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Abstract

Microsporidia are highly successful parasites that infect virtually all known animal lineages,
including the model Danio rerio (zebrafish). The widespread use of this aquatic model for
biomedical research has resulted in an unexpected increase in infections from the microsporidium
Pseudoloma neurophilia, which can lead to significant physical, behavioral and immunological
modifications resulting in non-protocol variation during experimental procedures. Here, we seek to
obtain insights into the biology of 2 neurophilia by investigating its genome content, which was
obtained from only 29 nanograms of DNA using the Miseq technology and paired-end Illumina
sequencing. We found that the genome of 2 neurophilia is phylogenetically and genetically related
to other fish-microsporidians, but features unique to this intracellular parasite are also found. The
small 5.25-Mb genome assembly includes 1,139 unique open reading frames and an unusually
high number of transposable elements for such a small genome. Investigations of intragenomic
diversity also provided strong indications that the mononucleate nucleus of this species is diploid.
Overall, our study provides insights into the dynamics of microsporidian genomes, and represents
a solid sequence reference to be used in future studies of host-parasite interactions using the
zebrafish Danio rerio and P. neurophilia as a model.
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INTRODUCTION

Microsporidia are highly successful obligate intracellular parasites that infect many
ecologically and economically important terrestrial animal lineages, such as honey bees
(Higes et al. 2013), humans (Lobo et al. 2012), and aquatic research models like the
zebrafish (Matthews et al. 2001; Sanders, Watral, and Kent 2012; Sanders and Kent 2014;
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Spagnoli, Xue, and Kent 2015). These parasites have been proposed to propagate via both
vertical and horizontal modes of transmission (Ardila-Garcia and Fast 2012; Izquierdo et al.
2011; Sanders et al. 2013), and have been recently included in the phylum Cryptomycota
(James et al. 2013). Microsporidia are best known for their reductive and derived features,
which include a genome-less mitochondrion (the mitosome), prokaryote-sized ribosomal
RNA (rRNA) genes, and an unconventional Golgi apparatus (Williams et al. 2002;
Vossbrinck et al. 1987; Beznoussenko et al. 2007).

Genome sequencing projects of these successful parasites recently included in the new
superphylum Opisthosporidia (Karpov et al. 2014) have provided essential insights into their
basic biology and infection mechanisms, and have also unraveled the evolutionary dynamics
of their genomes (Corradi 2015). As an adaptation to their obligate parasitic life cycle, these
have undergone massive reductions in their genome content, particularly for genes involved
in nucleic and amino acids metabolism (de novo biosynthesis of amino acids and nucleotides
and the tricarboxylic acids cycle pathways (Higes et al. 2013; Corradi and Slamovits 2011)).
In some species, intergenic regions and even proteins have been shortened in size, resulting
at the extreme in genomes that are not only gene-poor but also very compact. Evidently, the
miniaturization of many cellular activities has rendered all microsporidia very dependent on
their hosts, possibly even for energy production (Keeling et al. 2010). Although the
biochemical repertoire of known microsporidian species is always reduced, their genome
sizes can vary substantially within the group, ranging from only 2.3 (Encephalitozoon
Intestinalis) to a known maximum of 51.3 Mb (Edhazardia aedis)Corradi et al. 2010;
Desjardins et al. 2015). These drastic variations in genome size have been correlated with
gene density and the amount of transposable elements (TE) - /.e. larger genomes tend to
harbor more TEs (with the exception of £. aedis) and much larger intergenic regions. To
date, the genomes of 20 known species have been sequenced. This wealth of data has
enabled a broad understanding of the microsporidian’s biology, but as more species get
sequenced it becomes clear that the definition of a typical microsporidian genome often
differs from its original description - ¢.g. not always small and compact, nor always with
reduced protein length, biochemical repertoires and low counts of transposable elements).

