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Microsporidia are obligate intracellular pathogens mainly 
infecting both vertebrate and invertebrate hosts. The group 
comprises approximately 150 genera with 1,200 species. Due to 
sequence divergence phylogenic reconstructions that are solely 
based on DNA sequence have been unprecise for these patho-
gens. Our previous study identified that three microsporidian 
genomes contained a putative sex-related locus similar to that 
of zygomycetes. In a comparison of genome architecture of the 
microsporidia to other fungi, Rhizopus oryzae, a zygomycete 
fungus, shared more common gene clusters with Encephalitozoon 
cuniculi, a microsporidian. This provides evidence supporting 
the hypothesis that microsporidia and zygomycete fungi may 
share a more recent common ancestor than other fungal lineages. 
Genetic recombination is an important outcome of sexual devel-
opment. We describe genetic markers which will enable tests of 
whether sex occurs within E. cuniculi populations by analyzing 
tandem repeat DNA regions in three different isolates. Taken 
together, the phylogenetic relationship of microsporidia to fungi 
and the presence of a sex-related locus in their genomes suggest 
the microsporidia may have an extant sexual cycle. In addi-
tion, we describe recently reported evidence of horizontal gene 
transfer from Chlamydia to the E. cuniculi genome and show 
that these two obligate intracellular pathogens can infect the 
same host cells.

Microsporidia are obligate intracellular pathogens that infect 
vertebrate and invertebrate hosts.1 Several species infect humans, 

with the most common symptom of infection being self-limited 
diarrhea in immunocompetent hosts and chronic diarrhea in 
immunocompromised hosts, including AIDS patients. In addi-
tion to gastrointestinal tract involvement, microsporidia can 
infect virtually any organ system and cases of encephalitis, ocular 
infection, sinusitis, myositis and disseminated infection are well 
described in the literature.2 Although the microsporidian phylum 
contains a large number of species (~1,200) in 150 genera,1 their 
phylogenetic placement has long been debated. They have been 
considered basal eukaryotes due to their apparent absence of 
mitochondria; however, with the discovery of the mitosome it is 
now appreciated that microsporidia have a relic mitochrondria.3-8 
Evidence has been presented that microsporidia are closely related 
to fungi.9-12 Studies were conflicting, however, as to whether 
microsporidia were more closely related to ascomycetes or basidi-
omycetes or zygomycetes within the kingdom Fungi. Moreover, in 
the fungal tree of life project, the relationship of the Microsporidia 
to basidiomycetes, ascomycetes and zygomycetes could not be 
rejected in phylogenetic analysis based on sequences of two genes, 
RBP1 and RBP2 and an alignment with a basal fungal lineage, the 
Rozella group, was instead advanced.13 Overall, the phylogenetic 
placement of microsporidia has been a conundrum. This is due to 
the fact that these pathogens have rapidly evolving, highly diver-
gent DNA sequences and have lost whole suites of genes from 
their genomes.4,14,15 Sequence-based phylogenetic reconstruction 
has been insufficient to explain their relationship to fungi, and 
furthermore if they are true fungi, to define which group of fungi 
they are more closely related to.

In a recent study we identified that the genomes of three 
microsporidia, Encephalitozoon cuniculi, Enterocytozoon bieneusi 
and Antonospora locustae contain a gene cluster with an architecture 
similar to the sex locus of zygomycetes.16 The gene cluster encodes 
a putative triose phosphate transporter (TPT), high mobility 
group protein (HMG), and RNA helicase (A. locustae has an 
unlinked RNA helicase gene), which is not found in other fungal 
species with known genomes in the Basidiomycete, Ascomycete 
and Chytridiomycete phyla.16,17 In addition, we utilized a whole 
genome comparison to analyze whether the gene order between 
these two groups is related. In a comparison of the Rhizopus oryzae 
and E. cuniculi genomes, significantly more gene clusters (33 gene 
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Figure 2. The RPL21 and RPS9 gene cluster is fungal-
specific. The synteny is conserved in euascomycetes 
(i.e., Neurospora crassa, Paracoccidioides brasiliensis, 
Botrytis cinerea, Chaetomium globosum) and hemi-asco-
mycete (i.e., Saccharomyces cerevisiae), homobasidi-
omycete (i.e., Laccaria bicolor) and heterobasidiomycet-
es (i.e., Puccinia graminis f. sp. tritici and Cryptococcus 
neoformans) as well as in Mucor circinelloides and the 
three microsporidia. However, the genes are not syn-
tenic and are completely unlinked in three protozoan, 
Entamoeba histolytica, Entamoeba dispar and Giardia 
lamblia genomes. The genome of Schizosaccharomyces 
pombe encodes RPS9 unlinked to RPL21, and instead 
RPS4 forms a gene cluster with RPL21. Gene sizes are 
not to scale.

