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Abstract

Microsporidia are obligate intracellular parasites that have long been considered to be primitive eukaryotes, both on the basis
of morphological features and on the basis of molecular, mainly ribosomal RNA-based, phylogenies. However, accumulating
sequence data and the use of more sophisticated tree construction methods now seem to suggest that microsporidia share a
common origin with fungi and are therefore most probably just curious fungi. In this paper, we describe the current views on the
phylogenetic position of the microsporidia and present additional evidence for a close relationship between fungi and microsporidia
on the basis of reanalysed ribosomal RNA data. In this respect, the importance of incorporating detailed knowledge of the
substitution pattern of sequences into phylogenetic methods is discussed. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction tions by microsporidia have been described in metazoans
(e.g. Didier et al., 1998; Moser et al., 1998; Nilsen et al.,

The microsporidia or Microspora (to which belong 1998; Nilsen, 1999), some have also been characterized
the genera Vairimorpha, Nosema, Encephalitozoon, in protists such as ciliates and Apicomplexans (e.g.
Enterocytozoon, and several others) are small, obligate Dykova and Lom, 1999). In humans, infections are
intracellular parasites that parasitize many other eukary- mostly associated with patients that have compromised
otes. Their infection strategy is unique and highly spe- immune systems, such as HIV-infected patients (e.g.
cialized. As infective spores outside their host, the Canning and Hollister, 1992; Dascomb et al., 1999).
microsporidia have a thick coat of chitin and protein, Until quite recently, microsporidians were believed
while the cytoplasm contains a coiled projectile known to be the descendants of a primitive, ancient eukaryotic
as the polar tube. When a spore encounters a host, the lineage. Besides missing typical eukaryotic features such
polar tube is everted and penetrates the host membrane. as peroxisomes, classical stacked Golgi membranes, and
Then, the cytoplasm of the spore is injected directly into 9+2 microtubule structures, the absence of mito-
the host cytoplasm, after which the parasites grow and chondria in particular suggested an ancient origin of
divide in the host cytoplasm and form new spores until these organisms. This even resulted in classifying these
these are released from the host cell into the environment organisms as Archezoa or ‘old’ eukaryotes (Cavalier-
(Canning, 1990). Although the vast majority of infec- Smith, 1989; Roger, 1999), together with several other

amitochondriate, enigmatic eukaryotic groups such as
the diplomonadida (e.g. Giardia), and parabasalids (e.g.
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In 1987, the first small subunit ribosomal RNA (SSU and degenerate features, and probably the result of their
highly specialised parasitic lifestyles.rRNA) sequence of a microsporidian (Vairimorpha neca-

trix) was determined (Vossbrinck et al., 1987), being The apparent discrepancy between phylogenetic
hypotheses based on protein coding genes and treesthe first molecular marker that became available to

study the evolutionary relationships for this group of based on ribosomal rRNA sequences has been trouble-
some for some time and still needs to be fully under-organisms. Since, in phylogenetic trees, this SSU rRNA

sequence branched off before any other eukaryotic SSU stood. However, it was repeatedly suggested that the
early divergence patterns of some protist phyla, and inrRNA sequence known at that time, the early origin

and uniqueness of these parasites within eukaryotic particular the microsporidia, are long-branch artefacts
due to increased evolutionary rates of their ribosomalevolution seemed confirmed. Subsequent analyses, on

the basis of the SSU rRNA of Vairimorpha and other RNAs (e.g. Palmer and Delwiche, 1996; Embley and
Hirt, 1998; Keeling and McFadden, 1998).microsporidia, and using different methods of tree con-

struction (Sogin, 1989; Van de Peer et al., 1993a;
Cavalier-Smith and Chao, 1996; Kumar and Rzhetsky,
1996), all supported the view that microsporidia were 3. Among-site rate variation and ribosomal RNA

revisitedan early-diverging and therefore presumably extremely
old lineage from which the ancestors originated long
before the remaining eukaryotes, amongst which are the Long-branch artefacts have gained much interest in

the last few years, and are now generally considered tofungi, plants, animals and many others that form the
so-called crown group of eukaryotic evolution ( Knoll, be a major source of distorted tree topologies (e.g.

