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The genome of an Encephalitozoon cuniculi type III strain
reveals insights into the genetic diversity and mode of
reproduction of a ubiquitous vertebrate pathogen

A Pelin1, H Moteshareie2,3, B Sak4, M Selman1, A Naor1, M-È Eyahpaise1, L Farinelli5, A Golshani2,3, M Kvac4

and N Corradi1

Encephalitozoon cuniculi is a model microsporidian species with a mononucleate nucleus and a genome that has been extensively
studied. To date, analyses of genome diversity have revealed the existence of four genotypes in E. cuniculi (EcI, II, III and IV).
Genome sequences are available for EcI, II and III, and are all very divergent, possibly diploid and genetically homogeneous.
The mechanisms that cause low genetic diversity in E. cuniculi (for example, selfing, inbreeding or a combination of both), as
well as the degree of genetic variation in their natural populations, have been hard to assess because genome data have been
so far gathered from laboratory-propagated strains. In this study, we aim to tackle this issue by analyzing the complete genome
sequence of a natural strain of E. cuniculi isolated in 2013 from a steppe lemming. The strain belongs to the EcIII genotype
and has been designated EcIII-L. The EcIII-L genome sequence harbors genomic features intermediate to known genomes of
II and III lab strains, and we provide primers that differentiate the three E. cuniculi genotypes using a single PCR. Surprisingly,
the EcIII-L genome is also highly homogeneous, harbors signatures of heterozygosity and also one strain-specific single-nucleotide
polymorphism (SNP) that introduces a stop codon in a key meiosis gene, Spo11. Functional analyses using a heterologous system
demonstrate that this SNP leads to a deficient meiosis in a model fungus. This indicates that EcIII-L meiotic machinery may be
presently broken. Overall, our findings reveal previously unsuspected genome diversity in E. cuniculi, some of which appears to
affect genes of primary importance for the biology of this pathogen.
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INTRODUCTION

Encephalitozoon cuniculi is a microsporidian species that infects a wide
range of vertebrate hosts from birds to humans (Katinka et al., 2001;
Corradi, 2015). Microsporidia are obligate intracellular parasites that
are characterized by a unique invasion apparatus (the polar tube) and
a loss (or severe degeneration) of mitochondrial genomes (Keeling and
Fast, 2002). Other seemingly simplified cellular features in this group
include the presence of ultrashort and diverged ribosomal RNA
(rRNA) genes, and a lack of flagella and peroxisomes (Vavra and
Lukes, 2013). The entire lineage has been recently associated with the
Cryptomycota, a phylum that sits at the base of the fungal branch of
the tree of Life (James et al., 2013). To date, many microsporidian
genomes have been sequenced and all have been found to be very gene
poor—that is, harboring a maximum of 3500 open reading frames
(Corradi, 2015). Homologs of genes involved in conserved biochem-
ical pathways are few in microsporidia compared with other eukar-
yotes; a feature that highlights their dependence on host cells for
metabolic supplies (Corradi and Selman, 2013). Finally, most genome
studies of species with mononucleated spores have revealed evidence
of diploidy in microsporidia (Katinka et al., 2001; Cuomo et al., 2012;
Selman et al., 2013; Desjardins et al., 2015; Watson et al., 2015),

although recent analyses of diplokaryotic species have suggested that
polyploidy can also occur in this group (Pelin et al., 2015).
The genome of E. cuniculi was the first to be sequenced in