Figure 1. Relaxed syntenies shared between the R. 
oryzae and E. cuniculi genomes. The numbers on 
each genome indicate the common shared gene 
clusters. Pink boxes indicate the sex and sex-related 
locus. Note the size of the scale bar differs between 
the species.
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clusters) were detected, which is not the case 
with other fungal lineages.16 The gene clusters 
conserved in Rhizopus oryzae and E. cuniculi 
are distributed throughout the genomes of both 
species and do not appear to have specific sub-
chromosomal locations (Fig. 1).

Microsporidial genomes share a synteny of 
the RPL21 and RPS9 ribosomal genes with 
the kingdom Fungi further supporting that 
microsporidia are true fungi (Fig. 2).16 The 
Rpl21 protein is a component of the large 
subunit of the ribosome and functions in 18S 
rRNA maturation.18 The Rps9 protein is known 
to be involved in dissociation of mRNAs from 
the ribosomal complex as part of translation 
termination.19 The RPL21 and RPS9 genes 
are unlinked in other more diverged lineages, 
including the protozoans, Entamoeba histolytica, 
Entamoeba dispar and Giardia lamblia (Fig. 2). 
This synteny can serve as a syntenic barcode 
only found in fungal genomes. Interestingly, in 
the archiascomycete fungus Schizosaccharomyces 
pombe, the RPS9 and RPL21 genes are not 
syntenic and instead the RPS4 and RPS21 genes 
are linked (see Fig. 2).

These sets of data based on the genome 
architecture/gene order independent of DNA 
or amino acid sequences provide evidence that 
the Microsporidia are true fungi that shared a 
common ancestor with the zygomycete phylum. 
Remarkably, this phylum then harbors fungi 
with two diametrically opposed genome trajec-
tories: expansion to 45 to 65 Mb genomes versus 
genome compaction and streamlining to small 3 
to 6 Mb genomes and an obligate intracellular 
life cycle.

Sexual reproduction and HGT in microsporidia
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Given the lack of a transformation method or intro-
duced genetic markers (such as drug resistance genes), an 
approach is required to define naturally occurring genetic 
variation in different isolates.

We targeted DNA tandem repeats (TRs) regions because 
it is possible that different isolates may harbor variation in 
the number or sequence of tandem repeats (TRs). We 
applied a web-based software program (http://tandem.
bu.edu/trf/trf.html)22 to identify TRs in the reference  
E. cuniculi genome (GB-M1 strain sequence at NCBI).4 
Two TRs were chosen per chromosome. E. cuniculi has 11 
chromosomes, and therefore 22 TRs were selected in this 
study. All 22 TR areas were subjected to PCR analysis from 
three different isolates, EC1, EC2 and EC3.23 As expected, 
many TRs displayed size variation in electrophoresis (exam-
ples are shown in Fig. 3). Several examples were sequenced, 
confirming the variable numbers and polymorphic TRs in 
three different isolates. Overall these findings suggest that 
TR DNA areas can be applied as genetic markers in E. 
cuniculi.