Forterre and Philippe, 1999). This is especially true1992). This ‘microsporidia-early’ (Hirt et al., 1999)
hypothesis was also supported by recent phylogenetic when there is considerable among-site rate variation in

the sequences considered (e.g. Van de Peer et al., 1996a).analyses of the protein translation elongation factor
sequences (EF-1a and EF-2; Kamaishi et al., 1996a,b). The existence of among-site rate variation implies that

the majority of mutations take place at the same,
relatively small fraction of positions. Naturally, this is
even more pronounced when distances between
sequences are large, as is the case in rapidly evolving2. Primitive or highly degenerated?
sequences, i.e. sequences characterized by forming long
branches in the inferred tree topologies. Consequently,However, this view about ‘old’ microsporidian origins

has recently been challenged. Firstly, it was shown that genetic distances are seriously underestimated if site-to-
site rate variations are not taken into account. Thismicrosporidians, but also the other amitochondrial

eukaryotes mentioned above, probably once harbored often results in an artificial clustering of long branches,
or in long branches being pulled closer to the base ofmitochondria since mitochondrial genes have been found

in their nuclear genomes (Clark and Roger, 1995; the tree in the presence of a distantly related outgroup
(Felsenstein, 1978; Olsen, 1987; Yang, 1996; BrinkmannGermot et al., 1997; Hirt et al., 1997; Hashimoto et al.,

1998; Peyretaillade et al., 1998a; Roger et al., 1998), and Philippe, 1999).
In the present study, we have aligned the recentlythus pointing to a secondary amitochondriate nature

for these organisms. Secondly, regarding the evolution published large subunit (LSU ) ribosomal RNA
sequences of two microsporidia, viz. Encephalitozoonof microsporidia, recent phylogenetic studies on the

basis of protein-coding genes such as tubulin, the largest cuniculi (Peyretaillade et al., 1998b) and Nosema apis
(Gatehouse and Malone, 1998) with those of the othersubunit of the RNA polymerase II (RPB1), valyl-tRNA

synthetase (ValRS), and the TATA box binding protein eukaryotes for which the LSU rRNA is available (De
Rijk et al., 2000). Additionally, we determined the LSU(TBP) showed a close relationship of these parasitic

organisms with the fungi (Edlind et al., 1996; Keeling rRNA sequences of two ciliates, viz. Spathidium amphor-
iforme (Accession No. AF223570) and Euplotes aedicu-and Doolittle, 1996; Fast et al., 1999; Hirt et al., 1999;

Weiss et al., 1999). Furthermore, although phylogenetic latus (Accession No. AF223571). The LSU rRNA
sequences of microsporidia are the shortest non-mito-analysis of the elongation factor data usually indicates

an early origin of microsporidia (Kamaishi et al., chondrial LSU rRNAs known so far (De Rijk et al.,
1998; Peyretaillade et al., 1998a). The strong reduction1996a,b; but see further), the EF-1a gene from the

microsporidian Glugea plecoglossi shares a unique inser- in size can be attributed to changes in the regions that
are known to show a large variability in length andtion of 11 amino acids with animals and fungi ( Kamaishi

et al., 1996a). Hence, if such a close relationship between sequence. In these areas, eukaryotes can exhibit extreme
variations in sequence and/or length in comparison tofungi and microsporidia were indeed real, then this

implies that their simplified cell structures and small prokaryotes and other eukaryotes. However, despite the
seemingly prokaryote-like features of the LSU rRNA,genomes (Biderre et al., 1995) are secondary simplified
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such as the strongly reduced size and absence of frag- sequences of representatives of the different eukaryotic
crown taxa plus the sequences of the microsporidiamentation as in other eukarotes, they cannot be used as

evidence for the ancient origin of the microsporidia. Nosema and Encephalitozoon. The tree shown was artifi-
cially rooted between the green plants and the remainingIndeed, although the 5.8S rRNA typically found in

eukaryotes is fused with the rest of the LSU rRNA — eukaryotic taxa. Trees that were rooted with Giardia or
Archaea (not shown) basically showed the same topol-the microsporidia are the only eukaryotes known to

date to show such a fusion — the structure of the fusion ogy, although in some cases, the plants appeared as a
paraphyletic group near the base of the tree. As can beis different from that seen in prokaryotes and other

