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(33, 60). When induced to germinate, the spore builds up
osmotic pressure until its rigid wall ruptures at its thinnest
point at the apex. The posterior vacuole swells, forcing the
polar filament to rapidly eject from the rupture, simultaneously
everting itself to form a tube. The contents of the spore are
forced through the tube, and if it has penetrated another cell
during its rapid ejection, the parasite is injected into the cytoplasm of this potential host (33, 59).
Surely such a cell cannot be considered simple, but in many
other ways, it is quite so. Indeed, aside from organelles of
infection, the spore contains a nucleus or two, cytoplasm, and
little else. Spores and intracellular stages lack, or were thought
to lack, mitochondria, stacked Golgi dictyosomes, flagella and
other 9 ⫹ 2 microtubular structures, and peroxisomes. Moreover, they have a highly reduced metabolism, 70S ribosomes,
and among the smallest known genomes of any eukaryote (4,
28, 60, 62). The simple side of microsporidia led to the idea
that they may be very primitive eukaryotes, and they were once
considered part of a group of protists called archezoa, which
were believed to include eukaryotes that evolved prior to the
acquisition of mitochondria (9). In addition to microsporidia,
archezoa included diplomonads (e.g., Giardia spp.), parabasalia (e.g., Trichomonas spp.), and archamoebae (e.g., Entamoeba spp.). Initially, molecular data supported the idea that
these organisms belonged to ancient, amitochondriate lineages
(27, 63), but more recently, this conclusion has been overturned. In the case of the microsporidia, two crucial facts that
show that they are highly derived, rather than primitively simple and amitochondriate, have emerged. First, molecular phylogenetics have shown that microsporidia did not evolve early
in eukaryotic evolution (i.e., they are not primitive), despite
what the first trees showed. Instead, it is now clear that they are
either fungi or close relatives of the fungi (12, 15, 24, 28, 29, 31,
32). Second, microsporidia do contain mitochondria or a relict
version of the organelle called a mitosome. The first indications of this fact came from the discovery of genes for mitochondrion-derived proteins in the nuclear genomes of several
microsporidia (13, 18, 23, 44), and subsequently, the complete
genome of Encephalitozoon cuniculi revealed over a dozen
mitochondrion-derived protein-coding genes (28). Eventually,
the organelle itself was identified by immunolocalization of
mitochondrial HSP70 in Trachipleistophora hominis (64), eliminating the last shred of doubt that the microsporidia evolved
from a mitochondriate ancestor and retained a relict, highly
reduced organelle.
Today the Archezoa hypothesis has been undermined for
each of the four original members of the group, and our per-

The adaptation to a parasitic lifestyle typically precipitates a
number of profound changes to various levels of biological
organization, including cell structure, genetics and genomics,
metabolism, and biochemistry. These changes can lead to a
seemingly paradoxical mixture of characteristics: on one hand,
parasites may evolve extremely complex and sophisticated
mechanisms to invade their host and evade its defenses, while
on the other hand, they may also appear more “simple” by
dispensing with characteristics they no longer need as they
increasingly depend on host metabolism for nutrients and energy. The reductive element of parasitic evolution has led several parasitic protozoa to be considered ancient or earlybranching eukaryotes because they lack characters common to
all other eukaryotes, but in reality, these organisms are highly
derived. No group represents this phenomenon better than the
microsporidia, a group of obligate intracellular parasites that
exemplify the contradictory forces of simplification and complex specialization.
MICROSPORIDIA—SIMPLE YET COMPLEX
Microsporidia are a large and diverse group of intracellular
parasites (66). Over 1,000 species of microsporidia have been
described to date (36), but this is likely a small fraction of the
true diversity of the group, which might be closer to the number of species of animals. Virtually all known microsporidia
infect animals; they are known to infect members of every
animal phylum. Some species infect multiple distantly related
hosts, but specificity to one host or a related group of hosts
seems to be the norm for the group (50, 55). Over a dozen
microsporidia, most of which are opportunistic, are known to
infect humans (16, 35).