The present paper aims to obtain first-hand knowledge of a notorious parasite of the
zebrafish (Danio rerio); namely Pseudoloma neurophilia (Matthews et al. 2001). This
parasite mostly targets the central nervous system and peripheral nerves of its host (Kent,
Harper, and Wolf 2012), and significant increases in infection cases caused by this particular
microsporidian species have been described in recent years (Murray et al. 2011; Sanders,
Watral, and Kent 2012). Such infections have been detected in approximately 75% of the
Zebrafish International Resource Centre facilities, and their presence has been demonstrated
to result in significant physical, behavioral and neurological (Sisson et al. 2006)
modifications; all of which are likely to affect reproducibility in experimental procedures.
Here, we show that the haploid genome size of £ neurgphiliais on the lower end compared
to relative species in the group, and we describe several of its atypical features. These
include an unusual expansion of TEs, and the presence of large numbers of inserts of
different sequence and size located in protein-coding genes that are otherwise highly
conserved in sequence among eukaryotes (including microsporidian species). Besides
improving our knowledge of a microsporidian that is difficult to cultivate and study, this
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sequence data will also be helpful for future analyses of host-parasite interactions in the
zebrafish, particularly for gene expression studies based on next generation sequencing, such
as RNA-seq.

MATERIAL AND METHODS

Sample collection and DNA extraction

Spores of Pseudoloma neurophilia strain MK1were extracted from 50 infected adult Danio
rerio at Oregon State University (Fig 1). Fish were euthanized using an overdose of MS222,
brains and spinal cords were removed and placed in 5 ml of deionized water with antibiotics
(pen-strep). This solution was passed through progressively smaller-gauge needles using a 5-
ml syringe. An additional 5 ml of deionized water and antibiotics was added and the mixture
was vortexed and allowed to sit overnight at room temperature. The following day, the
mixture was again vortexed and passed through a 40-um cell strainer into a 50-ml conical
tube. Water and antibiotics were added to bring the total volume to 20 ml then 20 ml of
filter-sterilized Percoll was added. The mixture was vortexed and centrifuged at 1200 g for 1
hr. The pellet was recovered and placed in a 1.5 ml tube where it was washed two times with
1% SDS followed by two washes in PBS. The spores were resuspended in 200 ul of TE
buffer and quantified using a hemocytometer. DNA was extracted from approximately 1.5 x
10% spores using the MasterPure DNA purification kit (Epicentre kit; Illumina, San Diego,
California). Spores were first pelleted by centrifugation; resuspended in 300 Kl of Tissue &
Cell lysis buffer (Epicentre kit; Illumina, San Diego, California) with 1KI of Proteinase K
and vortexed thoroughly. Glass beads (150-212 microns) were added to the solution and
incubated at 65 °C for 15 minutes and shaken at 2500 rpm for 30 seconds every 5 minutes.
Following the incubation, the sample was pelleted by centrifugation; cooled to 37°C and
incubated for 30 min at the same temperature after the addition of 1Kl of 5Kg/KI of RNAse
A (Epicentre kit; lllumina, San Diego,California). The sample was then put on ice for 5
minute and 150 KI of MPC Protein Precipitation Reagent (Epicentre) were added. The new
solution was vortexed vigorously for 10 seconds and the debris were pelleted by
centrifugation for 15 minutes at =10,000 x g at 4°C. Following the centrifugation, the
supernatant was transferred to a clean microcentrifuge tube and 500 Kl of Isopropanol were
added to the sample and incubated at —20 °C for 30 minutes. The incubated sample was then
centrifuged at 4°C for 20 min at 210,000 x g. The pelleted DNA was rinsed twice with cold
70% ethanol and resuspended in Tris-EDTA buffer. DNA extraction resulted in a total of 29
ng of DNA.

DNA sequencing and de novo assembly

Extracted DNA of P, neurophilia spores was sent to Illumina sequencing using the MiSeq
technology by Fasteris S.A. (Geneva, Switzerland); which resulted in a library of 7,230,699
paired-end reads for a total of 14,461,398 reads of 250 bp length. Paired-end reads were
trimmed using the PERL script trim-fastq.pl from the PoPoolation toolkit (Kofler et al.
2011) to remove adaptors and used to assemble the genome draft using Spades v3.0.0
(Bankevich et al. 2012) with k-mers ranging from 23 to 113
(23,33,43,53,63,73,83,93,103,113); giving 31,043 scaffolds totalling 30 Mb. Resulting
contigs were screened for contaminant based on their GC content and average read coverage
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(Supp. Fig 2). Highly supported contigs (average coverage above 44) were retained and used
to perform a BLAST analysis of all ORFs (e-value cut-off of 1XE~°) against the nr database
in order to identify contigs demonstrating obvious microsporidian origin. Here, contigs with
at least one ORF demonstrating homology with sequenced microsprodian species were
retained and manually analyzed to confirm its potential microsporidian origin. The genome
sequences have been deposited at DDBJ/EMBL/GenBank under the accession
LGUB00000000.

