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ABSTRACT We have determined complete gene se-
quences encoding the largest subunit of the RNA polymerase
II (RBP1) from two Microsporidia, Vairimorpha necatrix and
Nosema locustae. Phylogenetic analyses of these and other
RPB1 sequences strongly support the notion that Microspo-
ridia are not early-diverging eukaryotes but instead are
specifically related to Fungi. Our reexamination of elongation
factors EF-1a and EF-2 sequence data that had previously
been taken as support for an early (Archezoan) divergence of
these amitochondriate protists show such support to be weak
and likely caused by artifacts in phylogenetic analyses. These
EF data sets are, in fact, not inconsistent with a Microsporidia
+ Fungi relationship. In addition, we show that none of these
proteins strongly support a deep divergence of Parabasalia
and Metamonada, the other amitochondriate protist groups
currently thought to compose early branches. Thus, the phy-
logenetic placement among eukaryotes for these protist taxa
is in need of further critical examination.

Microsporidia are highly specialized eukaryotic unicells, living
only as obligate intracellular parasites of other eukaryotes (1).
They lack the mitochondria and peroxisomes typical of most
eukaryotes. Thus, in 1983 Cavalier-Smith (2) included the
Microsporidia with other amitochondriate protists, Parabasa-
lia (e.g., Trichomonas), Metamonada (e.g., Giardia), and Ar-
chamoebae (e.g., Entamoeba) in the kingdom Archezoa. These
protists were presumed to have diverged from other eu-
karyotes before the acquisition of mitochondria and were
suggested as the earliest eukaryotic lineages.

Phylogenetic trees based initially on small-subunit ribosomal
RNA (SSUrRNA) (3) and then on protein translation elon-
gation factor (EF-1a and EF-2) (4, 5) sequences showed that
Microsporidia indeed diverged early, along with the Parabasa-
lia and Metamonada. Thus, these data apparently confirmed
the archezoal hypothesis in general and what we call the
“Microsporidia-early” hypothesis in particular—Archamoe-
bae were eliminated from the Archezoa when their SSUrRNAs
neither placed them together nor as early branches (6).

However, more recent trees constructed from tubulin (7, 8)
and Hsp70 data (9, 10) placed Microsporidia in the eukaryotic
“crown,” favoring a position within, or as the sister group to,
Fungi. Although the support for the “Microsporidia + Fungi”
hypothesis (or M + F) from the Hsp70 data is not compelling
[when judged by maximum-likelihood (ML) difference tests or
other support values] (9, 10), support from «-tubulin is firm
(7). If Microsporidia are truly related to Fungi, then their
simplified cell structures and small genomes are degenerate
features permitted, or perhaps encouraged, by their parasitic
lifestyles.
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Here we report sequences for the largest subunit of RNA
polymerase II (RPB1) from two Microsporidia, Vairimorpha
necatrix and Nosema locustae. Several phylogenetic methods
applied to these and other RPB1 sequences strongly support a
close relationship of Microsporidia and Fungi. A reanalysis of
the apparently conflicting EF data show that the support that
these sequences lend to a deeply diverging Microsporidia is
weak and attributable to artifacts. Furthermore, the EF-1a
gene from the microsporidian Glugea plecoglossi (5) carries an
insertion encoding 11 amino acids that is otherwise only found
in, and is diagnostic for, the EF-1a genes of Fungi and Metazoa
(animals) (11), which form a clade based on other criteria (6, 11).

An alternative hypothesis to reconcile the apparently con-
flicting gene trees and to allow Microsporidia to retain their
early status is that they might have borrowed genes from host
genomes (6). We conclude that such chimeric theories are not
necessary because there is no significant conflict between
these proteins concerning the position of Microsporidia.
Where a convincing phylogenetic signal is present, it relates
them to Fungi.