this phylum, and has been widely acknowledged as a model of
reduction and adaptation (Katinka et al., 2001). Indeed, this genome is
not only gene poor but is also extremely small (2.9 Mb in size)
and compressed, harboring ~ 2000 genes that locate within minute
intergenic regions (mean intergenic region is 80 bp; Katinka et al.,
2001). To date, four E. cuniculi genotypes have been recognized to
exist (referred to as EcI, II, III and IV) and are differentiated on the
basis of repeats located in their rRNA internal transcribed
spacers (Talabani et al., 2010; Pombert et al., 2013). Genomes
representatives of EcI, II and III acquired from laboratory strains
have been sequenced and found to be not only very divergent in
sequence but also identical in gene content (Pombert et al., 2013).
Evidence of recombination among genotypes is absent (Pombert et al.,
2013), but the presence of low levels of genetic diversity, with putative
heterozygous single-nucleotide polymorphism (SNP) ranging from 21
to 23 in all strains, suggested that a sexual diploid–haploid cycle
leading to novel genetic diversity via outcrossing exist in E. cuniculi
(Selman et al., 2013).
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Low genetic diversity in E.cuniculi has been proposed to result from
self-reproduction (selfing), inbreeding, mitotic recombination or
a combination of all (Selman et al., 2013). The first two processes
involve sexual reproduction, but these have been hard to differentiate
because passage in culture for decades could theoretically lead
to inbreeding and ultimately loss of diversity (Saul et al., 1999;
Wang et al., 2012). Mitotic recombination is an asexual alternative to
reduce genetic diversity in E. cuniculi (LaFave and Sekelsky, 2009), but
its frequency must be unusually high to produce highly homogeneous
genomes (Esquissato et al., 2014). To understand how low diversity is
generated and maintained in E. cuniculi, genome analyses of new
strains isolated from the field (that is, natural populations) may be
required. In particular, their inspection could reveal if low genetic
diversity is the norm in this species. Assuming that a conventional
microsporidian sexual cycle exist in E. cuniculi (Lee et al., 2014), the
presence of a highly heterozygous (assuming diploidy) or genetically
diverse population of spores in natural strains could indicate that
E. cuniculi strains occasionally outcross in the field (Selman et al.,
2013). Genome sequence data from new natural strains are also
a requisite to identify the extent and nature of genetic diversity that
exist in field samples of these vertebrate parasites.
In the present study, we provide the complete genome of a natural

strain we refer to as EcIII-L (genotype III), isolated in 2013 in the
Czech Republic (Hofmannova et al., 2014). This genome sequence was
annotated and compared with similar data from lab strains, revealing
important insights into the natural genetic diversity present in this
group and their mode of reproduction.

MATERIALS AND METHODS

Culturing, spore purification and DNA extraction of ECIII-L
The spores of E. cuniculi strain ECIII-L were originally isolated from a naturaly
infected steppe lemming (Lagurus lagurus; Hofmannova et al., 2014), passaged
through severe combined immunodeficient mice infected perorally with
a suspension made from steppe lemming-homogenized brain, and spores
acquired from peritoneal lavage of these mice made 21 days post infection were
then grown in vitro in Green monkey kidney cells (VERO, line E6) maintained
in RPMI-1640 medium (Sigma) supplemented with 2.5% heat-inactivated fetal
bovine serum. The spores were collected weekly from infected cell line by
collecting supernatants of the cultures and stored in phosphate-buffered saline
supplemented with antibiotics (Sigma, 100 U/ml penicillin, 100 μg/ml strepto-
mycin and 2.5 μg/ml amphotericin B) at 4 °C. Prior DNA isolation, the spores
were purified from cell debris by centrifugation over 50% Percoll (Sigma)
at 1100 g for 30 min and washed three times in sterilized deionised water. DNA
was extracted from Percoll-purified spores using MasterPure Complete DNA
and RNA purification kit from Epicentre Biotechnologies (Madison, WI, USA).

Genome sequencing, assembly and annotation
Extracted DNA was subjected to deep sequencing. Libraries were constructed
and sequenced using Illumina HiSeq 2500 technology by Fasteris SA (Geneva,
Switzerland). Sequencing resulted in 28 870 687 paired-end reads with a Q30
of 92.62% and a length of 125 bp. Raw reads have been deposited in the SRA
database under accession SRR2105612. Adapters were trimmed and over-
lapping paired reads were merged using SeqPrep (github.com/jstjohn/SeqPrep).
Merged reads were treated as single-end reads in downstream analysis.
Two independent denovo assemblies were run using both merged and