Genome annotation

Potential open reading frames (ORFs) were predicted using an in-house script that combines
Glimmer’s ab initio gene prediction algorithm and with the detection of CCC and GGG
motifs found in close proximity of microsporidian transcription initiation sites (Peyretaillade
et al. 2012). The gene function of each ORF was predicted using homology, which we
inferred by performing BLAST searches against the NCBI nr database with an e-value cut-
off of 1xE~10. ORFs were annotated using Geneious R8 (Kearse et al. 2012). To further
describe the function of 2 neurophilia predicted genes, a search for secretion signals and
subcellular location prediction was performed using SignalP (Petersen et al. 2011) and
TargetP (Emanuelsson et al. 2000), respectively. Eukaryotic Orthologous Groups (KOG)
gene enrichments analyses were further conducted to categorize and identify orthologues
and paralogs among microsporidian genomes.

Homology search of spliceosomal genes from closely related species and Saccharomyces
cerevisiae listed listed in Watson et al. (Watson et al. 2015) revealed the presence of 13
splicesomal genes in P. neurophilia, which is significantly smaller than the repertoire of 7.
hominis, V. culicisand S. cerevisiae (22, 25 and 89 genes, respectively). Spliceosomal
introns were searched in P neurophilia based on homology with introns identified by others
in closely related microsporidia (Watson et al. 2015; Campbell et al. 2013).

Genome data used in this study

The following microsporidian genomes were retrieved: Anncaliia algerae PRA109
(AOMV00000000.2), Edhazardia aedis USNM 41457 (AFB100000000.3), Encephalitozoon
cuniculi GB-M1 (AL391737.2), Encephalitozoon hellem ATCC 50504 (CP002713.1),
Encephalitozoon intestinalis ATCC 50506 (CP001942.1), Encephalitozoon romaleae
SJ-2008 (CP003518.1), Enterocytozoon bieneusi H348 (NZ_ABGB00000000.1),
Mitosporidium daphniae (JMKJ00000000.1), Nematocida parisii ERTm1
(AEFF00000000.2), Nematocidasp. 1 ERTm2 (AERB00000000.1), Nosema antheracae YY
(http://silkpathdb.swu.edu.cn/silkpathdb/ftpserver, last accessed July 1, 2014), Nosema apis
BRL 01 (ANPH00000000.1), Nosema bombycis CQ1 (ACJZ00000000.1), Nosema ceranae
BRLO1 (NZ_ACOL00000000.1), Ordospora colligata OC4 (JOKQ00000000.1), Spraguea
lophif 42_110 (ATCNO00000000.1), 7rachipleistophora hominis (ANCC00000000.1),
Vavraia culicis subspecies floridensis (AEUG00000000.1) and Vittaforma corneae ATCC
50505 (AEYKO00000000.1). Additionally, the genome of the cryptomycotan species Rozella
allomycis (ATJD00000000.1) was also retrieved.
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Gene clustering and phylogenetic tree reconstruction

OrthoMCL v.2 (Li, Stoeckert, and Roos 2003) was used to conduct comparative genomic
analyses of 2 neurophilia predicted proteome with 20 other published microsporidian
proteomes by identifying orthologous proteins within microsporidian genomes. Families
were reconstructed using OrthoMCL with an e-value cut-off of 1e-10. Only families with
more than one member were kept for further analyses. In house script was then used to
convert the OrthoMCL standard output into a numeric table (Supp Table 4). 62 families were
represented by a single member from each genome and were retained for phylogenetic
analysis. To this end, members of each family were aligned using Muscle VV3.8.31 (Edgar
2004) and the resulting 62 alignments were concatenated using the bioinformatics software
Geneious R9 (Kearse et al. 2012). Concatenated alignments were trimmed using TrimAl
V1.2 (Capella-Gutierrez, Silla-Martinez, and Gabaldon 2009) and the best-fit model for
phylogenetic analysis was estimated using ProtTest V3.4 (Darriba et al. 2011) based on the
Aikaike Information Criterion. To reconstruct the microsporidian phylogenetic tree, the best
phylogenetic model was implemented in PhyloBayes-MPI V1.5 (Lartillot, Lepage, and
Blanquart 2009) and PhyML 3.0 (Guindon et al. 2010) using posterior probabilities and 100
bootstraps branch support for the Bayesian and Maximum Likelihood analyses respectively.

