some alternate positions (mi-
crosporidia branching after chytrids, but before all other

fungi), and a sister relationship between microsporidia

and fungi is not significantly rejected by a-tubulin. Ta-
ken together, these results lend support to the notion

that microsporidia are highly adapted, extremely re-

duced parasitic fungi, perhaps related to zygomycetes

such as Entomophthorales or Zoopagales. Although a

sister relationship with fungi is not rejected by a-tubulin
data alone, there is currently no evidence whatsoever

that supports microsporidia being sisters to fungi.

Members of the Entomophthorales and Zoopagales are

frequently parasitic, many on other fungi and many on

invertebrate animals (Tanabe et al., 2000). The appar-

ently basal lineages of microsporidia are invertebrate

parasites, so it is interesting to speculate on an ecological

connection between the origin of microsporidia and the
insect parasites of these two groups of zygomycetes. In

addition, the earlier suggestion that microsporidia might

be somehow related to Conidiobolus led to the sugges-

tion that the spore dispersal mechanism of Conidiobolus

might somehow be related to the eversion of the polar

tube in microsporidia (Keeling et al., 2000), since both

of these processes involved everting invaginated mem-

brane structures using a controlled release of osmotic
pressure (Ingold, 1971; Keohane and Weiss, 1999).

While these speculations are tempting to consider, they

remain somewhat premature since the data are still a

very long way from providing a strong consensus for the

origin of microsporidia, and even the present suggestion

of a relationship with Entomophthorales and Zoopa-

gales only narrows the putative origin of microsporidia

to a relatively diverse group of zygomycetes.
It is fitting to end on a cautionary note regarding the

tubulin genes and phylogenies. One of the defining fea-

tures of the ascomycetes, basidiomycetes, and zygomy-

cetes is their lack of flagella and any other 9+ 2

microtubule structures throughout their life cycle.

Chytrids also lack flagella most of the time, but do

produce them in their motile gametes, so it is thought
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that the loss of flagella took place between the diver-
gence of chytrids and zygomycetes. However, this event

is confused by the considerable controversy regarding

the demarcation between these two groups, mostly

based on SSU rRNA phylogenies failing to support the

traditional taxonomic divisions (Bruns et al., 1992;

James et al., 2000; Tanabe et al., 2000). It has been

observed previously that the loss of flagella in various

lineages has led to a noticeable acceleration of substi-
tution rates in tubulin genes (Keeling and Doolittle,

1996), including those of fungi other than chytrids.

Microsporidia also lack any 9+ 2 microtubule structures

and their tubulins are accordingly divergent. In light of

this, tubulin is perhaps not an ideal marker with which

to examine the relationships among the fungal groups

and microsporidia. However, no other gene that has

been characterised thus far is a better candidate because
no other microsporidian gene retains as strong a phy-

logenetic signal for a fungal origin as that seen in the

tubulins. This will certainly soon change as the complete

sequence of the E. cuniculi genome contains a number of

genes (e.g., TF IIB, V-ATPase-A, Ser-tRNA synthetase,

and Glu-tRNA synthetase), previously uncharacterised

from microsporidia, that also retain a very strong phy-

logenetic signal of their fungal origin (Katinka et al.,
2001). Each of these genes has a strong potential to be a

superior phylogenetic marker than either of the tubulin

genes. Developing the fungal diversity of these genes will

be the next step in determining the relationships between

microsporidia and other fungal groups, but at present

these genes are only known from one microsporidian

and a handful of fungi.
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