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Abstract

Microsporidia are a peculiar phylum of ancestral fungal relatives who have remained enigmatic and
largely unknown up until the end of last century. Recent research has revealed some clues about their
parasitic life style, and provided some answers regarding their basic biology. Research done as part of my
Master’s degree has combined next generation genome sequencing and with powerful bioinformatics
analyses to make new contributions in the field of microsporidian biology. In this dissertation, I will focus
on describing the results of my main project, a population genomic study of an economically important
microsporidium, Nosema ceranae. Infections from this species have been associated with recent global
declines in the populations of western honeybees (Apis mellifera). Despite the outstanding economic and
ecological threat that N. ceranae may represent for honeybees worldwide, many aspects of its biology,
including its mode of reproduction, propagation and ploidy, are either very unclear or unknown. In my
thesis, | aimed to expand our knowledge of N. ceranae biology by sequencing the genome of 8 isolates
(i.e. a population of spores isolated from one single beehive) of this species harvested from 8
geographically distant beehives, and by investigating their level of polymorphism. Consistent with
previous analysis performed using single gene sequences, my analyses exposed a very high genetic
diversity within each isolate, but also very little hive-specific polymorphism. My investigations on the
nature, location and distribution of this variation revealed that that beehives around the globe are infected
by a population of N. ceranae cells that are polyploid (4n or more) and clonal. Furthermore, phylogenetic
analyses | performed using genome-wide SNP data extracted from these parasites and mitochondrial
sequences from their hosts all failed to support the current geographical structure of our isolates,
suggesting that the isolates we analysed have probably spread through human intervention. Altogether,
research done as part of my Master’s degree has resulted in essential breakthroughs in our biological

understanding of an economically and ecologically important parasite of honeybees.



Résumé

Les Microsporidies font partie d'un phylum apparenté au régne des Champignons. Ces organismes sont
restés énigmatiques et pratiguement inconnus jusqu'a la fin du siecle dernier. Des recherches récentes ont
finalement commencé a révéler leur style de vie parasitaire et leur biologie. La recherche effectuée durant
ma maitrise s’est basée sur le séquencage d’ADN a haut débit et I'analyse génomique par outils
bioinformatiques puissants. Cette recherches et analyses ont fortement augmenté nos connaissances sur la
biologie des microsporidies; en particulier celle de Nosema ceranae. Dans cette thése, je vais me
concentrer sur la description des résultats de mon projet principal, qui est une étude sur la génomique des
populations d'une microsporidie économiquement importante; Nosema ceranae. Cette espéce est un
pathogene dont les infections ont été associées a des baisses dans les populations d'abeilles domestiques
dans le monde entier (Apis mellifera). Malgré la menace économique et écologique exceptionnelle que N.
ceranae peut représenter pour les abeilles a travers le monde, de nombreux aspects de la biologie de ce
parasite, y compris son mode de reproduction, de propagation et de ca ploidie, sont incompris. Dans cette
these, je vise a élargir notre connaissance sur la biologie de N. ceranae en re-séquengant le génome de
huit souches (soit une population de spores isolés a partir d'une seule ruche) de cette espece récoltés dans
huit endroits géographiquement éloignés, et en explorant sur leur niveau de polymorphisme.
Conformément aux analyses précédentes effectuées a I'aide de séquences de genes individuelles, nos
analyses ont découvert une diversité génétique trés élevée au sein de chaque isolat, mais aussi trés peu de
polymorphisme spécifique & chaque ruche. Etonnamment, la nature, I'emplacement et la distribution de
cette variation génétique suggérent que les ruches a travers le monde pourraient étre infectées par des
populations de N. ceranae polyploides (4n ou plus), et probablement clonales. Enfin, les analyses
phylogénétiques basées sur les SNPs du génome entier de ces parasites et des séquences mitochondriales
de leurs hotes (abeilles) n’ont révélé aucune relation entre leure lieu géographique. Dans son ‘ensemble, la
recherche effectuée durant ma maitrise sur des parasites économiquement et écologiquement importantes
a contribué fortement a faire avancer notre connaissance sur la biologie d’un parasite important d’un
point de vue économique et écologique.
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Chapter 1: Introduction

What are Microsporidia?

Microsporidia is a highly diverse and monophyletic group of organisms who were first
recognized as primitive ancient eukaryotes, but are now considered to be a highly evolved sister-group of
Fungi. This phylum consists of very unique pathogens that have been known for over 150 years with

approx. 1400-1500 species in 187 genera described so far [1].

What makes these pathogens so unique is their adaptation to parasitism through reductive
evolution at both structural and genomic levels [2]. The obligate intracellular lifestyle of these pathogens
led to major gene loss associated with functions that are now been carried out by the parasitized host cell
[3]. One particularly radical adaptation in these species is the loss of mitochondria, a trait not shared by
close relatives and present in very few distant protists [4]. Another atypical feature is the innovation of a

unique host invasion apparatus known as the injection tube or polar tube [5].

Such characteristics (among others) shared by all microsporidia give them the ability to rapidly
and successfully proliferate, in some respects similar to viral infection [6]. Their ubiquitous presence [7]
can lead to opportunistic infections in a wide variety of animals, but also protists [8]. Some microsporidia
appear to be generalist and are able to infect many species, even evolutionarily unrelated ones such as

insects and humans, while other species seem to be host specific [9].