eukaryotes. Furthermore, the regions responsible for the seen in Fig. 2a, the microsporidia diverge from within
the fungal cluster, although bootstrap support for areduction in size are known to show a large variation

within eukaryotes, and in the microsporidia, these areas common origin of microsporidia and fungi is low (62%).
However, this may not be very surprising since theshow no obvious similarity to their prokaryotic counter-

parts either. branch leading to the microsporidia is exceptionally
long (Fig. 2a). Also, in rate-calibrated trees based onDespite the strong reduction in length of the micro-

sporidian LSU rRNAs, a major part of the sequence smaller data sets, microsporidia nearly always diverge
from within the fungal cluster, although usually notcan be aligned to other eukaryotic sequences, and unam-

biguously aligned regions were subjected to phylogenetic strongly statistically supported by bootstrap analysis,
while the overall tree topology corresponds well withanalyses based on the ‘substitution rate calibration’

(SRC) method, which corrects for site-to-site rate varia- what we would expect on the basis of more classical
phylogenetic analyses from small and large subunittion in nucleic acid sequences (Van de Peer et al.,

1996b). An estimation of substitution rates and con- rRNA data (e.g. Van de Peer and De Wachter, 1997a).
When the among-site rate variation is not considered,struction of a variability map was performed as

described previously (Van de Peer et al., 1993b, 1996b,c). the microsporidia branch off towards the base of the
tree and do not cluster with any of the other taxa. AIn short, substitution rates are estimated by looking at

the frequency with which sequence pairs differ at each similar phenomenon was also previously observed by
Peyretaillade et al. (1998b), where the microsporidiansite as a function of the distance between them.

Substitution rates or variabilities are estimated for every Encephalitozoon diverged early in eukaryote evolution
when different substitution rates were not taken intosite in the sequence alignment that is not absolutely

conserved and that contains a nucleotide in at least 25% account, but relatively late when different rates were
considered. However, a close relationship with fungiof the aligned sequences. Then, after estimation of all

substitution rates, alignment positions are grouped into could not be demonstrated (Peyretaillade et al., 1998b).
In order to test whether better tree topologies couldsets of similar rates. A spectrum of relative nucleotide

substitution rates is thus obtained. By dividing this be found on a maximum likelihood basis, we performed
a Kishino–Hasegawa test ( Kishino and Hasegawa,spectrum into five arbitrary groups and assigning a

different colour to every subset, a variability chart of 1989), where we compared the maximum likelihood of
the SRC tree of Fig. 2a, with that of different user-the LSU rRNA can be constructed by mapping the five

variability classes on the secondary structure model of defined trees, using the same data set — with invariant
positions removed, as in the SRC method — and ratethe LSU rRNA. Such a variability map, which gives a

much more detailed and quantitative description of parameter as estimated by the SRC method.
Conclusively, trees where the microsporidia branchedpositional variability than the crude distinction between

variable and conserved areas that is often made by off at the base of the fungal, animal, and fungal–animal
cluster were not found to be significantly better or worsevisual inspection of sequence alignments, is shown for

Nosema apis (De Rijk et al., 1998) in Fig. 1. than the tree presented in the current paper (Fig. 2a).
However, user-defined trees where microsporidia clus-Furthermore, once the shape of the rate spectrum is

known, it is possible to derive a new equation describing tered with other taxa, or branched off more deeply, were
found to be significantly worse in the Kishino–Hasegawathe evolutionary distance between two sequences as a

function of the observed number of differences, i.e. the tests (as implemented in PAUP, version 4, Swofford,
1998), with the exception of a tree topology in whichdissimilarity (Van de Peer et al., 1996b). This new

equation, similar to that used to compute gamma dis- microsporidia were clustered with ciliates, for which the
likelihood was not significantly worse. However, wetances (Rzhetsky and Nei, 1994), can then be used to

compute evolutionary distances, taking into account the believe that the better likelihood of this tree is the result
of artificially grouping organisms with higher evolution-specific substitution rate spectrum for the LSU rRNA

sequence alignment considered. These evolutionary dis- ary rates; the ciliates indeed show a somewhat higher
evolutionary rate of their rRNAs compared to mosttances can then be used for the inference of a distance