paired-end unmerged reads. Initially, we used Ray denovo assembler v2.3.1
(Boisvert et al., 2010) with a k value of 123 to generate contiguous sequences.
Contigs were validated by comparing with existing E. cuniculi assemblies,
as well as by mapping paired-end reads back to them using mapping algorithms
implemented in Geneious Pro. Because some chromosomes were represented
by multiple contigs, we have tried to assemble the data set with SPAdes v3.5.0
(Bankevich et al., 2012). By manually merging both assemblies using overlap-
layout-consensus algorithms implemented in Geneious Pro. The resulting

contigs were then screened for misassemblies by mapping paired-end reads and

visually inspecting coverage.
The final assembly was annotated by identifying open reading frames (ORFs)

using ‘Find ORFs’ function in Geneious Pro. These were then blasted using

blastp homology searches against the nr database. Whole-genome alignment

using MAUVE (Darling et al., 2004) revealed the genome to be in perfect
synteny with other E. cuniculi isolates. RNA features such as rRNA and transfer

RNA were transferred from E. cuniculi GB-M1 using reciprocal blast.

Read processing, mapping and coverage analysis
Quality trimming minimizes downstream artefacts (Minoche et al., 2011) and

was performed using the PERL script trim-fastq.pl from the PoPoolation toolkit

(Kofler et al., 2011). Quality trimmed reads were used for any downstream

analysis. By mapping reads back to the assembled genome using mapping
algorithms implemented in Geneious Pro, we have determined the average

sequencing depth of the genome to be 2332× . In order to exclude paralagous

regions from SNP discovery, we have excluded areas of the genome that had

a depth 25% higher than the average sequencing depth.

Polymorphism discovery and SNP calling
Trimmed reads were mapped against our final assembly to quantify variation.

Mapping was done using mapping algorithms implemented in Geneious Pro
(Kearse et al., 2012), which in turn use ‘low sensitivity’ parameters that allow up

to a 10% disagreement between reads and reference. To identify heterozygous

loci, we have used the ‘Find Variations/SNPs’ function implemented in Geneious

Pro. We have set a minimum allele frequency of 35% as previously described

(Selman et al., 2013). All potential heterozygous loci were verified using PCR,
followed by direct Sanger sequencing of the resulting products and manual

inspection of the sequencing chromatograms (Supplementary Figure S1). By

repeating this analysis with a smaller threshold for allele frequency, we identified

lower frequency SNPs that we could not validate using Sanger Sequencing.
In order to compare our novel strain with other available sequences of

E. cuniculi, we have aligned sequenced of individual chromosomes together

using the MAUVE algorithm (Darling et al., 2004) implemented in Geneious Pro.

Alignment blocks containing sequences from all isolates (ECI, ECII, ECII-CZ,

ECIII and ECIII-L) were analyzed for variation using the ‘Find Variations/SNPs’
function implemented in Geneious Pro.

PCR for SNP and genotyping validation
PCRs performed to validate SNP calls were carried out in 20 μl final volume
containing a mixture of 10.0 μl of EconoTaq DNA polymerase (Lucigen,

Middleton, WI, USA), 0.5 mM each primer and 1.0 μl of DNA. The thermal

cycling conditions included an initial step of 94 °C for 3 min, followed by

35 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 2 min and final step
of 72 °C for 12 min.
In order to evaluate the divergent region on chromosome 6 as a potential

genotyping locus, we have designed primers annealing to flanking conserved

regions. Primers CH06_Geno_F 5p-AATACTTGGCCAGGTGTATGTC-3p and
CH06_Geno_R 5p-AGCAGTTCAGTTTCCTCTCCATG-3p were used on

DNA extracted from cultured spores successfully (Figure 4a) with the following

thermal cycling conditions: an initial step of 95 °C for 3 min, followed by 35

cycles of 95 °C for 30 s, 54.8 °C for 30 s, and 72 °C for 1 min and final step

of 72 °C for 10 min. Obtaining PCR products from other sources, however,
required a nested PCR approach (Figure 4b). In this case, the first PCR was

carried out using the same primers and conditions except for the annealing

step, which was carried out at 50 °C instead of 54.8 °C. The second PCR used

the product of the first PCR as template, and was carried out with the same

forward primer CH06_Geno_F 5p-AATACTTGGCCAGGTGTATGTC-3p and
a different reverse primers CH06_Geno_R2 5p-CACTGGACCGGCGATCT-3p

and again an annealing step at 50 °C. Ladders used in the Figures 4a and b gels

are ExcelBand 1 kb (0.25–10 kb) DNA Ladder (Diamed, Mississauga, ON,

Canada) and 100 bp DNA Ladder (Solis BioDyne, Tartu, Estonia), respectively,
with expected PCR product sizes observed: ECI 1467 bp, ECII 1270 bp and