Transmission of these parasite occurs most often between hosts (horizontal transmission) [10],
but some species can also spread to the offspring (vertical transmission) [11]. Overall, the ubiquity of
these parasites coupled with their ability to spread rapidly and cause disease, have turned microsporidia

into pathogens of economic and medical importance [8].



Classification and Cellular Biology

From ancient eukaryotes to fungal-like organisms

The unique structure and biology of these parasites misled Microsporidian taxonomists
for some time, resulting in drastic changes in their classification from an ancient eukaryotic
group [12] to one with a strong relationship with fungi [1, 8, 13-15]. Specifically, initial
microscopy studies of microsporidia revealed an absence of conventional mitochondria and
Golgi apparatus, while molecular analysis using the ribosomal RNA resulted in their basal
placement within the eukaryotic tree of life [1]. Overall, seemingly primitive features caused
microsporidia to be pigeonholed in a short-lived group of supposedly primitive eukaryotes, the

“Archezoa” [16].

This view has rapidly changed when the first nuclear DNA samples from microsporidian
parasites were analysed using molecular tools [17]. Analysis of nuclear genes from these
organisms revealed the presence of many mitochondrial genes in these supposed
amitochondriates (ex. Hsp70). Antibody targeting of mitochondrial-like Hsp70 genes revealed
under light and electron microscopy tiny double membrane structures, named mitosomes [18],
degenerate mitochondria. These findings revealed that microsporidians were not ancestrally
amitochondriate, questioning the classification of this parasite as an ancient protist. Additional
molecular analysis firmly positioned this taxon as part of Opisthokonta [19], including the

identification of Opisthokont specific insertions in the EF-1a gene in the Microsporidia [20].

In parallel, additional sequencing efforts on microsporidians revealed new links with the
Fungal kingdom, although their exact position within the kingdom remained a matter of debate.

For instance, first beta-tubulin phylogenies suggested association of microsporidians with chytrid
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fungi [21] while the addition of alpha-tubulin sequences showed a stronger relationship with
zygomycetes [22]. Evidence for an association with chytrids further grew with a 6 gene-based
phylogeny of all Fungi [23], while independent lines of evidence based on conserved genomic
structures reinforced the relatedness of microsporidia to zygomycetes [24] and uncovered the

possibility of these parasites to undergo sexual reproduction.

In order to determine the relatedness of a novel microsporidian species to other
organisms in this phylum, alpha and beta tubulin sequences as well as the small ribosomal
subunit are typically used. During my Master’s research | have used this approach to place

Agmasoma sp. in a phylogenetic context (see Appendix A; [25]).

Inside or outside of the Fungal Kingdom?

Microsporidia and Fungi are not similar morphologically, so their phylogenetic
association has been puzzling for some time. Presently, structural similarities are limited to
presence of cell walls and spindle pole bodies resembling that of ascomycetous fungi [26].
Several genomic synapomorphies have been reported between Fungi and microsporidia. The
most notable example of this is the conserved gene synteny between zygomycetes and some
microsporidian species at a MAT locus [24]. However, further investigations of all genomic
synapomorphies have failed to link microsporidia with any particular fungal phylum [27]. Other
characteristics shared between the two groups include presence of chitin and trehalose, formation
of spores, diplokaryotic nuclei (in some species) and cryptomytosis [16]. However, these

characteristics are not unique to fungi and microsporidia, as they are also found in some protists.



Recently, a new hyperdiverse phylum has been discovered to sit at the base of the fungal
tree, and was coined “Cryptomycota” [15]. Importantly, genome sequencing of the first
Cryptomycotan organism Rozella allomycis allowed phylogenetic reconstruction using 200
genes present in Rozella, microsporidia, fungi and eukaryotic outgroups. This analysis firmly
showed that Rozella is ancestral to Microsporidia, with both of them being positioned at the base
of the Fungal tree [14]. The close relationship between Rozella and Microsporidia is also
supported by additional features, including the presence of a degenerate, yet functional
mitochondria, and the presence of genes necessary for intracellular parasitism (nucleotide
phosphate transporters, the nucleoside H+ symporters, and the chitinase class | genes) [14].
Although a “fungal connection” of microsporidia is now widely accepted, the discovery of
phagocytosis in Rozella [28] questioned the identity of Cryptomycota and Microsporidia as true

Fungi, suggesting these to be sister groups instead.

Life Cycle and successful strategies employed during infection

The Microsporidian life cycle alternates between infectious, environmentally resistant,
spores and the meront (proliferative stage) found inside the parasitized cell [1]. Spores consist of
a chitinous cell wall protecting the sporoplasm, inside of which a unique infective apparatus can
be found, the polar tube [5]. Host cell presence triggers spore germination through an
environmental trigger that differs among species and is still poorly understood [29]. Germination
begins by water intake by the spore, causing a buildup of osmotic pressure. This triggers the
release of the polar tube at the apex of the cell, which will be shot forward to potentially
penetrate a host cell. If successful, the entire content of the sporoplasm will passed onto the

cytoplasm of the host, triggering merogany [1]. The absence of motility in microsporidia is thus



compensated by the polar tube, which can measure up to 300 um in length [30]. Following

proliferation, new spores are formed and the cycle resumes.