Numerous recent reports indicate that the Microsporidia,
Metamonada, and Parabasalia possess nuclear genes of a-pro-
teobacterial provenance whose products normally (in mito-
chondriate eukaryotes) serve mitochondrial functions; the
presence of such genes indicates mitochondrial loss from these
protists (9, 10, 12-16). Although the ancestral presence of
mitochondria does not itself preclude a deep divergence of any
of these taxa, our analyses of RPB1 and reanalyses of EF data
(in addition to challenging the deep placement of Microspo-
ridia) show that the support for an early divergence for
Trichomonas and Giardia is also weaker than generally sup-
posed. The inferred early branching positions of Metamonada
and Parabasalia largely depend on a single data set, i.e.,
SSUrRNA. The Microsporidia thus may be the only member
of the (now former) Archezoa (sensu Cavalier-Smith, ref. 17)
about whose phylogenetic position we now have confidence
based on multiple molecular data sets.

MATERIALS AND METHODS

Isolation of Genomic Clones. Two sets of oligonucleotide
primers—RPB1-F1 (cgGACTTYGAYGGNGAYGARATG-
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A)/R1 (CCCGCKNCCNCCCATNGCRTGRAA) (codons =
capital letters) and RPB1-F2 (cgcgATHGASYACIGCNGT-
NAARAC)/R2 (ccggGTCATYTGNGTNGCNGGYTC) am-
plified ~1.1-kbp and 1.2-kbp fragments of RPB1 from V.
necatrix genomic DNA (9). Amplicons were used as probes in
Southern blots to confirm the source of the single-copy V.
necatrix RPB1 gene and to screen a V. necatrix EcoR1 genomic
library (9). Two EcoRI fragments were cloned to obtain the
full-length RPB1 gene that was sequenced on both strands by
primer walking.

Oligonucleotide primers RPB1-F4 (CTACGTGGCAAGY-
TNATGGG)/RPB1-R3 (AGACCTTCACGNCCNWCCAT)
were used to amplify a =~1,500-bp fragment of RPB1 from N.
locustae genomic DNA. Nested amplification with primers
RPB1 F3 (GCATTCGATGGCGAYGARATG)/RPB1-R3
resulted in a ~1-kbp fragment. This was used as a probe to
isolate clones from a N. locustae SaulllA partial-digest
genomic library (18). One clone containing the entire RPB1
gene was completely sequenced on both strands.

Sequence Alignments. The inferred amino acid sequences of
the two microsporidian RPB1 sequences were aligned to
published RPB1, RPA1 (RNA polymerase I largest subunit),
and RPC1 (RNA polymerase III largest subunit) sequences, by
using CLUSTALW Version 1.7 (19) with further manual adjust-
ments considering previous alignments (20). Positions that
could not be aligned unambiguously, insertions/deletions, or
missing data present in three or more taxa, were removed from
phylogenetic analysis by using the mask facility in GDE Version
2.2 (21). Alignments of elongation factor EF-1a and EF-2
protein sequences were supplied by M. Hasegawa (Institute
Statistical Mathematics, Tokyo) and were those that previously
supported the Microsporidia-early hypothesis (4, 5). DNA
sequences were aligned to the existing protein alignments by
using PUTGAPS (J. Maclnerney, Natural History Museum,
London). All alignments are available from R.P.H. (e-mail:
rch@nhm.ac.uk).

Testing for Potential Amino Acid and Nucleotide Compo-
sitional Biases. Amino acid and/or nucleotide compositional
biases in molecular data can distort phylogenetic analyses,
causing taxa that share similar compositions to cluster together
irrespective of their true relationships (22-24). To investigate
whether compositional biases were potentially influencing tree
topologies, we used MOLPHY Version 2.3 (25) or SPECTRUMPPC
(26) to make trees based solely on distances calculated from
amino acid and nucleotide frequencies of variable sites. We
also compared amino acid and nucleotide frequencies by using
a 5% x? test in PUZZLE Version 4.0 (27).

Phylogenetic Analyses of Protein Sequences. Protein ML
trees were inferred with PROTML by using the JTT-F substi-
tution model in MOLPHY Version 2.2 (28). Bootstrap support
was estimated from 100 resampled data sets (SEQBOOT, PHYLIP
Version 3.52¢), and a heuristic search on each one was carried
out. A full likelihood analysis identified the ML tree from each
search, and a majority consensus tree was calculated from all
100 ML trees. Support for conflicting hypotheses of relation-
ships also was investigated by using the Kishino—Hasegawa test
(29) to compare differences in log-likelihood for different
trees. The trees were generated by using constrained analyses
in PAUP* Version 4.0 d64 (D. L. Swofford, personal commu-
nication) to identify maximum parsimony (MP) trees for
different hypotheses of relationship; these trees then were
supplied as user trees to PROTML for likelihood calculations.