ECIII/ECIII-L 1030 bp.
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Heterologous expression of SPO11 in yeast
S. cerevisiae strains used in this study included MATα and MATa strains from
BY4741 background (ura3Δ0 leu2Δ0 his3Δ1 met15Δ0). S. cerevisiae SPO11 gene
was knocked out in MATα strain using directed PCR transformation approach
(Omidi et al., 2014). Diploid spo11Δ cells were generated by crossing two
haploid strains: MATa containing kanamycin-resistance cassette and MATα
containing clonNAT-resistance cassette. SPO11 overexpression plasmid was
obtained from the yeast ORF collection (Gelperin et al., 2005). pBI-880 plasmid
was used to facilitate the directional cloning of ECIII and ECIII-L genes
(Kohalmi et al., 1998).
PCR product containing ECIII and ECIII-L flanked with NotI and SalI was

generated and cloned into pBI-880 plasmid. Colony PCR followed by
sequencing was used to confirm the identity of the new constructs.
Diploid spo11Δ S. cerevisiae cells carrying the appropriate plasmids were

grown at 30˚C from single colonies to near-stationary phase in synthetic
complete media with -leucine or -uracil dropout (Samanfar et al., 2014). Strains
were washed and resuspended in sporulation medium (Tong et al., 2001) to an
optical density at 600 nm of 1.0 (Gerke et al., 2006). After 3 days at room
temperature the number of sporulated cells was counted as colony-forming
unit and presented as percentage of spores (McCusker and Haber, 1977).
Selection based on both resistant markers (kanamycin and clonNAT) was used
to account for the presence of diploid cells. Galactose was used to induce gene
expression of the plasmids.

RESULTS AND DISCUSSION

Genome acquisition annotation of ECIII-L
The microsporidian spores were isolated from a naturally infected
steppe lemming (Lagurus lagurus) originating from private breeding
suffering from lethal microsporidiosis (Hofmannova et al., 2014).
Genotyping was performed using PCR amplification of a partial
sequence of the 18S rRNA operon using modified microsporidia-
specific primers described by De Bosschere et al. (2007) (Katzwinkel‐
Wladarsch et al., 1996). This revealed the Encephalitozoon cuniculi
belonged to genotype III. DNA extracted from ~108 spores of EcIII-L
was used to construct a 2× 125 bp Illumina library, which was
sequenced using the HiSeq 2500 platform. Sequencing resulted
in 28 870 687 pairs of paired-end reads with a Q30 of 92.62%. Reads
were assembled in parallel with the SPAdes v3.5.0 assembler
(Bankevich et al., 2012) as well as with the Ray v2.3.1 assembler
(Boisvert et al., 2010), and the resulting assemblies manually inspected
and merged using the overlap-layout-consensus algorithm implemen-
ted in Geneious Pro version R8.1.2 (http://www.geneious.com, Kearse
et al., 2012). The final assembly size reaches 2.3 Mb, and is separated
into 15 contigs with an N50 of 201956 bp. The assembly size and the
number of contigs compare favorably with those previously obtained
by others on other isolates, but is lower than that of GB-M1
(2.50 Mb). Ten contigs represent nearly complete E. cuniculi chromo-
somes. As previously observed in Encephalitozoon spp chromosome 9
is fragmented into five pieces, reflecting the repetitive nature of this
particular region of the genome (Pombert et al., 2013).
Genome annotation was performed manually using ORF identifica-