During the proliferative stage (merogany) the intracellular meronts are in direct contact
with host cytoplasm. The meront is presently thought to gradually take over cell functions,
surrounding itself with the endoplasmic reticulum, mitochondria and the nucleus [26]. The
aggregation of mitochondria around the meront is also known to occur, coinciding with the
meront’s ability to steal ATP from its host [31]. ATP production in microsporidia is limited to
substrate level phosphorylation [17], with most ATP being appropriated from the host cell using
ATP transporters that were once acquired from intracellular bacteria [32]. Recent research by
Cuomo et al. has revealed a novel mechanism through which microsporidia secrete hexokinase

enzymes, thereby stimulating glycolysis in the host cell and increasing availability of ATP [13].

The increased availability of ATP after infection may allow the meront to undergo
subsequent rounds of division (merogony) eventually triggering spore formation (sporogony) [8].
The onset of sporogony is marked mostly by the separation of the diplokaryotic nuclei in
meronts, although meiosis has been observed in some species [33]. Morphological changes in the
host include increased presence of ER, ribosomes and Golgi, with the latter shown to give rise to
the polar tube [34]. Once mature spores are released, some germinate immediately to re-infect a
different cell of the same host while others can be released into the environment via urine or

feces in an attempt to infect a different individual, possibly through the digestive system.



Genome Dynamics

Similar to their morphological simplicity, microsporidian genomes are mostly marked by
gene loss, reduction of gene length and genome compaction by shrinkage of intergenic regions
[35]. Genome sizes can range anywhere from 2.3 to 23 Mb, with bigger genome size correlated

with increased abundance of transposable elements [36], but not increased coding capacity [37].

Analyses of microsporidian genomes generally agrees with extensive loss of gene
families in ancestral microsporidia followed by lineage specific diversification [38]. Perhaps the
bacterial-size of these genomes may contribute to the quick and rapid division of microsporidia
(doubling time around 3h [13]). Interestingly, microsporidian genomes have been shown to lack
the retinoblastoma gene regulating cell division, suggesting a more rapid progression through the
cell cycle [13]. Other notable gene losses highlight the reduced metabolic potential in these
parasites, with an absence of TCA and oxidative phosphorylation. Such losses may be

compensated by the host cell [39].

Microsporidian genomes harbor between 1750 and 3266 ORFs [37, 40] numbers much
lower than most eukaryotes and even lower than some bacteria. Overall, 37% of microsporidian
genes show homology to other eukaryotes [38]. This suggests a continuous accumulation of
novel genes throughout microsporidian evolution. Some microsporidian specific proteins are
conserved among all sequenced genomes, suggesting their potential implication in their parasitic

life style [38].

Although gene losses have been frequent in this group, these parasites have also been
shown to be capable of acquiring genes via horizontal gene transfer (HGT). Recent analysis of
Encephalitozoon romaleae and Encephalitozoon hellem genomes show restoration of folate

metabolism through HGT [41, 42]. In fact, the unique ability of microsporidia to survive without
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a mitochondrion is also thought to be the result of HGT. In this case, their capacity to acquire
ATP from the host is due to the presence of transporters of bacterial origin [32]. Lastly, during
my Master’s research | have contributed to a study that showed these parasites not only to
acquire, but also act as donors of genes to other eukaryotes, suggesting the possibility of bi-

directional transfer (see Appendix B; [36]).

Despite the increased availability of sequenced genomes in the last decade, the nature of
diversity and the ploidy of these parasites remain largely unknown [43]. For instance, studies of
genomic variation in Nematocida spp. revealed an abundance of polymorphic SNPs ina 1:1
ratio, suggestive of diploidy [13]. Although the authors argue a predominantly clonal lifestyle in
this species with evidence of mitotic recombination, presence of meiosis genes does not preclude
sexual reproduction in this parasite [13]. In contrast, similar analysis of several strains of
Encephalitozoon cuniculi showed highly reduced levels of such 1:1 SNPs, suggesting selfing or
frequent mitotic recombination events as possible explanations [44]. To understand more about
the basic biology of these important pathogens, further population genomic studies are warranted

[43].

Economic and Health impact of Microsporidia

Microsporidiosis in Humans: Epidemiology, symptoms and treatment
Microsporidian are ubiquitous in a truly global sense, being abundant in both first world
and third world countries. Although the first microsporidian parasite infecting an arthropod was

discovered in the 1800s, the first case of a human infection coincided with the HIV pandemic in



the 1970s [45]. This resulted in an increased interest in these parasites and microsporidia were
ultimately included as a priority pathogen for biodefense research by the NIH. Further studies
indicated microsporidiosis in humans to be abundant, with up to 58% of humans infected in
some populations [46]. Most infections are asymptomatic and could be passed on avoiding
treatment. For instance, close to half of 400 healthy subjects tested for microsporidia in the

Czech Republic showed presence of the parasite in feces [47].

It quickly became apparent that just as with other animals, microsporidian infections are
highly opportunistic in humans. These can occur in several tissues, including the intestines, the
eye and the brain, and are clearly prevalent among immunodeficient individuals. While most of
the infected subjects show no symptoms, microsporidia can have very negative effects in
immunocompromised patients, such as HIV positive individuals, or patients that are undergoing
chemotherapy or received a transplant. All cases where symptomatic microsporidian infections
having been documented [48]. Microsporidiosis, the disease associated with microsporidian
infections, can result in a variety of symptoms, including chronic diarrhea and other symptoms
that are specific to the infected tissue. For example, brain infections can lead to seizures, while

eye infections usually lead to blurry vision [49].