The Influence of Site-by-Site Rate Variation on Hypothesis
Testing in Protein ML Analyses. Failure to correct for site-
by-site rate variation can lead to the wrong tree being selected
from molecular data (30). For example, methods of analysis
that assume that all sites are free to vary will undercorrect for
change when sites that cannot change, termed invariant (30),
are present. The magnitude of this error can be expected to be
particularly severe for very dissimilar sequences, as might be
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expected if these sequences diverged a long time ago (30-33).
All of the data sets we investigated contained sites that are
constant in all taxa in the alignment and thus potentially
invariant. ML models in PROTML have no site-by-site rate
correction and so may be susceptible to this source of error. We
therefore investigated the effect of reducing site rate hetero-
geneity for PROTML analyses by editing the data to remove the
category of fastest evolving sites (fast-site removal, FSR) or a
fraction of inferred invariant sites (invariant-site removal, ISR;
ref. 30) before phylogenetic analysis. The fraction of invariant
sites was estimated by using a two-site rate (either variable or
invariant) ML model with the JTT-F substitution matrix in
PUZZLE Version 4.0. For FSR we used PUZZLE Version 4.0 to
estimate a discrete vy distribution for each data set (comprising
one invariant-site rate and eight variable-site rates) under the
JTT-F model. Because tree topology can affect these calcu-
lations, the rates for the RPB1 data set were calculated over
two MP trees (themselves constrained to represent either the
M + F or the Microsporidia-early hypothesis). Sites in the
fastest rate category common to both trees were excluded from
the PROTML phylogenetic analyses. Rate categories for the
EF-1a and EF-2 protein data sets were calculated by using
published ML trees (which placed Microsporidia early) (4, 5).

Analysis of DNA Sequences. Mutational saturation of se-
quences by superimposed nucleotide substitutions can mask
historical signal, causing severe problems for phylogenetic
inference (24, 34). We investigated whether any of our DNA
sequences were affected by this problem by plotting transitions
against transversions for all pairwise comparisons and all
codon positions; clustering of points indicates potential satu-
ration (24). These analyses suggested that codon position 3 is
saturated in all of the data sets (position 3 also showed the most
extreme base composition variation), so we excluded it from
phylogenetic analyses.

Because analyses of nucleotide compositions (see above)
indicated base composition heterogeneity between DNA se-
quences for all of our data sets, we used a phylogenetic method,
LogDet/Paralinear distances, which is reported to be able to
recover the correct tree under such conditions (22, 23).
However, like PROTML discussed above, the LogDet/
Paralinear distance method does not incorporate a correction
for site-by-site rate variation but also assumes that all sites are
free to vary. We therefore investigated the effects on tree
topology of reducing rate heterogeneity by removing different
fractions of constant sites before analysis (constant-site re-
moval, CSR; ref. 33). In addition, we used an ML method in
PAUP* to estimate the proportion of sites actually free to vary
across our alignments (30, 35). These sites are henceforth
referred to as the variable sites in LogDet analyses and they
include a small fraction (typically 7% or less depending on the
data set) of the sites observed as constant for our taxon
sampling. All distance trees were constructed by using mini-
mum evolution, and the data were bootstrapped 1,000 times.