The complexity of microsporidian cells rests in their unique
and highly adapted infection machinery (60). Microsporidia
are obligate intracellular parasites, so they must infect other
eukaryotic cells to grow and divide. The agents of infection are
highly resistant spores, which are the only stages of the life
cycle that can survive in the environment. Spores contain a
number of complex structures that mediate infection: a posterior vacuole, an anterior lamella of membranes called the polaroplast, and a long, coiled filament called the polar filament
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FIG. 1. Schematic tree depicting evolutionary relationships among
representative microsporidian lineages. Resolved branching points
represent nodes that are strongly supported in SSU rRNA trees (8, 17,
45, 53). The position of Nosema pyrausta is from the work of Baker et
al. (1). Numbers are genome size estimates in millions of base pairs
(see reference 38 for a review).

ception of microsporidia has been turned completely upside
down: while they were for a time regarded as primitively simple
eukaryotes, we now see them as highly adapted, specialized
parasites derived from complex fungal ancestors. This new
perspective colors much of our interpretation of microsporidian biology: where we once saw primitive characteristics, we
now see reduction. Nowhere is this transition in our thinking
more relevant than in the genomics of microsporidia.
REDUCTION BY LOSS AND COMPACTION IN
MICROSPORIDIAN GENOMES
The process of reduction is most tangible in the genomes of
microsporidia. Karyotypic analyses have shown microsporidian
genomes to be typical in their overall structure (i.e., multiple
linear chromosomes) but very small (Fig. 1). They range in size
from a relatively unremarkable 19.5 Mbp in Glugea atherinae
(5) to only 2.3 Mbp, one of the smallest eukaryotic genomes
known, in Encephalitozoon intestinalis (43). For perspective,
the E. intestinalis genome is over 1,000 times smaller than the
human genome (3,000 Mbp), only one-quarter the size of the
Saccharomyces cerevisiae genome (12 Mbp), which is itself considered small for a eukaryote, and almost half the size of the
Escherichia coli genome (4.6 Mbp). So what makes a microsporidian genome small? There are two main ways in which a
genome can be reduced: it can reduce the number of genes it
encodes, or it can pack them into a smaller space. These two
processes are likely driven by different forces, and they have
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different implications for the genome form, function, and content (30).
The first complete microsporidian genome, that of E. cuniculi, has been a turning point for microsporidian molecular
biology, providing valuable information about the biochemistry
and molecular physiology of the parasite, as well as the nature
of the genome itself (28). The E. cuniculi genome consists of 11
linear chromosomes ranging from 217 to 315 kb, totaling only
2.9 Mb. Chromosomes are made up of gene-rich cores flanked
by subtelomeric repeats consisting of rRNA operons and telomeres. The use of rRNA operons in subtelomeric repeats is
interesting, as it has been found in a number of other eukaryotic genomes, including many that are compact. This arrangement is found in the ultracompact nucleomorph genomes of
endosymbionts of the chlorarachniophyte Bigelowiella natans
and the cryptophyte Guillardia theta (11, 19, 68), and there is
evidence for the arrangement in the microsporidian Antonospora locustae (53).
The coding potential of the E. cuniculi genome is very low,
with fewer than 2,000 protein-encoding genes being recognized
(28), showing that substantial reduction by gene loss has likely
taken place. The distribution of the E. cuniculi genes among
functional categories shows that gene loss is not random. Instead, absent genes represent complete metabolic or regulatory pathways (28, 61). As the organism becomes host dependent, some metabolic functions are provided by the host cell,
so genes involved in such functions may become redundant
and lost after inactivation by mutation. This process is illustrated by the distribution of protein-encoding genes in E. cuniculi: proteins involved in biosynthesis of small molecules are
highly underrepresented (28, 61), while genes predicted to
encode numerous transporters that import energy sources
(e.g., glucose and ATP), other metabolites (e.g., nucleosides
and amino acids), and ions are found. Not surprisingly, pathways related to many basic cellular processes, such as DNA
replication, transcription, and protein synthesis, are conserved
more or less intact (38).
These characteristics show that the E. cuniculi genome has
been reduced by a loss of genes, but what about compaction?