Symptomatic infections are usually fatal when left untreated [50]. Currently, treatment
options are reliant on 2 drugs, fumagillin and albendazole. Although these drugs are highly
effective in reducing spore counts and removing symptoms, re-emergence is not uncommon [51,
52]. Despite a high percent of the population being carriers, epidemic outbreaks of microsporidia
have so far been documented only in India, during the monsoon season [53, 54]. Perhaps, rising

water levels during the monsoon give this waterborne pathogen opportunities to produce ocular



infections, as the number of keratitis cases double compared during this particular season the

year [54].

Economic Importance of Genus Nosema

Many microsporidia lead a cryptic existence in their hosts, with many infections
remaining unnoticed due to lack of symptoms and a low spore count. Surveys of low level
infection revealed a much broader host diversity than previously expected, with half of the
metazoan phylum being infected by at least one microsporidium [55]. Estimates of true
microsporidian diversity suggest the number of microsporidian species to be close to that of

animals [56].

Although they are capable of infecting most animals, 69% of 125 surveyed
microsporidian species have been found in insects and crustaceans [7]. Some species are
significant pathogens of aquatic invertebrates [57]. Their targets include the freshwater crayfish
and marine crabs, but many are opportunistic parasites that are capable of infecting multiple

species that are sometimes evolutionarily unrelated [8].

A good example showing the detrimental potential of microsporidia on economic
activities is the discovery and description of the first microsporidian species. In the 1800s the
collapse of the European Silk industry was attributed to an atypical protozoan pathogen [58]. To
date this silkworm infecting microsporidian, Nosema bombycis, remains a threat, resulting in

high costs associated with prevention in the silk industry [59].

Members of the genus Nosema spp., including Nosema bombycis, are known to infect
some of the most commercially important arthropods. Some species have been proposed as

potential bio-control agents [60]. For instance, Nosema whitei infects the Red flour beetle



(Tribolium castaneum) [61] while Nosema pyrausta, infects the European corn borer [62], both

classical examples of microsporidia regulating important agricultural pests.

Despite the ability of some microsporidia to act in the benefit of human kind, such cases
are few and are outweighed by the economic damage caused by these species. Perhaps the most
notable example is the widespread infection of main pollinators by microsporidian species from
the genus Nosema. Three such common pathogens, Nosema bombi, Nosema apis and Nosema
ceranae have been described in bumblebee, Asian and European honey bee hosts respectively
[63, 64]. Recently, Nosema ceranae has received increased attention after repeatedly being
detected in unhealthy honey-bee colonies world-wide [65]. Symptoms in the honeybee are
damage to gut-tissue as well as detrimental physiological changes [66]. These effects of Nosema
ceranae make it an important target and warrant further research into its lifestyle and

epidemiology.

The biology of Nosema ceranae and its impact on Colony Collapse Disorder

The economically and ecologically important arthropod Apis mellifera is used in the
commercial production of honey and ensures pollination [67]. Recent trends indicate the overall
abundance of these western honeybees is decreasing [68, 69]. The last 2 decades have seen a rise
in extreme cases where entire colonies perish in a matter of days, a phenomenon labelled as
“colony collapse disorder” (CCD) [70]. The exact causes of CCD remains to be established, but
are thought to involve a mixture of abiotic and biotic elements, such as nicotidic pesticides,

diseases caused by bee-viruses or eukaryotic fungi [71-74].
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Interestingly, Western European honeybees (Apis mellifera) have long been known to be
infected exclusively by Nosema apis, causing nosemosis, while this latter disease in Asian
honeybees (Apis cerana) is caused mostly by N. ceranae [75] (the parasite under scrutiny in this
present study). The recent identification of N. ceranae in western honeybees [76] has been
suggested to result from a recent host switch [77], and could be the cause for the apparent,
increased virulence of N. ceranae in A. mellifera (as opposed to A. ceranae, the original host).
More importantly, Nosema ceranae has been prevalent in colonies affected by CCD, with
experimental evidence showing its association with increased mortality of honey bees worldwide
[78-81].

Despite the major threat to the apiculture industry at this very moment [82], neither the
biology nor the genetics of N. ceranae are clearly understood. One particular feature of Nosema
ceranae, is its atypical binucleated nucleus (e.g., the diplokaryon: two nuclei bound together
within one nuclear endomembrane [75]). Neither the ploidy nor the chromosome count of these
nuclei are currently known. For instance, attempts at visualization of chromosomes were
unsuccessful [83].

Prior genomic studies of N. ceranae have revealed details about genome size (8 MB) and
genome structure: AT rich, transposon rich, diverse repeat elements and 2614 protein coding
genes [83]. Taken alone, however, this latter genome sequence and annotation did not provide
any clues regarding the mode of propagation, origin and recent increase in virulence of this
parasite. Recently, attempts to acquire information about these important processes have been
made by several groups, most notably through the acquisition of sequence information from
several strains of this species, isolated globally. All of these studies have found the presence of

elevated intra-strain diversity, which has been suggested to result from the presence of recurrent
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recombination and co-existing inter-strain polymorphism [84-86], overall suggesting of the

presence of frequent sexual reproduction in this species.