RESULTS AND DISCUSSION

Microsporidian RPB1 Genes and Inferred Protein Se-
quences. The RPB1 genes for V. necatrix and N. locustae
include ORFs, uninterrupted by introns, of 1,606 codons
(4,818 bp) and 1,554 codons (4,662 bp), respectively. Southern
blot analysis indicated the presence of a single copy of the
RPBI1 gene in the V. necatrix genome (data not shown).
Conserved RPB1 domains (A-H) were present in both mi-
crosporidial sequences as were the majority of amino acids
conserved in all published RPB1 sequences, particularly those
in the zinc-binding domain (ref. 36 and references therein).
Interestingly, the C-terminal domains (CTD) of the micros-
poridial sequences contain characteristic heptapeptide re-
peats: 17 YSPTSPT repeats in V. necatrix and 13 YSPTSPA
repeats in N. locustae. These repeats also occur in fungal,
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animal, plant, and some protist RPB1 protein sequences (36,
37) but are absent from the protists Trichomonas, Trypano-
soma, and Giardia (38) as well as from the red algae Bonne-
maisonia and Porphyra (39). Thus, the presence of these CTD
repeats is consistent with the inferred fungal relationship (see
below). The CTD has been implicated in the processing of
spliceosomal introns from pre-mRNA (40), so it is interesting
that spliceosomal snRNAs have now been reported from both
V. necatrix and N. locustae (ref. 18 and references therein), and
a spliceosomal intron has recently been discovered in the
microsporidian Encephalitozoon cuniculi (41). With the excep-
tion of red algae, the known presence of spliceosomal introns
in eukaryotes (ref. 42; J.M.L., unpublished data) is perfectly
correlated with the possession of CTD heptapeptide repeats
(37, 39).

RPBI Protein and DNA Sequences Support a Relationship
Between Microsporidia and Fungi. The protein ML tree (Fig.
1) placed the two Microsporidia together with the fungal RPB1
sequences (M + F) with strong bootstrap support in all
analyses. Use of the Kishino—-Hasegawa (29) test to compare
the statistical significance of different trees also supports M +
F. In fact, the one tree we found that could not be rejected at
the 0.05 level and that placed Microsporidia early also placed
Fungi as the next deepest branch. Such a deep position for
Fungi conflicts with analyses of several proteins (11) and
SSUrRNA (6) that support a Fungi + Metazoa relationship.
Indeed, we also recovered a Fungi (+ Microsporidia) rela-
tionship with Metazoa in our protein ML tree, albeit with weak
support. When Fungi are constrained with Metazoa (as most
data would have them), trees in which Microsporidia branched
before Trichomonas, Giardia, or Trypanosoma could all be
rejected at the 0.05 level.

Reduction of rate heterogeneity between sites did not
reduce support for M + F with protein ML (Fig. 1; data not
shown), whereas removal of fast-evolving sites dramatically
increased bootstrap support from 41% to 77% for M + F in
MP analyses. This last result is consistent with the hypothesis
that parsimony is particularly sensitive to long-branch effects
caused by unequal substitution rates (43). Analyses of RPB1
DNA sequences also support a relationship between Micro-
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sporidia and Fungi. Application of the LogDet transformation
to variable sites at coding positions 1 + 2 produced a tree (not
shown) where M + F was supported with BP 74%), rising to BP
93% in the absence of the outgroup.

In summary, a relationship between Microsporidia and
Fungi is strongly supported by our analyses of the RPB1 data
sets, and this relationship cannot be attributed to shared amino
acid or nucleotide biases, mutational saturation, or long-
branch effects. Because RPB1 appears robust in supporting M
+ F, we were interested in how inferences from the elongation
factors, EF-1a and EF-2, which apparently support Micros-
poridia-early, would stand up in the face of the same analyses.

Do Elongation Factors Support M + F or Microsporidia-
Early? Our ML analysis of the EF-2 protein sequences gave a
tree similar to the one recently published for the same data set
(4) where the microsporidian Glugea plecoglossi is a long
branch at the base of the eukaryote clade. However, bootstrap
support (with resampled datasets) for Glugea as first branch
was only 54%, and support was further reduced to 33% when
invariant sites were removed. This is in striking contrast to
published local bootstrap support (75%) from the same data
set for the basal position of Glugea (4). However, local
bootstrap support can only be interpreted as bootstrap prob-
abilities of a particular internal branch when the other parts of
the tree are correct (25), an assumption that is likely not met
for these data.