The density of the gene-rich cores is approximately one gene
for every 1,000 bp (28), which is the highest gene density
among the completely sequenced eukaryotic nuclear genomes.
For comparison, S. cerevisiae is generally considered to have a
very compact genome at one gene for every 2,000 bp (21). It is
noteworthy that the density of the E. cuniculi genome is similar
to that of the nucleomorph genome of G. theta (11) and may
represent a maximum gene density for nuclear genomes.
The packing of genes into a smaller space has taken place in
two distinct ways in E. cuniculi. First, many of the genes themselves are small. One way that this quality is achieved is that all
but a few introns have been eliminated from the genome (only
13 remain). More surprisingly, however, about 80% of the
predicted proteins themselves are 15% smaller on average
than their homologues in yeast (28). Katinka and coworkers
(28) proposed that the loss of proteins and pathways resulted
in fewer functional interactions between proteins (i.e., simpler
protein interaction networks), which in turn allowed the loss of
domains involved in these interactions from many other proteins that were retained. This shortening of proteins is an
interesting and unanticipated effect of genome reduction that
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gions. Since most regulatory elements are found 5⬘ from a
gene, the observed pattern is expected when the amount of
intergenic sequence is under severe reductive selection.
COMPARATIVE GENOMICS AND THE IMPACTS OF
GENOME REDUCTION IN MICROSPORIDIA

FIG. 2. Genome compaction and intergenic DNA. Bars represent
average intergenic regions in base pairs of E. cuniculi for the three
possible orientations of two genes. The graph is based on 1,771 intergenic regions, with data from the work of Katinka et al. (28). Repeated
genes and short, subtelomeric ORFs were excluded.

has a number of functional implications which need further
study, but it accounts for only a fraction of genome compaction: if E. cuniculi proteins were the same sizes as their yeast
homologues, the E. cuniculi genome would be only about 0.25
Mbp bigger. Most of the reduction is achieved by the loss of
intergenic DNA. Not surprisingly, E. cuniculi is devoid of
highly repeated (dispersed and satellite) DNA (28), which accounts for a large fraction of the genome in many eukaryotes
(34, 41). There are only a few duplicated segments and subtelomeric repeats of about 20 kb at the chromosome ends. Likewise, no evidence of active or relict mobile elements has been
found, although there is limited evidence for them in other
microsporidia (22, 39). Nonrepetitive intergenic DNA can also
constitute a significant fraction of eukaryotic genomes because
it includes the sometimes-complex arrays of regulatory elements essential to promote and regulate transcription.
Broadly, promoters are composed of a core where the basal
transcription apparatus binds with different degrees of affinity,
together with additional elements that direct the binding of
regulatory transcription factors. In spite of extensive work in
this area, the evolution of promoters and transcriptional regulation is only partly understood (67). One feature of eukaryotic promoters that is known to be important is the spacing
between regulatory binding sites (65), and overall, the amount
of intergenic DNA involved in transcriptional regulation has
been estimated to be at least equal to the number of functional
coding sites in nematodes (48) and mammals (49). In sharp
contrast, the intergenic regions of E. cuniculi are very short,
averaging only 129 bp (28). Interestingly, the lengths of intergenic spaces vary noticeably, depending on the transcriptional
orientation of the two flanking genes (Fig. 2). Genes that are
transcribed divergently from one another have 50% more intergenic DNA than genes arranged convergently, while genes
in the same orientation have an intermediate amount of DNA.
This pattern is just detectable in other eukaryotic genomes but
quite pronounced in the E. cuniculi genome, likely because
much of the “noise” has been removed from noncoding re-

Clearly, extreme reduction of gene numbers has an impact
on the metabolic and functional versatility of the cell, but what
effects does genome compaction have on the function of the
genome itself? One way to look at this problem is to use
comparative genomics to examine both the shared characteristics among different microsporidia and the dynamics of the
genome over time. Three genome sequence surveys have been
carried out with microsporidian species other than E. cuniculi.