Detection of putative transposable elements

Transposable elements from £ neurophilia were obtained following BLASTX search against
the NCBI nr database to identify candidates with similarities with published TEs (evalue cut-
off of 1e-10). Only candidates demonstrating the presence of previously described
microsporidian TEs conserved domains (Parisot et al. 2014) within putative ORF were
retained for further analyses. Based on the presence of specific conserved domains, P,
neurophiliatransposable elements were classified among 4 major families; LTR
retrotransposon, Piggyback, Mariner and Merlin family. For comparison purpose, TEs in
other microsporidians were identified using the same methodology. Bayesian phylogenetic
analyses were performed using previously described transposable elements (Parisot et al.
2014) and reconstructed using the previously described phylogenetic tree reconstruction
methodology (Bayesian approach).

Heterozygosity in P. neurophilia

Polymorphic sites were identified by two independent variant callers FreeBayes v0.9.18-3
and PoPoolation V1.2.2 following the alignment of the reads to the reference genome
assembly of P neurophilia using the Burrows-Wheeler Alignment tool BWA V0.7.12 with
the BWA-ALN algorithm. The resulting sequence alignment map (SAM) file was then
converted to the FreeBayes required input sorted BAM file using SAMtools. Polymorphic
sites were then identified using the variant caller Freebayes. Variants were filtered using
vcffilter from the C++ library vcflib to retain SNPs ( 7YPE = snp) found within a 25%
interval of the average genome coverage (0.75 X > DP< 1.25 X genome coverage) that
possessed only one alternative allele (WVUMALT = 1). Resulting SNPs were retrieved and
plotted to evaluate their frequency as well as their distribution within the genome using
environment software for statistical computing and graphics R VV3.2.1. K-mer coverage
distribution was also performed to infer £ neurophilia’s ploidy using K-mergenie VV1.6982
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Gene order conservation

Region with potential gene order conservation were identify using SynMap tool from the
CoGe platform (Lyons and Freeling 2008). To this end, previously published annotated
microsporidian genomes were transferred into the platform and analyzed using the Quota
Align Merge Algorithm with the DAGChainer Option “Relative Gene Order”. Flanking
regions of identified regions were then manually inspected for potential expansion of the
predicted region with gene synteny.

PCR and Sanger sequencing

Selected regions with variable single nucleic polymorphic allele frequencies were amplified
by PCR (Table S10) using standard parameters and sequenced using Sanger Sequencing
(McGill University and Génome Québec Innovation, Montréal, Canada).

Meiosis Related Genes (MRGs) distribution in microsporidia

Meiosis related genes, as described in Lee et al. (Lee, Heitman, and Ironside 2014), were
retrieved from the NCBI database and used as queries against the Pseudoloma neurophilia’s
genome (tBlastn; E-value cut-off of 1x e720). Search of MRGs in other microsporidian
genomes were conducted using the same methodology. True homology was confirmed using
reciprocal blast procedures and by reconstructing the phylogenies of each MRG found in
microsporidian genomes and distantly related species. To this end, MRGs homologs were
aligned using Muscle V3.8.31 (Edgar 2004) and the resulting alignments were trimmed
using TrimAl V1.2 (Capella-Gutierrez, Silla-Martinez, and Gabaldon 2009). The best-fit
model for phylogenetic analysis was estimated for each alignments using ProtTest V3.4
(Darriba et al. 2011) based on the Aikaike Information Criterion and respective phylogenetic
trees were reconstructed using PhyloBayes-MPI V1.5 (Lartillot, Lepage, and Blanquart
2009) with posterior probabilities.