We surmised that a common amino acid bias with some
outgroups may be influencing the observed deep position of
the long Glugea branch relative to other eukaryotes, because
the amino acid frequency tree for the aligned sequences
grouped Glugea with the outgroup Archaea Sulfolobus and
Methanococcus. To investigate whether base-compositional
effects and/or long-branch attraction was contributing to the
observed deep position for Glugea, we removed the archaeal
outgroup sequences. We also removed the category of fastest
evolving sites because these are expected to contribute most to
any long-branch effect (33). Consistent with our hypothesis
that Glugea is branching deep because of artifact, ML and MP
analyses both recovered M + F (Fig. 24), albeit with weak
bootstrap support (ML = 29%, MP = 40%).

Animals
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Schizosaccharomyces pombe
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fé Nosema locustae Microsporidia
47 . . .
Arabidopsis thaliana
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F1G. 1. Phylogenetic analyses of RPB1. Effects on bootstrap support of ISR or FSR were considered by using protein ML. The tree shown is
the ML consensus tree topology from analysis of 760 aligned positions for 15 RPB1 sequences and 1 outgroup RPA1 sequence. Values report
bootstrap support from ML analyses for all 760 sites (ALL sites), 669 sites (FSR, where the fastest evolving sites common to the ML tree and a
tree where Microsporidia are at the base of the eukaryotes were removed), and 645 sites (ISR). Where only a single bootstrap value is shown, support
was 100% in all analyses. The scale bar represents 10% estimated sequence divergence under the JTT-F model.
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FiG.2. Phylogenetic analyses of EF-2. (4) Protein ML tree with outgroups removed and FSR (72 sites). The scale bar represents 10% estimated
sequence divergence under the JTT-F model. (B-E) Phylogenetic analyses of EF-2 DNA codon positions 1 + 2 using LogDet and investigating
the influence of constant sites and choice of outgroup on bootstrap support. The DNA alignment was derived from a 542-aa alignment. (B) Bootstrap
consensus tree topology for LogDet distances estimated from 812 variable sites (93% of constant sites removed as invariant) indicating support
for M + F. The effect of incremental removal of observed constant sites on bootstrap support for different relationships in the presence or absence
of all 3 outgroups (C), with Halobacterium halobium as outgroup (D), and with Methanococcus vannielii as outgroup (E). The dashed vertical lines
represent the ML estimates of invariant sites: 93%, 92%, and 93% of constant sites for C, D, and E, respectively (see text for discussion).

Analyses of transitions versus transversions for EF-2 codon
positions 1 or 2 (data not shown) suggest that Microsporidia
sequences are potentially saturated. Furthermore, analyses of
base compositions suggest that shared biases may potentially
influence tree topology. For example, nucleotide frequency
trees clustered Glugea with the outgroup Archaea Sulfolobus
and Methanococcus, with which it shares a similar base com-
position (interestingly, Giardia and Trichomonas clustered
with the other outgroup, Halobacterium). We therefore inves-
tigated the effect of reducing site rate heterogeneity by using
progressive CSR and outgroup choice on support for M + F
or Microsporidia-early from the EF-2 DNA dataset (Fig. 2
C-E).

ML estimates suggested that 93% of constant sites should be
removed from the EF-2 dataset for LogDet analyses if the
assumption of the method—that all sites can vary—is not to be
violated (22, 23, 33). Under these conditions, the LogDet tree
recovered G. plecoglossi as the sister group to Saccharomyces
with 76% bootstrap support (Fig. 2B). In the absence of
outgroups, the M + F relationship was strongly supported in
all analyses (Fig. 2C). In the presence of outgroups, there were
two conflicting positions for Microsporidia detected among
bootstrap partitions: (i) Microsporidia-early when all or most
constant sites were included and (i/) M + F, which increased
in support as constant sites were removed (Fig. 2C). This
suggests that EF-2 support for Microsporidia-early is mainly
caused by a failure to adequately account for site-by-site rate

variation coupled with an outgroup-attraction effect. This last
phenomenon is clearly related to the base composition of the
outgroup. When Halobacterium was used as outgroup, M + F
was recovered even when all constant sites were included, and
there was never any strong support for Microsporidia-early
(Fig. 2D). The Microsporidia-early hypothesis was strongly
supported only when (i) outgroup taxa, i.e., Sulfolobus (data
not shown) or Methanococcus (Fig. 2E), shared the same base
composition bias as Glugea and (ii) too many constant sites
were included in the analysis.