The genomes of the opportunistic human pathogen Vittaforma
corneae and the fish parasite Spraguea lophii have been subject
to small surveys (22, 39). The most significant outcome was the
finding of a reverse transcriptase gene in both species, suggesting the presence of retrotransposable elements. However,
these studies looked only at relatively short genomic fragments
and did not provide clues to the influence of such elements in
genome architecture. A. locustae (formerly Nosema locustae)
(53, 54) is another microsporidian for which more-substantial
genomic data have now been produced (13, 14, 51). A. locustae
has been shown to be relatively distantly related to E. cuniculi
(53, 54); however, a random genome survey of 685 kbp showed
that the two genomes have a good deal in common. First, of all
the genes identified in A. locustae to date, a large proportion
(130 out of 138, or 94%) are also found in the E. cuniculi
genome. Three genes have homologues in other organisms but
are absent in E. cuniculi, and five known A. locustae open
reading frames (ORFs) have little or no similarity to anything
else and could represent either highly divergent genes or A.
locustae-specific genes. Considering the apparent evolutionary
distance separating these species and the differences in their
life cycles and hosts, such conservation in gene content is
rather surprising.
The similarity between these genomes extends beyond gene
content, however, to the actual order of the genes (51). Gene
order conservation is typically lost relatively quickly in eukaryotic genomes, mostly by frequent short inversions (26, 47).
However, in many cases, genes were found in the same order
in the A. locustae and E. cuniculi genomes, and in one case this
conservation can also be inferred from a third microsporidian,
Spraguea lophii (Fig. 3). Indeed, the overall degree of synteny
between A. locustae and E. cuniculi, two distantly related microsporidia, is about 1.5 times higher than that between S.
cerevisiae and Candida albicans, two closely related ascomycetes, and is also higher than that between humans and fish (51).
In contrast, the rate of small-subunit (SSU) rRNA divergence
between A. locustae and E. cuniculi is 10 times higher than that
of S. cerevisiae and C. albicans, and protein divergence is almost twice as high (Fig. 4). Saccharomyces and Candida are
thought to have diverged about 200 million years ago (2), or
about the time placental mammals diverged from marsupials.
It is very unlikely that microsporidia are younger than these
yeasts, because they are known to infect all phyla of animals in
all ecological settings. For microsporidia to have evolved so
recently, they would have had to infect some animals and then
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FIG. 3. Example of gene order conservation among three microsporidian species. An E. cuniculi fragment of five genes shows partial
conservation with an A. locustae fragment and two Spraguea lophii genes located in the same genomic clone (only the ends of the clone are known,
so the dashed line indicates a region of unknown length and sequence). Labels on the genes correspond to the E. cuniculi locus denominations
(28). The internal sequence of the Spraguea lophii clone and the relative orientations of both genes are unknown. Spraguea lophii data were taken
from http://jbpc.mbl.edu/Spraguea-HTML/.

quickly spread through the entire kingdom, which contrasts
with the typically restricted host range of individual microsporidia. The alternative explanation is simply that microsporidian
genomes are rearranging slowly, in contrast with their rapid
sequence evolution. Enhanced genome stability has been observed in several other systems and explained in a number of
ways. Cotranscription of conserved gene clusters and lack of
recombination are two of the more common ways (25, 46, 57,
58). Interestingly, it has been proposed that the reduction of
intergenic distances will enhance genome stability simply by
making nondeleterious breakpoints rare, reducing the likelihood of inversions or transpositions (25). This effect is detectable in yeasts but has been shown to be a relatively insignificant
component compared with cotranscription (25). In the extremely compacted genomes of microsporidia, however, it is

possible that what is a minor force in “normal” genomes takes
on a more substantial role, resulting in the greater degree of
stability apparent between these two distantly related species.