Research Justification and Goals

In the present project, we set to obtain additional and more in depth information
regarding the genetics, ecology and evolution of this notorious honeybee parasite. Previous work
addressing these questions has led to debatable conclusions or unexplained results. For instance,
most studies have found beehives to contain many variants of single gene sequences [84, 87-91],
but the origin of this diversity cannot be inferred without a prior knowledge of the ploidy.
Similarly, different studies disagree on the extent and frequency of recombination in Nosema
[87-91], and on the presence or absence of sexual reproduction [84]. Finally, no study has yet
been able to produce a supported phylogeography of this parasite [84].

In this thesis, | aimed to increase the power of our analysis compared to previous work by
investigating diversity of this parasite using genome-wide data. To this end, we have sequenced
the genomes of eight N. ceranae isolates harvested at different chronological times (2007-2011)
and from distant geographic locations in six countries (Argentina, France, Spain, USA, Croatia,
and Turkey). Each of these samples represent populations of N. ceranae spores isolated from
individual bee hive.

Analysis will focus on identifying the presence and origin of diversity in these isolates,
and in characterizing the mode of evolution of this parasite. Moreover, sequence data will also be
used to investigate how these parasites have propagated worldwide, and to understand whether

their genomes have been affected by particular selective pressures.
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Chapter 2: Materials and Methods

Sample collection and DNA sequencing

Samples were collected from colonies naturally infected with N. ceranae in different
geographical locations (Supplementary Table 1). Each colony represents one population of
spores, originating from 30 to 40 live honeybees part of one beehive. Bees (A. mellifera) were
macerated following previously described methods [92]. DNA was extracted from Percoll®
purified spores using MasterPure™ Complete DNA and RNA purification kit from Epicentre
Biotechnologies (Madison, WI). Libraries were constructed, multiplexed and sequenced using
Illumina HiSeq 2000 technology by Fasteris S.A. (Geneva, Switzerland). Sequencing resulted in
99,255,426 paired end reads 100bp in length with exemplary quality, each library having over
85% of reads at Q30 after demultiplexing. Adaptors were trimmed and overlapping paired reads
were merged using SeqPrep (github.com/jstjohn/SeqgPrep). Quality trimming minimizes
downstream artifacts [93] and was performed using the PERL script trim-fastg.pl from the

PoPoolation toolkit [94].

Genome assembly and annotation

Reads from isolate PA08_1199 (Spain) were assembled de novo using SPAdes v3.0 [95] with
high k-mers (k=75, 85) in an effort to remove redundant contigs. Resulting contigs were
screened for contamination using BLAST (Megablast, E-value < 1071%) against the existing
BRLO1 assembly (GCA 000182985.1). Contigs that did not return a hit were discarded. Final

assembly size was 5.7 Mb distributed among 536 contigs with an N50 of 42.5 kb. This Whole
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Genome Shotgun project has been deposited at DDBJ/EMBL/GenBank under the accession

JPQZ00000000. The sequence described in this paper is version JPQZ01000000.

To estimate the haploid genome size of our organism an approach based on k-mer count
distribution was used. We generated k-mer distributions using all sequencing reads of isolate
PA08 1199 for k values of 23, 33 and 43 (Supplementary Figure 12). Since the expected
tetraploid 1:2:4 ratio of peak k-mer coverage for the generated distributions was observed, we
inferred that the impact of contaminating sequence in our assembly to be negligible for the
purposes of genome size estimation. Under ideal circumstances where there are no
contaminating sequences or sequencing errors, and the organism in question is haploid, there is a
simple relationship between the amount of unique k-mers kg, the genome size of the haploid
organism G, and the length of the k-mer ki: ky = G — ki + 1 (since ki is negligible, number of
unique k-mers equal estimated genome size). Estimated Haploid Genome Size = (Total k-mers
under Peak #1 x 0.25) + (Total k-mers under Peak #2 x 0.50) + (Total k-mers under Peak #3).
This approach allows us to estimate the haploid genome size of N. ceranae between 5.26 and
5.99 Mb; values that are consistent with our assembly size of 5.7Mb but yet smaller than the

previously published genome of N. ceranae BRLO1 that stands at 7.9Mb.

To determine whether the larger BRLO1 assembly size is due to collapsed repetitive regions
or unique sequence, we mapped reads from our isolates to both the BRLO1 and PA08_1199
assembly. On average 3.7% * 0.5% of our reads map uniquely to the BRLO1 assembly,
indicating some unique genomic content in the assembly. However, since the BRLO1 assembly is
38.6% larger in size, the major reason for the size difference is the repetitiveness of the
assembly. In addition to mapping reads, we tested the unique content of the BRL0O1 assembly by

masking BRLO1 contigs with PA08_1199 sequences. This approach was done using BBDuK,
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part of BBMap package (available at sourceforge.net/projects/bbmap) with k values of 23 and

31, which confirmed 3.86% to 6% unique content in the BRLO1 assembly.

Open reading frames (ORFs) were identified along the assembled portion of the N. ceranae
genome using an in-house script that combines Glimmer’s ab initio gene prediction algorithm
and CCC and GGG motifs found in close proximity of microsporidian Transcription Initiation
Sites [37]. The 3,228 ORFs identified were then queried (BLASTp, E-value < 101°) against the
NCBI NR database, and their potential protein products were predicted using Blast2GO [96].
ORFs were also searched for the presence of secretion signals using SignalP [97], as well as
conserved domains KOG, GO, KEGG and PFAM using the WebMGA server (weizhong-
lab.ucsd.edu/metagenomic-analysis/server). Raw reads as well as the annotated assembly are
available on NCBI (BioProject PRINA209464), conserved domains and secretion signals are

catalogued in Supplementary Table 7.