RESULTS

A typical, small and likely diploid microsporidian genome

P, neurophila cannot be presently cultured outside of its original host, and its spores are
located in the central nervous system of infected zebrafish, hampering spore isolation. In this
study, a mere 29 ng of DNA was extracted from spores isolated from the neural system of 50
infected Danio rerio individuals (Fig. 1). This small amount of DNA was subjected to
paired-end Illumina sequencing using the Miseq platform, resulting in 7,230,699 paired-end
reads with an average length of 250 bp. Reads were assembled using Spades v3.0.0,
resulting in an assembly of 31,043 contigs. Because of the obligate intracellular lifestyle of
P. neurophilia, a large number of contigs were of obvious contaminant origin. Plotting
coverage against GC content revealed a large number of highly covered contigs, as well as
many others with low coverage and high GC content (Fig S1-2). Obvious contaminants
contigs harbor lower coverage, and a GC content higher than what is typically observed in
microsporidia (average GC: 38.16, (Selman et al. 2013)). Interestingly, low covered
contaminants of microsporidian origin were also found (e.g. Encephalitozoon cuniculi. E.
romaleae, Nosema ceranae,). Although it is possible that these represent bona-fide
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microsporidian infection that are less frequent (much lower coverage), they most probably
originate from low-amounts of contaminant DNA from sequencing projects in parallel
performed in our lab. Unsurprisingly, non-microsporidian contaminations with high
coverage included animal mitochondrial genomes (e.g. the D. rerio mtDNA), as well as
nuclear sequences affiliated with aquatic animals (the water snail Lottia gigantea, Hydra
vulgaris, Branchiostoma sp).

All highly covered contigs with expected GC content were manually inspected for their
microsporidian origin and were chosen as representative of the £ neurophilia genome. The
total genome assembly of P. neurophiliais 5.25 Mb (Table 1), and is composed of 1603
contigs. These numbers compare well with similar studies performed on other microsporidia
with similar genome sizes (Pan et al. 2013; Akiyoshi et al. 2009; Campbell et al. 2013).

The genome is gene-dense, with 3645 predicted genes and coding regions encompassing
51% of the genome. Comparing Open Reading Frames (ORFs) counts and biological
categories with publicly available microsporidian genome reveals that the 2 neurophilia
contigs harbor a typical microsporidian protein repertoire, and indicates that most of the
genome space has likely been sampled (Fig. 2, Table S1). No evidence for the existence of
spliceosomal introns was found. Interestingly, a third of the predicted ORFs (1,139) has no
homologues in publicly available database, and can therefore be considered as Pseudoloma-
specific. Protein domain analyses identified 196 proteins with signal peptide cleavage sites,
indicating that these are probably secreted (Table S2) (Petersen et al. 2011), and more than
half of these (111) are Pseudoloma-specific genes. These unique A neurophiliahomologues
may represent candidate effectors (Campbell et al. 2013), whose function could be tested in
the future using this host-parasite system (2. neurophilia- Danio rerio).

To date, genome analyses of microsporidia have suggested that the genomes of these
intracellular parasites are mainly diploid, although evidence of polyploidy has also been
observed in species with diplokaryons (Cuomo et al. 2012; Adrian Pelin et al. 2015).. Here,
we tested the ploidy levels of P neurophilia by plotting the allele frequency of single
nucleotide polymorphisms (SNPs) along all contigs. These analyses identified 7,246 SNPs
with a 0.5 frequency which is strongly indicative of diploidy (Fig. 3—-A), and this pattern was
independently confirmed using a K-mer coverage distribution (Fig. 3-B). The remaining
3,162 SNPs were found to have frequencies between 0.1-0.4. Sanger sequencing of selected
regions confirmed the heterozygous nature of SNPs with a 0.5 frequency, but did not
confirm the existence of SNPs with lower-frequencies. It has been recently shown that the
number of low-frequency variants correlate with Illumina sequence quality - 7.e. lower
quality result in more sequencing errors, which are often of low frequency (A. Pelin et al.
2016). Therefore, these low-frequency most likely represent a similar mixture of sequencing
errors and bona-fide polymorphisms present among spores isolated from the 50 infected
zebrafish individuals (Fig S3). The overall SNP frequency in P neurophiliais 1.98 SNP/Kb,
in line to what has been reported from other microsporidian species (Table S3; (Cuomo et al.
2012; Desjardins et al. 2015; James et al. 2013; Adrian Pelin et al. 2015; Selman et al.
2013)). With 58.85% of SNPs occurring in coding regions of this gene-dense genome, the
SNPs distribution also reflects what is observed in other microsporidian species (Cuomo et
al. 2012).
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Finally, our SNP analyses also revealed regions with loss of heterozygosity (LOH, Fig. 4).
None of the genomic regions affected by LOH showed signs of aneuploidy— 7.e no drops in
coverage was identified along these contigs - therefore, there is no evidence that LOH is
linked with hemizygosity. LOH has been hypothesized to play a role in pathogenicity of
distant pathogens, such as the yeast Candida albicans (Diogo et al. 2009) or the stramenopile
Phytophtora capsici (Lamour et al. 2012). In these species, LOH has been proposed to
facilitate adaptation to external negative stimuli (new host or chemical modification) through
allele fixation, but its effect on microsporidia is unknown. In 2 neurophilia, these
homozygous regions can attain a maximum of 52 kb and harbor allele frequencies 30 times
lower than the genome average. Genes affected by LOH have a variety of functions, and
include 7 hypothetical highly similar ORFs with secretion signals that may have originated
from successive duplication events as indicated by their phylogenetic clustering and high
similarity (Fig S4, Table S4-S5).