Interestingly, in the sequenced microsporidian genomes 
there is evidence for the presence of several bacterial genes, 
particularly genes encoding bacterial-like ATP transporters 
to obtain ATP.4,24,25 Horizontal gene transfer from bacteria 
to microsporidia is strongly supported because of sequence 
similarity between the microsporidian and bacterial trans-
porter genes.26 The E. cuniculi genome contains four 
Chlamydia-like ATP transporter genes that were horizon-
tally transferred.4 These encode ATP transporters localized 
to the plasma membrane and in the mitosome, enabling 
ATP to be transported from the host. For horizontal gene 
transfer (HGT) to occur between these two organisms, 
it is necessary that they should share a niche. Chlamydia 
ssp are obligate intracellular bacterial pathogens that cause 
sexually transmitted diseases (STDs) in humans.27 Both 
pathogens are known to form parasitophorous vacuoles 
during their infection cycles.1,28 It is, therefore, possible 

that the two pathogens might meet in the same host cell. We 
tested this hypothesis. Rabbit kidney (RK13) cells were infected 
by E. cuniculi strains and subsequently Chlamydia trachomatis cells 
were added to the culture. We observed that these two pathogens 
infected the same cells. These pathogens, however, did not occupy 
the same parasitophorous vacuoles based on light microscopic 
observations that reveal the presence of two different vacuoles: 
one contains the larger sized spores of E. cuniculi and the other 
smaller sized particles of Chlamydia in each vacuole (see Fig. 3). 
However, it is possible that rare C. trachomatis cells might not be 
visualized between the significantly larger microsporidian cells 
in the microsporidian parasitophorous vacuole. Further analysis 
employing fluorescent microscopy will be required to fully test this 
possibility. The results at least suggest that both E. cuniculi and  
C. trachomatis can share a niche and therefore HGT from bacteria 
to microsporidia could have occurred in shared host cells. HGT 
from Chlamydia to microsporidia most likely was a consequence 
of the uptake of nucleic acid from Chlamydia by the microsporidia 

In considering the evidence that the Microsporidia are fungi 
that harbor a putative sex-related locus, it is possible that these 
pathogens may have an extant sexual cycle. Their unique chance 
to have sex would be during co-infection of the host by two geneti-
cally distinct isolates or they could be self-fertile and sex could 
occur during solo infection. It is possible that the alternation of 
spore sizes and different developmental cycles seen in various hosts 
for some of the microsporidia represent stages in sexual repro-
duction.20 It does not appear that Microsporidia develop sexual 
development specific structures like zygospores associated with 
other zygomycete fungi. Microsporidial sex could be similar to that 
of Giardia ssp, the human parasitic protozoan. The sexual cycle of 
G. intestinalis occurs during infection of host cells.21 Their modi-
fied sexual cycle involves nuclear fusion (karyogamy), expression 
of key meiotic homologs, and genetic exchange and segregation 
between nuclei. One of our goals to verify whether E. cuniculi has 
an extant sexual cycle is to test whether recombinant progeny are 
produced following co-infection with genetically distinct strains. 

Figure 3. Genetic variation of tandem repeat DNAs in different E. cuniculi isolates 
and co-infection of E. cuniculi and C. trachomatis. (A) Examples of TR DNAs. Three 
E. cuniculi isolates (1 is for EC1, 2 for EC2 and 3 for EC3) have different sized 
banding patterns. B6, A7 and B7 are TR areas chosen with the Tandem Repeat 
Finder (see the text). (B) E. cuniculi and C. trachomatis infect the same host cell 
forming two independent parasitophorous vacuoles. White arrowheads indicate  
E. cuniculi vacuoles and black arrowheads indicate C. trachomatis vacuoles.  
Scale = 5 μm.
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in the same cells. This is similar to the exchange of DNA that has 
been appreciated to occur in environmental samples of diverse 
microbial communities in soil. The exchange may have been due 
to rare cases of both organisms being present in the same vacu-
oles, but this is not a requirement. Given that four genes have 
been acquired via HGT from Chlamydia, it is also possible that 
microsporidia have acquired additional genes by HGT from other 
microbes or host cells.

In conclusion, our hypothesis is that microsporidia are true 
fungi and may have an extant sexual cycle during infection of host 
cells. The next step will be experiments to test for the existence of a 
sexual cycle in the microsporidian, E. cuniculi. Our studies further 
revealed that E. cuniculi and C. trachomatis can infect the same cell 
simultaneously, providing a plausible route by which ancient hori-
zontal gene transfer from Chlamydia ssp to E. cuniculi might have 
remodeled the microsporidian genome and enabled acquisition of 
ATP from the host.
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