Read processing, mapping and coverage analysis

Trimmed reads from each sample were mapped against our final assembly to quantify
variation. Mapping was done using BWA with parameters "-t 8 -n 0.1" [98]. Resulting SAM files
were converted to BAM format and sorted using samtools v0.1.19-44428cd [99] after which
duplicates were removed using Picard Tools v1.94 (picard.sourceforge.net). All downstream

analyses were performed on the processed BAM files.

Reads that mapped against our genome from each sample were extracted and used for k-mer
analysis using kmergenie [100] (Figure 3B, Supplementary Figure 8). The k-mer distributions
were constructed for each isolate using reads that exclusively map to our reference genome

(PA08_1199; 10% mismatch to reference), individually. This was based on counts, abundance
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and coverage of unique 23-mers (23-mer coverage), where each density shows the total amount
of 23-mers at that specific coverage against 23-mer coverage values. In all cases, the left side of
the graph reveals a high number of 23-mers with very low coverage, most likely representing
sequencing errors. For higher coverage values, we notice 3 distinct peaks in the plots, with
coverage values in a 1:2:4 ratio. The 3" peak has coverage values corresponding to average
sequencing depth of the organism, indicating 23-mers in the genome that do not contain any
variation in the sample (homozygous genotypes in the population). The first and second peak
however indicate 23-mer genotypes with frequencies of 25% and 50%. Given that most SNP
variation is shared among populations and that isolates of high coverage show the same trimodal
distribution, our data suggest that these 23-mer genotypes are present in each tetraploid
individual of a clonal population with a maximum of four genotypes in regions of average

coverage.

The sequencing depth of each isolate was calculated as an average depth of the top 10 longest
contigs (Supplementary Table 1). In order to plot allele frequency distribution, all SNPs present
at low and high frequencies were found using the PERL script snp-frequency-diff.pl from the
PoPoolation2 toolkit [94] and plotted using R [101]. To avoid the analysis of variation arising
from paralogy, all regions showing an average sequencing depth for variant discovery > 25%
were excluded from the analyses. Note that these analyses are highly correlated with genome

coverage (i.e., isolates with lower coverage may not display these patterns).

To calculate the fraction of the genome present in more than one copy, we used the
“genomecov” feature of the bedtools kit v2.17.0-99-g5¢3bb21 [102]. After plotting nucleotide
coverage along all contigs, we extracted regions deviating from average coverage by more than

25% and summed up their total length. This approach revealed on average 22.68% of the
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genome to be in more than one copy (Figure 1). Note that this approach gives overestimated

values in isolates of lower sequencing depth.

Intra-isolate polymorphism discovery

Heterozygous variants were identified using FreeBayes v0.9.14-8-g1618f7e [103] with
parameters “--ploidy 4 --pooled-continuous --min-coverage 10 -F 0.10” with a 10% minimum
frequency. SNPs with a coverage depth 25% higher than the isolate's average depth were filtered
out. Variation between isolates was then compared using R to account for shared and unique
variation. To estimate the density of intra-genomic variation, we used the function SNPdensity in
the VCFtools v0.1.12b package [104]. To screen for regions exhibiting loss of heterozygosity
(LOH) we plotted SNP density using a sliding window of 1kb genome-wide, looking for
adjacent windows with less than two SNPs/kb. SNP data has been submitted to doSNP

(accession number NCBI_ss# 1558296142-1558370986).

Recombination analysis

Linkage disequilibrium r? was estimated with LDx [105], an approach designed for high-
throughput pooled sequencing. This approach phases pairs of nearby SNPs within and between
paired-end reads (distance between the two SNPs is shorter than insert length) and estimates r?
from a 2 x 2 haplotype table in which observed haplotypes counts are compared to expected
haplotypes counts (from allele frequencies of the two SNPs). LDx takes as input reads aligned to
the reference genome in the SAM format, as well as location of SNPs in the VCF format. For the

purpose of estimating r?, we called SNPs with FreeBayes as described in the previous section
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(with parameters “--pooled-continuous --min-coverage 10 -C 2 -F 0.01”) but with a 1%
minimum frequency cutoff. Estimated r? values were then plotted along the five largest
assembled contigs (Figure 4; Supplementary Figure 9). Decay is showed by plotting r? as a
function of physical distance between pairs of SNPs (Supplementary Figure 10) using ggplot2

[106] in R.

Gene diversity estimates

In order to identify genes displaying high levels of variability, we estimated Watterson’s &
for each isolate for every single ORF. These & values were estimated with Pool-Seq as
implemented in PoPoolation [94], based on allele counts. Critically, this approach is unaffected
by ploidy and does not require phased data. Genes with coverage values higher than average

coverage were excluded from this analysis.

The comparison with other species demanded that we estimate Watterson’s 6 from already
published genomes. To this effect, N. ceranae orthologs were found in three other species
(Encephalitozoon spp., N. apis and N. antheraeae); ortholog-specific alignments were conducted
at the codon level with MACSE [107], and & was estimated in R using the function theta.s() from
the pegas package [108]. Estimates of & among Encephalitozoon species as in Figure 2D are

taken from Pombert, Haag et al. (2015) [109].