The absences of repetitive and mobile DNA in the genome
further enhance this effect, although evidence for some repetitive DNA exists in A. locustae (14), and retroelements exist in
V. corneae (39) and Spraguea lophii (22).
If compaction has enhanced genome stability in microsporidia, then it has probably done so only at certain levels of
organization. This theory is likely true because chromosome
size polymorphisms have been documented in two well-studied
microsporidian genomes, E. cuniculi and Encephalitozoon hellem (3, 6, 7). Indeed, those studies led to the idea that the
Encephalitozoon genome is rather plastic (38), which contrasts
with the evidence for increased genome stability at the gene

FIG. 4. Comparing genome structures and degrees of sequence evolution in microsporidia and fungi. Bars represent degrees of sequence
divergence for SSU rRNA nucleotides (light grey) and a variety of proteins at the amino acid level (dark grey) for the pairs E. cuniculi-A. locustae,
S. cerevisiae-C. albicans, and S. cerevisiae-Schizosaccharomyces pombe. The black line represents the degree of genome evolution (rearrangement).
Values are 1 minus the proportions of shared adjacent genes for each pair of species, which are 0.13, 0.09, and 0, respectively (data are from
reference 51).
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order level. If the conservation of gene order is a result of
compaction, it is likely that the gene-rich chromosome cores
will be stable, whereas the gene-poor areas may be subject to
a high plasticity. Consistent with this idea, rearrangements
involved in chromosomal size polymorphisms in E. cuniculi
seem to take place in subtelomeric regions adjacent to rRNA
gene units where duplications take place (7). However, these
differences in size are too small (typically 2 to 12 kbp) to
significantly influence the overall levels of genome compaction
seen in E. cuniculi, and whether such polymorphism exists in
other species is not known.
WHAT IS THE DIFFERENCE BETWEEN
MICROSPORIDIAN GENOMES?
The E. cuniculi genome is among the smallest of all microsporidia, whereas the largest is nearly seven times its size (Fig.
1). While there is significant diversity in microsporidian life
cycles and environments, there is no obvious difference in
complexity to account for such a drastic variation. This observation raises the obvious question, what makes the difference
between differently sized microsporidian genomes? This question has been posed many times for genomes in general (10, 37,
42), but the microsporidia present a unique subset of the question because of their apparent selection for compaction and
reduction. Is the variation in genome size among microsporidia
a product of different gene densities, different numbers of
genes, or both, and if they are all compacted, how can this be
reconciled with huge differences in genome size?
Currently, there is very little genomic data from microsporidia with variously sized genomes. The A. locustae genome
provides the best comparison so far, as it is estimated to be
nearly twice the size of the E. cuniculi genome (5.4 Mbp) (56),
and yet it has a very similar complement of genes (51). How,
then, can we explain the difference in genome size? One possibility is that the estimated genome size of A. locustae is
wrong, but pulsed-field electrophoresis generally provides a
reasonable minimum estimate for genome size, and the E.
cuniculi genome has proven to be very close to its estimated
size (4). Assuming that the estimated size is correct, there are
two main and nonexclusive alternatives: the genome is less
compact and/or it contains more genes.
If the A. locustae genome (and the larger genomes of other
microsporidia) is less compact, it must contain proportionately
more noncoding DNA than E. cuniculi. Sequence data from
the A. locustae genomic survey suggest that this idea may be
true, but only to a point. Most characterized A. locustae genome fragments have gene densities very close to that of E.
cuniculi (0.94 in A. locustae versus 0.97 in E. cuniculi). A few
regions, however, are less gene dense. One atypical 13-kbp
fragment was found to encode only three ORFs separated by
comparatively long intergenic distances (3.8 and 1.9 kb). A
500-bp segment of one of these intergenic regions contains five
84-bp repeats, and there is evidence that these repeats are
present in multiple copies in the genome (14). These observations suggest that some variation exists in the densities of
microsporidian genomes and that repeated noncoding DNA
might be more common in A. locustae than it is in E. cuniculi,
but this suggestion probably represents an insignificant difference overall.