tion and BLAST (Altschul et al., 1990) procedures included in Geneious
Pro, resulting in the identification of 1896 genes (Table 1), 1834 coding
regions (coding sequences), 11 pseudogenes, 46 transfer RNA, 3 rRNA
and 2 non-coding RNA features. Blast homology searches failed to reveal
novel genes with known function and the EcIII-L genome is
perfectly syntenic with the other E. cuniculi assemblies available
(GCA_000091225.1, GCA_000221245.2, GCA_000221265.2 and
GCA_000221285.2). We found that EC1-GB-M1 (Katinka et al., 2001)
has a slightly higher ORF count compared with all other isolates,
probably a result of a more complete genome assembly. Indeed, EC1-
GB-M1 has been sequenced by Sanger and better covers duplicated
regions. All sequence data analyzed in the study, including sequencing

reads, assembly and annotation, have been deposited on NCBI
(BioProject PRJNA210874; Annotation LFTZ01000000; Reads
SRR2105612). Genome statistics and comparisons with other available
strains are reported on Table 1.

The ECIII-L spores are genetically very homogeneous
The presence of genome diversity among spores of ECIII-L was
investigated by mapping high-quality Illumina reads against the
assembled reference genome. SNP located in regions that significantly
deviate from average coverage were discarded to avoid false positives.
This approach allowed us to score a total of 247 SNPs where at least
five reads with an alternate allele mapped against the genome (5% of
reads at a given location; Supplementary Table S1; Li et al., 2008;
Venturini et al., 2013). Sanger sequencing of regions encompassing
SNP with variable frequencies (0.1–0.5, n= 29) could never validate
SNP with frequencies o35% (Supplementary Figure S1). Instead,
these procedures showed that all SNP present with frequencies 435%
are at a 50/50 ratio in the genome (Supplementary Figure S2; also see
Material and methods for additional details). These PCR based
validations assume that there are no biases towards one of the
alternative alleles, but are supported by independent analyses of
Illumina sequence quality (see below).
In total, these procedures retrieved a total of 23 putative hetero-

zygous SNPs in ECIII-L, a number almost identical to those previously
reported from laboratory isolates (see Figure 1, Table 2; Selman et al.,
2013). As for other isolates, the location of all SNP is unique to ECIII-
L and does not appear to affect particular pathways, and the level and
nature of intragenomic diversity of EcIII-L is virtually identical to that
of lab strains. The total amount of SNP found in all strains is always
extremely low compared with distant species (that is, SNP affect
between 0.003–0.007% of each E. cuniculi genome, as opposed to
0.99%–1.24% for Nematocida and Nosema, respectively). Importantly,
we found that the variation in amount of SNP is well correlated with
the average quality of Illumina sequencing used to generate the data.
Specifically, only 80% of the reads used to map strains with much
higher SNP counts (EC1, EC2 and EC3, sequenced by the Broad
Institute) have a Q30 value or higher, but this number goes up to 94%
for those strains with lower SNP counts ((EC2-CZ and EC3-L, this
study; Supplementary Figure S3). This supports the notion that many
low-frequencies SNP identified through mapping are probably the
result of sequencing errors, although some of these could also result
from intra-population diversity.
Interestingly, we found that very low-genome diversity also extents

to the related species Encephalitozoon hellem and E. romaleae, which
harbor 33 and 27 SNPs at a 50/50 ratio, respectively (Figure 1).

Table 1 Genome characteristics of currently sequenced

Encephalitozoon cuniculi isolates

Isolate ECI-GB-M1 ECII ECIII ECIII-L

GTTT repeats 3 2 4 4
Genotype 1 2 3 3
Genome size 2.497 2.281 2.265 2.292
Predicted ORFs 2093 1851 1847 1834
GC (%) 47.3 46.9 46.8 46.9
Heterozygous loci 23 20 21 23
Original host Rabbit Mouse Canine Lemming
Date of Isolation 1969 1972 1978 2013
Location of isolation Ohio, USA Czech Republic Texas, USA Czech Republic
Lab propagation Cell culture

(monolayer
of rabbit cell)

Lab mice (CD-1)
or cell culture

(RK-13)

Cell culture
(MDCK, canine
kidney cell)

Swine cells

Abbreviations: GC, genome GC content; MDCK, Madin-Darby Canine Kidney Epithelial Cells;
ORF, open reading frame.
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Overall, these analyses demonstrate that genetic homogeneity is high
and common in isolates of Encephalitoon cuniculi and related species,
and confirms that nuclei in this lineage, referred to as monokaryons
(Didier et al., 1991), are genetically very homogeneous, and possibly
diploid like all mononucleate microsporidian species with sequenced
genomes (Cuomo et al., 2012; Selman et al., 2013; Desjardins et al.,
2015; Watson et al., 2015). An alternative explanation for the existence
of a conserved 50/50 SNP would assume a balanced mixture of equally
frequent homozygous genotypes in several independent mixed infec-
tions (and strains), a situation that sounds improbable.