All searches for high confidence of orthologs between ORFs of different genomes were done
using the Inparanoid algorithm [110] with as Rozella allomycis as an outgroup and the bootstrap
option turned on. This conservative approach takes advantage of the reciprocal BLAST, as well

as BLAST-ing against an outgroup.
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Phylogeny of strains and host

To reconstruct a phylogeny among the N. ceranae strains, a number of independent
approaches were used. First, allele counts were used as informative characters rather than an
alignment TreeMix; [111] in a Population Split Pattern Analysis of our samples with 1000
bootstrap replicates. A consensus tree was generated from the bootstrap replicates using the

sumtree tool part of DendroPy package [112].

To confirm the results obtained using this approach, a matrix was built for each SNP detected
which includes information about its presence / absence in each of the eight isolates (only bi-
allelic variation was used, which represent 95% of the total polymorphism detected). The
alignment matrix consists of 72,793 bi-allelic SNPs found in all isolates, with SNPs at identical
frequencies between isolates treated as ancestral events. For each SNP there are four columns
present in the alignment (mirroring a total of four potential chromatids), distributed between the
reference (R) and derived alleles (D), depending on their respective frequencies. Here, alleles
with a 0.00, 0.25, 0.50, 0.75 or even 1.00 frequency were converted into an RRRR, DRRR,
DDRR, DDDR and DDDD alignment pattern specific to each isolate. For example, if one SNP
had a derived allele with a frequency of 0.25 and a reference of A, then the alignment would be
GAAA. If the same SNP had a frequency of 0.5, the resulting alignment would have been
GGAA. In all cases, the Spain 08_1199 assembly (Accession JPQZ01000000) represents our
reference set of alleles. This matrix was then converted to a nucleotide alignment
(Supplementary Note 1), which was used to infer the phylogeny of these strains both in a
maximum likelihood (ML) and in a Bayesian framework. In all cases, the GTR + I'" substitution
model was assumed (e.g.[113]. The ML analyses were done with PHYML v3.0 [114]; 100

bootstrap replicates). The Bayesian analyses were performed with the MPI version of MrBayes
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r959 [115, 116]; in duplicate, to check for convergence, run for 2,500,000 generations; a
conservative 10% burn-in was removed before inference). These approaches, based on alignment
pattern profiles, provided results that were very similar to those based on allele counts

(Supplementary Figure 11).

Lastly, we analysed the same matrix as above under the multispecies coalescent implemented
in *BEAST [117]. The substitution model was set to GTR + I' under a lognormal relaxed clock
constant-size coalescent for autosomal loci. Two independent chains were run for 100,000,000
steps to check for convergence; burn-in was again determined visually from trace plots and set to

a conservative 10%.

The host phylogeny was obtained by mapping our reads to the mtDNA of A. mellifera
GenBank isolate (L06178.1), and recreating the consensus sequence of the mtDNA genome for
every isolate using Geneious (www.geneious.com). However, not all strains had enough mtDNA
contamination, in which case we could not include them in the phylogeny. Coverage of the
mtDNA genome varied between 1.6x to 375.3, all strains included in the analysis had a
minimum of 77% RefSeq coverage. We looked for evidence of multiple mtDNA genomes by
searching contigs of each isolate (assembled with MIRA v4.9.1 [118] using BLASTn and
tBLASTnN of conserved Hymenopteran mitochondrial genes, but could only find contigs arising
from one mitochondrial genome. Only minor levels of polymorphisms (up to 185 SNPs with a
minimum allele frequency of 35%) were seen when inspecting read alignments to the reference
genome (L06178.1). To reduce the impact of variability, we called consensus base pairs with
85% read support stringency (i.e., positions where minor alleles exceeded 15% were called as
ambiguous). The reconstructed genomes of all isolates were aligned together with GenBank

isolate L06178.1 and a host tree was reconstructed using the TIM2+1 model in PHYML v3.0
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[114] (1000 bootstrap replicates) and the MPI development version of MrBayes r959 [115, 116]

(2,000,000 generations; Iset Nst=6 rates=propinv).
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Abstract

Nosema ceranae is a microsporidian pathogen whose infections have been associated with recent
global declines in the populations of western honeybees (Apis mellifera). Despite the outstanding
economic and ecological threat that N. ceranae may represent for honeybees worldwide, many
aspects of its biology, including its mode of reproduction, propagation and ploidy, are either very
unclear or unknown. In the present study, we set to gain knowledge in these biological aspects by
re-sequencing the genome of 8 isolates (i.e. a population of spores isolated from one single
beehive) of this species harvested from 8 geographically distant beehives, and by investigating
their level of polymorphism. Consistent with previous analyses performed using single gene
sequences, our analyses uncovered the presence of very high genetic diversity within each
isolate, but also very little hive-specific polymorphism. Surprisingly, the nature, location and
distribution of this genetic variation suggest that beehives around the globe are infected by a
population of N. ceranae cells that may be polyploid (4n or more), and possibly clonal. Lastly,
phylogenetic analyses based on genome-wide SNP data extracted from these parasites and
mitochondrial sequences from their hosts all failed to support the current geographical structure

of our isolates.
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Introduction