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So what about the gene complement of A. locustae? Because
the genome is not complete, it is impossible to state that E.
cuniculi has genes that A. locustae lacks, but it is possible to
identify A. locustae genes that are absent from E. cuniculi. The
current data on genome size and density suggest that it should
have hundreds of genes that are absent from E. cuniculi, but as
mentioned earlier, this also does not seem to be the case. Of
the 138 A. locustae genes currently characterized, only 8 do not
have clear homologues in E. cuniculi, and most of these are
unidentified ORFs. A few genes with obvious identities have
been found in A. locustae but not in E. cuniculi, and some of
these are very interesting. One of the first such genes to be
found was a class II catalase that has been shown to be active
in the spore and was proposed to protect spores against oxidative stress (14). Interestingly, phylogenetic analyses showed
that this gene was acquired relatively recently from a proteobacterium by lateral gene transfer. A similar situation is
seen in the A. locustae gene for photolyase, an enzyme which
mediates the repair of UV-damaged DNA, using visible light
as an energy source. Photolyase is absent from E. cuniculi, but
the A. locustae gene is expressed in spores and may complement photolyase-deficient E. coli (52). The distribution of photolyase in microsporidia is completely unknown but may be
interesting since the Antonospora protein is of a class common
to animals but so far not found in fungi. It is possible that it
also arose by lateral gene transfer, but the phylogeny does not
resolve this issue. Regardless of how photolyase originated, the
presence of catalase and photolyase in A. locustae, but not in E.
cuniculi, does show that the former has an enhanced repertoire
of stress response proteins compared with those of E. cuniculi,
leading to the prediction that E. cuniculi spores are less resistant to various kinds of environmental damage (14, 52). Moreover, these examples show the potential for variation among
contents of microsporidian genomes with functionally interesting implications, and since only about 10% of the A. locustae
genome has been examined in detail, there are many more
such examples to be discovered. As interesting as each of these
may be, however, the overall number of genes present in A.
locustae but not E. cuniculi is still not sufficient to explain the
differences in their respective genome sizes, even if it is (unrealistically) assumed that A. locustae does not lack any genes
which E. cuniculi has.
FUTURE PERSPECTIVES—A GENOMIC BIODIVERSITY
VIEW OF MICROSPORIDIA
The E. cuniculi genome has set the stage for comparative
studies that will redefine not only how we see microsporidian
genomes but also how we see processes and forces that act on
highly specialized and reduced eukaryotic genomes in general.
How, for instance, can a genome appear to have the same gene
complement and the same gene density but be almost twice as
large? More dramatically, what is the difference between the
largest microsporidian genomes and the smallest? It seems
doubtful that they have seven times as many unique genes, and
given the state of the A. locustae genome, it would also be
surprising if their genomes were significantly less compact. Do
the genomes reveal a fundamental disconnect between the
forces of compaction and size reduction, two processes we
instinctively assumed to be one and the same? Unfortunately,
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there are no obvious answers to these riddles at present, but
the existing data hint at the potential for a revolution in the
way that we look at reduced genomes.
With respect to the microsporidia specifically, the current
data also teach us a lesson often forgotten in the age of model
organisms: a greater sampling of genome content is bound to
break down many of our assumptions about what a group of
organisms is like. The small sampling of genomic data from A.
locustae has already shown that, despite the many similarities
between it and E. cuniculi, there is also much variability, and
this variability will become tremendously more apparent if
even a few species are examined in more detail. In addition,
the apparently high degree of synteny will be much more interesting when more dimensions are added to the data. For
example, are the same gene clusters preserved across most
microsporidian genomes, or do we simply see about the same
degree of conservation overall? Such differences may seem
subtle, but they reveal important aspects of the processes behind these observations: in this example, the distinction would
reveal whether conserved gene clusters were somehow special
as opposed to part of a more random but global process.
Lastly, reductive forces acting on eukaryotic genomes may
be best understood when microsporidian genomes are systematically compared with those of other eukaryotes where the
process has been taken to similar or even greater extremes.
The most notable of these are the small genomes of picoeukaryotes (40) and the nucleomorph genomes of cryptomonads
(11) and chlorarachniophytes (19, 20). The latter are particularly interesting as they have been reduced nearly to extinction
but still retain a few hundred kilobases. As all these systems
have evolved independently and likely for very different reasons, it would be rash to assume that they all reflect the same
forces. Nevertheless, there are bound to be some common
elements to the way these genomes have responded to apparently harsh selective pressures, pressures we are only beginning
to understand.
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