tree. other eukaryotes in the tree.
Additionally, a maximum likelihood tree was com-Fig. 2a shows a phylogenetic tree based on 42
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Fig. 1. Variability map superimposed on the LSU rRNA secondary structure model of Nosema apis (De Rijk et al., 1998). Nucleotides are
subdivided into 5 groups of increasing variability as described in Ben Ali et al. (1999). The most variable positions are in red, and the least variable
positions in blue. Absolutely conserved positions in all sequences compared are indicated in purple. Hypervariable regions that were not taken into
consideration for rate calibration and tree construction because they were too variable to be aligned unambiguously are indicated in grey. These
are also the regions that are responsible for the great reduction in size of the microsporidian LSU rRNAs.
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puted with the Puzzle program (Strimmer and von fungi and microsporidia has now become quite
convincing.Haeseler, 1996), based on the same set of positions (see

The microsporidia problem described here againFig. 1) used to compute the SRC distance tree (Fig. 2a).
exemplifies one of the complexities of inferring reliableThe among-site rate variation was taken into account
tree topologies. The difference in tree topology support-by assuming eight different rate categories, while the
ing a microsporidia-early or microsporidia-late origin isgamma distribution parameter was estimated from the
huge, yet good statistical support can be found for bothdata set. This tree (not shown) showed almost exactly
topologies (e.g. Cavalier-Smith and Chao, 1996; Keelingthe same topology as the SRC tree, while the quartet
and Doolittle, 1996; Hirt et al., 1999). Nevertheless,puzzling values — comparable, but not equal, to boot-
consistency in tree topologies can be reached, providedstrap values (Strimmer and von Haeseler, 1996) — were
adequate tree-building methods are used. In order to doalso very similar to the bootstrap values found for the
this, it is crucial to use substitution models that describetree shown in Fig. 2a. As in the SRC tree, the microspori-
the evolution of the sequences as realistically and accu-dia were clustered with the zygomycete, Entomophaga,
rately as possible. However, since we do not have anand the chytridiomycete, Blastocladiella, but this rela-
exact historical record of events that took place in thetionship should be interpreted with caution and is not
evolution of our sequences, a correct estimation of theat all supported by bootstrap analysis (Fig. 2a) or
number of substitutions is usually not straightforward.quartet puzzling values (not shown). In the maximum
Fortunately, more realistic evolution (substitution)likelihood tree, animals and fungi are also found as
models and new and better methods for inferring phylo-sister groups, as are the alveolates and the stramenopiles,
genetic tree topologies are continuously being developed,although neither of the sister group relationships is
which hopefully will lead to more consistent tree topolo-statistically supported.
gies as is the case with the microsporidia.Fig. 2b summarises the two topologies most fre-

Apart from drastically changing our view about earlyquently found regarding the evolutionary position of
eukaryotic evolution — the microsporidia example shedsthe microsporidia and their support by different molecu-
doubt on the phylogenetic position of other earlylar markers. As already stated, tubulins, Hsp70, RPB1,
branching protists as well (e.g. Embley and Hirt, 1998;ValRS, and TBP supported the ‘microsporidia-late’
Keeling, 1998) — solving the microsporidia enigmahypothesis, while SSU rRNA, LSU rRNA and elongator
may have important medical consequences too.factor genes initially supported the ‘microsporidia-early’
Microsporidia are important parasites causing, amongsthypothesis. However, when the among-site rate variation
other things, diarrhoea and weight loss in AIDS patients,is taken into account, the picture changes, as already
and a completely effective treatment has not yet beendescribed in detail above for the LSU rRNA. Regarding
discovered. However, if microsporidia are indeed fungithe elongation factor data sets, Hirt et al. (1999)
this could have important implications for future treat-re-examined EF-1a and EF-2 and found that these data
ment, as was previously the case with Pneumocystissets were not inconsistent with a fungi-plus-microspori-
carinii, whose taxonomy was uncertain until molecular

dia relationship, as long as the among-site rate variation data undoubtedly proved it to be a yeast (Edman et al.,
was considered or at least highly reduced (Hirt et al., 1988), after which treatment of AIDS patients became
1999). Applying the SRC method to SSU rRNA much more efficient.
sequences caused the microsporidia to diverge from
within the eukaryotic crown, although a specific relation-
ship with fungi cannot currently be firmly established. Acknowledgements
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