Comparative genomics and inter-strain divergence
Genome comparisons uncovered SNPs specific to each strain
(Figure 2) and confirmed that ECI represents the most divergent
isolate (Pombert et al., 2013). We confirm that the internal transcribed

spacers region of ECIII-L harbors the typical repeat signature of
genotype III (Figure 3a) and that this isolate shares more indels with
ECIII than it does with other strains (Figure 3b). Surprisingly,
however, ECIII-L shares substantially more substitutions with ECII
and ECII-CZ (443 SNPs) than it does with the other ECIII isolate
(39 SNPs; Figure 2a).
Our investigations also uncovered a region that can be readily used

to genotype E. cuniculi strains (that is, EcI, II, III) without the need
for sequencing. This region is found on chromosome 6, and in isolates
ECI and ECIII this region harbors ORFs with conserved home-
odomain motifs and top blast hits (Supplementary Figure S4,
Supplementary Table S2) to yeast Yarrowia lipolytica homeodomain
genes (ECI) and A2 mating type protein in the basiodiomycete
Phanerochaete chrysosporium (ECII; James et al., 2011).
Interestingly, this ORF is absent in ECIII and ECIII-L. PCR using

corresponding flanking primers produces specific bands for each
genotype (Figure 4a). The use of present primers represent a good
alternative to a marker based on the repeat-rich SWP gene previously
proposed for genotyping, and can be readily used to genotype DNA
extracted from spleen, liver, brain, kidney and feces (Figure 4b). This
proposed method is the first to reliably identify E. cuniculi genotypes
without the need for Sanger sequencing.

A stop codon in the 5′region of a key meiosis gene in ECIII-L:
identification and functional analysis
Unsurprisingly, sequence divergence affects mostly the coding regions
of this gene-dense genome (87.1% of all substitutions), but it can
sometimes result in pseudogenization (see Supplementary Table S3 for
a list of ECIII-L pseudogenes). As previously reported, rapid diver-
gence does not seem to affect a particular pathway in E. cuniculi strains
((Pombert et al., 2013); see Supplementary Table S4 for a list of the 30
E. cuniculi most rapidly diverging genes) or in other microsporidian
species (Pelin et al., 2015). Intriguingly, we also identified one specific
SNP in ECIII-L located 153 bp downstream the start codon of the
gene Spo11, a key regulator of meiotic recombination (Inagaki et al.,
2010). This SNP creates a stop codon that should theoretically result
the loss of an essential domain (TopoIIB, Figure 5) conserved in other
E. cuniculi isolates and distantly related microsporidia. The presence
of the mutation was validated using PCR and Sanger sequencing
(Figure 5c). The potential effects of this SNP on Spo11 function was
tested using a heterologous Saccharomyces cerevisiae system (Figure 6).

Table 2 List of potential heterozygous SNP loci, their location and

effect on protein coding genes

Chr. # Position Product type Locus Type Protein effect

2 125767 Protein kinase ECU02_1130 Indel Frame shift
3 129823 Phosphoinositide

polyphosphatase
ECU03_1160 SNP Substitution

3 142693 Hypothetical ECU03_1300 SNP Substitution
4 72422 Vacuolar sorting-associated

protein
ECU04_0690 Indel Frame shift

5 123607 DNA polymerase
(catalyticdomain)

ECU05_0990 SNP None

5 151681 Elongation factor ECU05_1190 SNP Substitution
6 101457 Helicase ECU06_0820 SNP None
6 153782 Synthase ECU06_1230 SNP Substitution
6 155585 Hypothetical ECU06_1240 SNP Substitution
8 59630 Intergenic — SNP —