Protein ML analyses of the EF-1« data set produced similar
trees as previously published (4) with moderate (64%) boot-
strap support for Glugea as the first branch. However, pairwise
comparisons for EF-la codon positions 1 and 3 (data not
shown) indicate potential saturation with all comparisons
involving Glugea strongly clustered and separated from other
among-eukaryote comparisons. The pattern for changes at
replacement position 2 is even more extreme where the
clustered points for Glugea are outside the range for the other
eukaryote and Archaea outgroup comparisons (data not
shown). Because all changes at position 2 result in a change of
amino acid, the use of the Glugea sequence for phylogenetic
inference is compromised, and trees inferred from this data set
must be considered unreliable. Consistent with the hypothesis
that the Glugea EF-1a sequence is behaving in a manner that
is different from the other eukaryote sequences are observa-
tions (44) that it contains many nonconservative amino acid
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substitutions at otherwise universally conserved positions.
Moreover, some of these affect active-site residues, where
change may not be compatible with enzyme function.

In summary, our analyses of the EF-2 and EF-1« data sets
indicate that there are potentially severe problems for recon-
structing some eukaryotic relationships from these proteins,
results which cast serious doubt on their support for Micros-
poridia-early. The use of local bootstrap values has apparently
inflated the perceived support for deep-branching relation-
ships from EF-2; support for Microsporidia-early over M + F
can be attributed to a failure to deal adequately with rate
variation or compositional biases. Furthermore, our analyses
indicate substitution saturation is a problem with the EF data
sets, especially for EF-la. Therefore, M + F cannot be
significantly excluded by either EF-2 or EF-la; in some
analyses EF-2 actually supports M + F (Fig. 2). Clear support
for M + F from EF-1a comes from the presence of an insertion
in the Glugea EF-1a (5), which is in the same position in
animals and Fungi (11, 44).

Do RPB1, EF-2, and EF-1a Sequences Support the Deep
Divergence of Giardia and Trichomonas? We have also ad-
dressed whether these proteins provide support for the early
divergence of the diplomonad, Giardia and the parabasalid,
Trichomonas, the other amitochondriate protists in the Arch-
ezoa. In SSUrRNA trees, Giardia and Trichomonas consis-
tently branch deep (3), and it has been strongly argued that
Giardia in particular represents an ancient offshoot (6).

Our PROTML analyses of the RPB1 protein data sets suggest
that strong bootstrap support for such deep relationships
depends on the inclusion of invariant sites and is much reduced
(=65%) in their absence (Fig. 1). The proportion of constant
sites analyzed also affected support for Giardia plus the
outgroup in LogDet distance analyses of the RPB1/RPA1
DNA sequences (data not shown). Our ML estimates indicate
that 98% of constant sites should be excluded from the LogDet
analysis; under these conditions, support for Giardia as the
deepest branch was 41% from bootstrapping and support for
a partition of Giardia, Trypanosoma, and Trichomonas from
the other eukaryotes was only 26%. By calling into question the
deep positions of Giardia and Trichomonas on the RPB1 tree,
our results are entirely consistent with and complementary to
the recent RPB1 analyses of Stiller et al. (37).

Published EF-2 protein trees (4) have recorded high
(=83%) local bootstrap probabilities for Giardia and
Trichomonas branching deep relative to outgroup Archaea.
However, we found little support for this (BP = 29%) from our
own bootstrapping using resampled data sets. Analysis of EF-2
DNA sequences using LogDet with constant-site removal (Fig.
2 B-E) suggests that support for Giardia and Trichomonas
branching deeper than other eukaryotes can be attributed
almost entirely to violations of the method’s assumption that
all sites can vary or to outgroup attraction. For EF-1«, a recent
comprehensive analysis of protein sequences (4) found only
46% local BP support for Giardia and Trichomonas branching
deeper than other eukaryotes. Indeed, by removing invariant
sites we found even lower support (BP = 16%) for this
hypothesis.