Unique and lineage specific genes in P. neurophilia

Comparing gene content between £ neurophiliaand 20 publicly available microsporidian
genomes (Table S6) allowed us to identify 62 single copy orthologues shared by all
sequenced species. These were used to reconstruct a reliable phylogeny of the group, and
showed that 2. neurophilia groups with fish/mosquitoes microsporidians (Fig. 5). The tree
topology is consistent with published phylogenies, and demonstrates that 2 neurophiliais
closely related to 7rachipleistophora hominis, Vavraia culicis floridensis, Spraguea lophii

(' Vossbrinck and Debrunner-Vossbrinck 2005). Consistent with this, our analysis revealed
that the genome of A2 neurophilia shares a substantially higher number of gene families with
its most closely related species (7. hominisand V. culicis) than with any other member of
the group (n=1,256 out of 1,558 orthologous groups present in 2 neurophilia). Families
shared by these species but absent in distant lineages include some with similarities to
metabolically relevant proteins include the N-arginine dibasic convertase NRD1 and the
glutaredoxin protein, as well as several ORFs with unknown function (Table S7). All species
in this subclade also share the machinery required for the RNA interference pathway, as well
as several putative effector proteins (Paldi et al. 2010; Heinz et al. 2012; Campbell et al.
2013). One example of effector proteins includes the ricin b lectin proteins, which were
previously proposed to play a role in the pathogenicity of the microsporidia by facilitating its
adhesion on the host cell during infection (Campbell et al. 2013). Consistent with what has
been reported in the microsporidium S. /ophii, signal peptide cleavage sites are also present
in P neurgphiliaricin b lectin genes, suggesting that these proteins are probably also
secreted into the host cell and play a role in the host-parasite interaction.

The level of synteny among P, neurophilia and closely related species appears extensive,
confirming that the maintenance of gene order is common in microsporidia, and is in sharp
contrast with their notoriously elevated sequence divergence (Fig. 6, Fig. S5) (Nakjang et al.
2013). At the extreme, up to 18 genes encompassing 44 kb have been found in highly
conserved order among £ neurophilia, 7. hominisand V. culicis. As in other microsporidia,
several meiosis-related genes appear to be absent in 2 neurophilia, another indication that
this universal sexual process may have been heavily streamlined in these parasites. When
compared to its closely related species, P neurophiliais the microsporidian species where
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the fewest meiosis-related genes (MRG) have been found (Table S8). Targeted searches for
meiosis-specific motifs within sequence reads and small contigs has been unsuccessful, so
this slightly reduced MRG numbers is unlikely to result from genomic regions missing from
data our genome assembly. To date, only three microsporidian assemblies contain less
MRGs than A2 neurophilia (Nosema apis, Mitosporidium daphniae and Enterocytozoon
bieneusi). Phylogenies of P neurophila MRGs highlight the common descent and likely
orthology of all microsporidian MRG homologues, and underpin their extensive sequence
divergence (Fig. S6).

RNA interference and in-frame inserts in conserved protein encoding genes

Interestingly, 2 neurophilia harbors homologues of three key proteins involved in RNA-
induced silencing complex. These include the argonaute, the dicer protein homologues and
the RNA-dependent RNA polymerase. These homologues are also found in closely related
species and other fungi (Heinz et al. 2012; Campbell et al. 2013; Dang et al. 2011) and have
been hypothesised to be involved in transposon silencing through RNA-interference (Heinz
et al. 2012; Obbard et al. 2009). The presence of these orthologues in almost all
microsporidian genera (Table 2) suggests that such defense mechanism may be common to
most microsporidians. While components of the RNA-induced silencing complex have not
been demonstrated to be directly involved in gene regulation or affect transposons in
microsporidia, their role in RNA interference pathway has been recently proposed in the bee
pathogen Nosema ceranae (Paldi et al. 2010).