8 63521 Condensin subunit G ECU08_0610 SNP Substitution
8 69228 DNA-directed RNA Pol subunit E ECU08_0650 SNP Substitution
8 96248 Hypothetical ECU08_0910 SNP Substitution
8 98977 Hypothetical ECU08_0940 SNP Substitution
8 99061 Hypothetical ECU08_0940 SNP Substitution
8 136283 WD40 ECU08_1250 SNP Substitution
9 21973 Helicase ECU09_0150 SNP None
10 231683 Synthetase ECU10_1790 SNP Substitution
11 105475 Intergenic — SNP —

11 156282 Intergenic — SNP —

11 160932 Lipid transport protein ECU11_1340 Indel Frame shift
11 216182 Man1 domain-containing protein ECU11_1790 SNP None
11 241539 SMC domain-containing protein ECU11_2000 SNP None

Abbreviations: Chr., chromosome; SMC, structural maintenance of chromosome; SNP, single-
nucleotide polymorphism.

# Heterozygous sitesGenotypeHost

I

II
II

III
Mouse
Mouse

Mammal

Mammal

Species

Nematode

23

20
22

21

42175

E. cuniculi II

E. cuniculi I

Nematocida sp.

N. ceranae

E. cuniculi II CZ

E. cuniculi III

E. cuniculi III-L Lemming

Honeybee

Type

III

Lab
Lab
Lab

Lab

Natural

Natural

Natural

23

56525

Total

1 10 100

1000

10000

100000

ERTm2

E. romaleae Grasshoper Natural 27
E. hellem Human Natural 33

Figure 1 Levels of potential heterozygosity reported in Encephalitozoon spp., Nosema ceranae and Nematocida sp.
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It was observed that ECIII Spo11 containing the domain was able
to restore the function of S. cerevisiae Spo11 in SPO11 gene deletion
strain (spo11Δ), but not the ECIII-L version with a premature
stop codon. As expected (Klapholz et al., 1985; Keeney, 2001) in
S. cerevisiae, deletion of SPO11 resulted in a significant reduction (over
80%) in spore formation. Reintroduction of S. cerevisiae and ECIII
restored the ability of spo11Δ to generate spores, but not the
introduction of ECIII-L Spo11.

Discovery of new Encephalitozoon genome diversity in the field
Studies of intra-species genome diversity in E. cuniculi have so far been
limited to what is available—that is, strains propagated under
laboratory conditions for decades. As a result, our knowledge of their
genome evolution in the field is non-existent. The present study fills
this gap by reporting the first genome analysis of an E. cuniculi strain
recently isolated from the field (Hofmannova et al., 2014). Our
findings revealed that all strains analyzed to date evolve in very similar

E. cuniculi GB-M1
E. cuniculi I

E. cuniculi III

E. cuniculi II
E. cuniculi II-CZ

E. cuniculi Lemming

5’ 3’SSU-LSU ITSGenotype

GTTT Repeats

Chromosome 8; 1.6 kb shared indel

Chromosome 8; 50 bp shared indel

Chromosome 10; 50 bp shared indel

II
II
I
I

III
III

E. cuniculi HM045511 IV

1. ECI
2. ECII
3. ECII-CZ
4. ECIII
5. ECIII-L

1. ECI
2. ECII
3. ECII-CZ
4. ECIII
5. ECIII-L

1. ECI
2. ECII
3. ECII-CZ
4. ECIII
5. ECIII-L

Figure 3 Genotype identification of a novel Encephalitozoon cuniculi strain. (a) Alignment of ribosomal RNA intergenic spacer region of different genotype of
Encephalitozoon cuniculi. Repeated GTTT motifs indicating the genotype of a E. cuniculi strain are noted by gray box. (b) Large indels, 50 bp and more are
shown. These indels are shared features between our novel strain and previously sequenced ECIII.
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ways, regardless of their origin. Specifically, they are all genetically
homogenous, most likely diploid, very divergent (59% of SNP in the
ECIII-L are specific to this strain) and are also prone to pseudogeniza-
tions. The EcIII-L genome also revealed that this strain is transitional
to known EcIII and EcII strains, sharing important genomic
characteristics with both—that is, indels/repeats link shared with
EcIII, but genome sequence related to EcII. Clearly, techniques
commonly used to genotype E. cuniculi strains reveal only a small
portion of their evolutionary relationships. Unfortunately, we could
not find a genetic marker that easily distinguishes all five strains
analyzed in this study, as our PCR approach can only distinguish
the three fully sequenced genotypes. Nonetheless, our study clearly
demonstrates that inter-strain genetic diversity in E. cuniculi is quite
high, a finding that warrants additional investigations of natural
samples of these parasites.