Summary and Conclusions. The Archezoa hypothesis (2)
posited that the amitochondriate Microsporidia, Metamonada
and Parabasalia (/) lack mitochondria because they diverged
from the rest of the eukaryotes before the acquisition of these
organelles and thus (i/) compose the earliest lineages of
eukaryotes. Even though evidence now suggests that none of
these three protist groups are primitively amitochondriate (9,
10, 12-16), other data have often been taken as independent
support for their early divergence. The deepest branches on
eukaryotic SSUrRNA trees are consistently those leading to
the amitochondriate Microsporidia, Metamonada and Para-
basalia (3, 6, 17, 45). Several analyses of EF sequence data have
also supported these early branchings (4, 5). The ultrastruc-
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tural simplicity of these cells has certainly been interpreted to
suggest primitivity. Other microsporidial features interpret-
able as primitive include (in addition to absence of mitochon-
dria) fusion of 5.8S and 23S rRNA, possession of 70S ribo-
somes, and lack of peroxisomes and 9 + 2 microtubule
structures (17, 46).

Phylogenetic trees are clearly central to our efforts to
understand early eukaryote evolution, but phylogenetic recon-
struction at such depth is difficult: phylogenetic signals are
potentially weak, and no method is insensitive to noise. The
deep position of Microsporidia (Microsporidia-early) was first
challenged by tubulin data, which placed them with Fungi (7,
8). Tubulin trees are sometimes distrusted however, because of
apparent long-branch effects (45) and because these proteins
are eukaryote-specific (and thus cannot be properly outgroup-
rooted) (7); the possibility of lateral transfer of tubulin genes
has also been suggested (6). Thus the strong support for M +
F given by the RPB1 data set (and the very strong rejection by
this data of any early Microsporidial divergence) provide
necessary and compelling support for the sisterhood of Mi-
crosporidia and Fungi. Consistent with this relationship are (i)
the presence in Microsporidia of similar C-terminal heptapep-
tide repeats in RPB1, which also occur in crown RPB1 proteins
but are absent from some protist RPBls; (i) phylogenetic
analyses of Microsporidial Hsp70 sequences (9, 10); (i)
features of Microsporidial biochemistry and physiology (re-
viewed in refs. 7 and 10); and (iv) possession of spliceosomal
components and introns (18, 41).

Can we explain why the RPBI1 results for Microsporidia are
at variance with published EF-1a and EF-2 trees? We have
identified a number of potential sources of error (22, 23, 30-32,
35, 45) in such analyses. The RPBI results do not appear
strongly affected by such sources of error, but the EF-1a and
EF-2 trees are. Our reanalyses of these data show, at most, that
they cannot distinguish between deep divergence and a fungal
origin for the Microsporidia, whereas the 11- to 12-aa insertion
uniquely shared by animals, fungi, and Microsporidia EF-1a
argues strongly for the latter.

Only SSUrRNA analyses appear to provide strong support
for the deep divergence of Microsporidia (3, 45, 47). Because
these analyses did not explore site-by-site rate variation, they
may be subject to some of the problems deriving from constant
or fast-evolving sites that we have observed with EF-2 and
EF-1a. Kumar and Rzhetsky (48) included a site rate correc-
tion for SSUrRNA and concluded that the position of Micros-
poridia was difficult to resolve. Plots of transitions versus
transversions (data not shown) show saturation for transitions
for all comparisons involving Microsporidia. Furthermore,
several papers (3, 45, 47) have commented on the problems
presented by base composition and apparent rate inequalities
at the base of the SSUrRNA tree. Very recently, a ML analysis
of large subunit rRNA that included correction for site-rate
variation indicated a crown placement of the microsporidian
Encephalitizoon, although not specifically with Fungi (49).

Finally, neither RPB1, EF-2, or EF-1« provide strong support
for the Archezoa Giardia and Trichomonas diverging before
other eukaryotes, but (unlike the case for Microsporidia) no
other position in the eukaryotic tree appears strongly favored
for these taxa. Giardia and Trichomonas consistently branch
deep in SSUrRNA trees (3), and the early branching position
of Giardia has been highly touted (6). Yet, given the results of
our analyses for Microsporidia and recognizing the enormous
difficulties in inferring relationships from highly diverged
sequences, we conclude that relationships of Giardia and
Trichomonas to other eukaryotes are still unresolved and in
need of further investigation.
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