Surprisingly, we found that the argonaute protein harbors a 99-bp sequence insert within a
region that is essential for its function in model organisms (the PIWI domain —Héck and
Meister 2008) and that is conserved among microsporidian orthologues (Fig. 7). Genome
explorations exposed many similar inserts elsewhere in the genome. In all cases, these
inserts are found in-frame (/.e. none lead to stop codons), and do not demonstrate similarities
with known introns (7.e. no obvious splicing sites, always in frame). These are probably
analogous to inserts first reported in several genes of Hamiltosporidium tvaerminnensis
(Corradi et al. 2009); a distant microsporidium that infects the crustacean Dap/nia magna. In
P. neurophilia, 30 conserved protein-encoding genes have been observed to harbor such
features (Table S9). These insertions are surrounded by amino-acid sequences that are
otherwise highly conserved among microsporidia and other eukaryotes, so there is a
possibility that these affect the function of these proteins. Searching for similar inserts in
other microsporidian lineages reveals that these intriguing genomic signatures are ubiquitous
in this group of parasites, although their sequence and location always varies among species
(Table S9). Indeed, protein encoding genes affected by these insertions are always different,
with no clear functional pattern emerging from our analyses.

Transposable element family expansion in a reduced genome

Sequence homology searches showed that the putative biochemical repertoire of 2
neurophilia is very similar to that of other sequenced microsporidian species (Fig. 2, Table
S1). However, multiple gene family expansions within £ neurophilia of notable interest are
also found, the most compelling including transposable families. Indeed, the genome of AP
neurophilia harbors a total of 142 ORFs whose sequences encode for proteins with
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conserved microsporidian transposable element domains, including DNA and
retrotransposons (Parisot et al. 2014). The number of TEs in 2 neurophiliais much more
elevated than in closely related species with which it shares high sequence and gene content
similarities (Fig. 5).

While TEs are numerous in a few select microsporidia with very large genomes (Parisot et
al. 2014), the presence of TEs are otherwise rare in many members of the group; including
the basal Nematocida sp. and the more derived Encephalitozoon sp. (Fig. 5). In this context,
P, neurophilia is notable, as approximately 3% of its genome sequences (or 196 ORFs) are
occupied by TEs. Most of these transposons have homologs in distant members of the group,
but none of them originated from horizontal gene transfer (Parisot et al. 2014; Watson et al.
2015). In fact, there is evidence that some TE families may have been fuelled by numerous,
and probably recent, duplication events, as highlighted by the high sequence similarity of
several members of this family (Fig S7-S10).

The very high numbers of TEs in P neurophilia (compared to most species in the group)
almost certainly affect the biology of this parasite. Indeed, TEs possess the ability to relocate
and/or duplicate along genome and can have potential negative repercussion on the organism
by creating pseudogenes (Biémont 2010), so ensuring that their number do not inflate
beyond control is an essential defense mechanism for any organism. One gene involved in
gene silencing of TEs is the Argonaute gene (McCue et al. 2015; Thomson and Lin 2009).
This gene is present in 2 neurogphilia and contains one of the abovementioned insertions.
However, the presence of the insertion in a key element of the Argonaute gene does not
seem to be associated with the expansion of TE in 2. neurophilia, because TEs are also
abundant in species with more conventional Argonaute genes (i.e. Nosema ceranae, .
bombycis, Figure 5,7). TE proliferation is also linked with the existence of sexual
reproduction (Arkhipova and Meselson 2000; Lee, Heitman, and Ironside 2014; Wright and
Finnegan 2001), a notion that is supported by the presence of diploidy and MRGs in 2
neurophilia.

DISCUSSION

Acquiring a genome reference for 2 neurophiliais a first step in understanding its biology.
These sequences also pave the road for future analyses of host-parasite molecular
interactions, using RNA-seq or other NGS tools. We demonstrated that this relevant parasite
of zebrafish harbors a genome of small haploid size relative to most members of the group,
and that it is closely related in both content and structure with those of 7. hominisand V.
culicis. Despite these similarities, a third of the 2 neurophilia genome is specific to this
species, with many of these unique genes harboring signal peptide cleavage sites that
indicate their putative secretion and involvement in host manipulation (e.g. effectors).