What drives genome homogenization in Encephalitozoon?
Previous studies of genome diversity in E.cuniculi revealed evidence
that the spores isolated from lab cultures are genetically highly
homogeneous (Selman et al., 2013). However, the mechanisms that
homogenize the E. cuniculi genomes remained unclear. Here we

report that ECIII-L exhibits little genetic diversity (247 SNP scored,
of which 23 are validated as potentially heterozygous) on par with
values reported from lab strains. This demonstrates that reduction
in genetic diversity is common in this species and not linked to
long-term culturing. Selfing is one mechanism that produces
homozygous genomes, but this process requires a meiotic machin-
ery (that is, sex) that may be broken in EcIII-L. Indeed, all
E. cuniculi strains harbors complete sequences of most meiosis-
specific genes (Lee et al., 2008, 2014), but EcIII-L harbors a
frameshift mutation that cannot fully restore meiosis in a model
fungus. A priori, this suggests that ECIII-L (and to certain extent,
also other species that potentially lack portions of Spo11, such
as the Mitosporidium daphnia, Rozella allomycis and Nosema
bombycis, Figure 5) may not be capable of sexual reproduction
and that genome homogenization in this strain (and possibly
all strains) must be driven by asexual mechanisms. One of these
could be mitotic recombination, as this known asexual driver of
genome homogenization in many microbial eukaryotes, including
many pathogens (Butler et al., 2009; Cuomo et al., 2012;
Rosenblum et al., 2013), has been shown to increase in frequency
in the absence of a functional Spo11 (Lario et al., 2015; Sun and
Heitman, 2015).
As a sexual alternative, ECIII-L could undergo meiosis without the

need for Spo11, a situation that would be analogous to what is seen
in the distant microbial lineage Dyctiostelium sp (Goodenough and
Heitman, 2014), or perhaps, the SNP we identified is too recent
to have impacted the genome of ECIII-L in significant ways (that is,
EcIII-L has always been a ‘selfer’, and the recent Spo11 mutation
we found will only affect the mutational patterns of ECIII-L down the
road). Indeed, besides the one SNP we report, and the rest of Spo11 in
ECIII-L is completely identical to other isolates, suggesting that this
frameshift is recent. The effect of this mutation on the genome will
soon be tested by propagating EcIII-L under laboratory conditions,
and by screening SNP at different time intervals.
One last, provocative hypothesis for the lack of genetic diversity

is that the putative diploid monokaryons of E. cuniculi spores (and
possibly in the spores of allied species) are not homologous
to diploid nuclei. Perhaps, these must first fuse and form tetraploid
diplokaryons (Bernander et al., 2001; Lee et al., 2014) to trigger
meiosis and create genetic diversity? This hypothesis is supported
by evidence of diploidy in mononucleate species (Katinka et al.,
2001; Cuomo et al., 2012; Selman et al., 2013; Desjardins et al.,
2015; Watson et al., 2015) and tetraploidy in Nosema spp.
diplokaryons—that is,the stage that triggers meiosis and formation
of unikaryons in this genus (Pelin et al., 2015). To be fully
supported, however, this hypothesis will require the identification
of diplokaryotic (or uni-diplokaryotic) populations of E. cuniculi.
Such analyses would also greatly benefit from cytogenetic observa-
tions and/or estimates of nuclear DNA content, which are currently
lacking in the field of microsporidian research. In any case, it is
expected that further explorations of genome ploidy and diversity
in the field and crossing experiments performed in the lab will shed
light into this unknown aspect of the E. cuniculi biology.
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