Our analyses also support P neurophilia as a diploid organism that harbors genomic
signatures that are linked with both sexual (ploidy, TE abundance) and clonal modes of
evolution (LOH, possibly the reduced number of MRG). Comparative analysis between A2
neurophilia and other sequenced microsporidia demonstrated the presence of an unusual
high amount of TEs inside this small genome. This is surprising as all sequenced
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microsporidian genomes with similar sizes harbor no, or low amounts of TE. TEs abundance
does not seem to be affected by the presence of key components of the RNAI pathways
(RNA-dependent RNA polymerase, Dicer and Argonaute proteins) that silence the
expression of TEs and subsequently and slow-down their expansion (Obbard et al. 2009).
This machinery has been demonstrated to be functioning in the bee pathogen N. ceranae,
and future studies on 2. neurophilia will hopefully provide more insight into the regulatory
role of RNA interference in other microsporidians. Lastly, the discovery of in-frame inserts
in coding regions usually highly conserved, and their ubiquitous presence in this group may
also be of primary relevance for understanding these parasites. In particular, their universal
presence in microsporidia, coupled with their localization in many homologues with known
cellular function, suggest that these may have important effects on the biology of these
parasites. Hopefully, recent advances in the development of genetic techniques in
intracellular parasites may soon be applicable to study microsporidia (Vinayak et al. 2015).
Such techniques will be essential to determine the function of any microsporidia genomic
region, including those atypical insertions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Adult zebrafish, Danio rerio, infected with Pseudoloma neurophilia. This fish shows grossly

visible signs of infection with associated spinal curvature. Most P. neurophilia infections are
chronic and fish show little to no signs of infection, confounding the detection of this
parasite. Bar =1 mm.
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Figure 2.
Mean KOG Class distribution among microsporidian genomes (blue; with standard

deviation) with observed KOG domain in Pseudoloma neurophilia (red).

J Eukaryot Microbiol. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ndikumana et al.

# SNPs

400 600 800 1000 1200

200

Page 18

1e+08

@ Heterozygous SNPs

O Intra-population diversity

1e+06
|

Number of k-mers

1e+04
[

100 150

Allele frequency (A) k-mer coverage

Figure 3.
A. SNP allele frequency distribution within the genome of Pseudoloma neurophilia. B. K-

mer calculated for k= 71. Proposed heterozygous variants (blue) and homozygous variants
(orange) are highlighted.
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Figure 4.

Large contigs with LOH (red). SNP count within region is shown.
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Consensus phylogenetic tree of microsporidia reconstructed using maximum likelihood and
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total numbers of transposable elements in each microsporidian with a sequenced genome are

shown. Support values for nodes over 85 bootstrap values and 1 Bayesian posterior

probability for Maximum Likelihood and Bayesian algorithms, respectively, are omitted.
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Figure6.

Examples of synteny identified between the genome of 2 neurophilia and closely related
microsporidians. A. Schematic representation of gene order conservation of thirteen proteins
shared between P neurgphilia and closely related microsporidians found in contig 22.
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Protein alignments highlighting the presence of large in-frame inserts identified in this study.
The location of inserts is shown in red. The alignments highlight the general sequence
conservation of these protein-encoding genes among microsporidia and members of other

phyla.
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Table 1
Genome statistics of Pseudoloma neurophilia
GENOME STATISTICS OF P. neurophilia
Haploid genome size (Mb) 53
Total length >= 1000 bp (Mb) 4.9
Contigs 1603
N50 6148
Largest contig 172544
Average genome coverage 138X
GC content (%) 29.6
GC content coding (%) 31.4
Coding regions (Mb) 2.9
Genes 3633
SNPs frequency (SNPs/kb) 1.98
Candidate effectors* 111

*Defined as predicted secreted proteins of unknown function
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Table 2

Distribution of the RNA interference key components within the microsporidian and cryptomycotan clade.

Micropsoridian Argonaute Dicer RNA-dependent RNA polymerase
Pseudoloma neurophilia v v v
Vavraia culics floridensis v v v
Trachipleistophora homins v v v
Spraguea lophii v v v
Anncaliia algerae v v v
Edhazardia aedlis v v v
Nosema apis v v v
Nosema ceranae v v v
Vittaforma corneae v v v
Rozella allomycis v - v
Mitosporidium daphniae v v -
Nosema bombycis v v

Nosema antheraeae - v -
Nematocida parisii - - -
Nematocida sp. - - -

Encephalitozoon culiculi - - -
Encephalitozoon hellem - - -
Encephalitozoon intestinalis - - -
Encephalitozoon romaleae - - -
Enterocytozoon bieneusi - - -

Ordospora colligata - - R
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