The honeybee Apis mellifera is a significant arthropod of ecologic and commercial importance
that produces honey and ensures pollination worldwide [67]. Its obvious benefits for many
human activities have contributed to the export of this arthropod from its native range in South
and South East Asia to many distant geographical locations around the globe. Today, A.
mellifera continues to be commercially exchanged on a large scale and across very distant
geographical locations on a daily basis [119]. Alarmingly, recent reports have suggested that the
global populations of A. mellifera may be undergoing a rapid decline [68, 69] with, in the most
extreme cases, the reduction in numbers of individuals resulting in the rapid extinctions of entire
colonies, a phenomenon referred to as colony collapse disorder (CCD). This recent and drastic
disappearance of honeybee populations around the globe has been of obvious concern to the
public, as well as the apiculture and agriculture industries worldwide. It is also noteworthy that
the continuation and expansion of this disorder may also have devastating effects on the ecology
of many terrestrial ecosystems. The exact causes of CCD and other less severe causes of
morbidity in honey bees are not known, but are presently thought to include both abiotic and
biotic elements, such as nicotidic pesticides, diseases caused by bee viruses or eukaryotic fungi,

or a combination of those [71-74].

One eukaryotic parasite commonly present in beehives affected by CCD is the
microsporidium Nosema ceranae [76]. Microsporidian parasites are ubiquitous intracellular
parasites of many animals and are closely associated with the phylum Cryptomycota [14]. Over
1500 species in 160 genera have been described from this group, some of which are also known
to infect humans (particularly immunosuppressed individuals) [45]. The most notorious cases of

microsporidiosis (the disease associated with microsporidia infection) are known from
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economically important insects, particularly the silkworm (Bombus mori; [120]) and the western
honeybee (Apis mellifera; [121]). The western honeybee can be infected by several
microsporidia, but the most commonly observed are Nosema apis and Nosema ceranae. The
latter species was first discovered in Asia, but has now spread globally and always dominates in
A. mellifera hives affected by nosemosis [76, 122]. Experimental evidence also showed that N.
ceranae infections, but not N. apis, may actually cause CCD. Specifically, N. ceranae extracted
from infected hives and transmitted to healthy colonies have been found to induce the disease
and CDD. N. ceranae spores can also be isolated from these newly infected colonies, and their
multiplication has been reported to occur all year round, with no variations in pathology.

Fumagillin treatment is effective against CDD but does not prevent reinfection [79-81, 123, 124].

Despite the association of N. cerenae with CCD, neither the biology nor the genetics of this
organism are clearly understood. How did this parasite propagate so rapidly across the globe
from its eastern range, and what is its main mode of reproduction and virulence? To date,
investigations in this area have been restricted to the analysis of single gene sequences amplified
from infected apiaries, and resulted in contrasting claims. In particular, such studies have
revealed that beehives contain many variants of single gene sequences, regardless of their
geographical location [84, 87-91, 125], but the origin of this intra-hive sequence variability is
presently debated. For example, a number of studies have proposed that the high intra-hive
sequence variability around the globe results from the co-existence of highly diverse N. ceranae
populations within infected beehives [87, 89-91]. In these cases, the identification of numerous
recombinant sequences has also been proposed to result from outcrossing events. Depending on
the studies and the genes analysed, recombination has been proposed to be either abundant in

these populations [87, 89, 90], or rare [84, 88]. In sharp contrast with the notion of sexual
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reproduction, a recent multi-gene analysis of four N. ceranae populations isolated worldwide
(France, Morocco, Lebanon and Thailand) has proposed an alternative scenario for the
emergence of genetic variability in this parasite, which included a clonal mode of evolution and
the potential presence of an atypical nuclear state in this parasite (i.e., polyploidy) [84]. In
addition to studying the above-mentioned patterns, single gene analyses have been used to
reconstruct the phylogeography of N. ceranae. However, such attempts have all been severely
hampered by a lack of phylogenetically informative sites and an excess of intra-hive diversity
along these short regions of the genome. As a result, the phylogenetic relationships among global
populations of N. ceranae, and the means through which they rapidly spread across the globe are

currently unknown.

In the present study, we aimed to acquire conclusive knowledge regarding the genetics,
ecology and evolution of N. ceranae by investigating much larger portions of its genome. To this
end, we sequenced the complete genomes of eight N. ceranae isolates harvested at different
chronological times (2007-2011) and from eight distant geographic locations in five countries
(Argentina, France, Spain, USA, Croatia, and Turkey). Throughout this paper, the term isolates
will be defined as a population of spores isolated from one single beehive. This wealth of
sequence data was used to determine the extent, origin and nature of genetic diversity that exists
both within and among distant beehives infected by N. ceranae. In particular, we aimed to (i)
obtain long-awaited information regarding the ploidy of their atypical binucleated nucleus (e.g.,
the diplokaryon: two nuclei bound together within one nuclear endomembrane; [75]) by
determining the frequency of SNP and genotypes identified in each colony, (ii) acquire insights
into their mode of evolution (i.e., clonal or sexual?) by investigating patterns of linkage

disequilibrium and loss of heterozygosity, (iii) understand how these parasites have spread
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around the globe (naturally or through human intervention?) by performing phylogenetic
reconstructions using sequence data isolated from each colony and (iv) identify the regions of
their genomes that may be subject to particular selective pressures by analysing diversity levels

exome-wide.

Results

A newly available N. ceranae genome reference: PA08 1199

To determine the extent of genetic diversity present both within and among our isolates, Illumina
reads were aligned against our newly assembled and annotated N. ceranae genome. Briefly, 100
bp paired-end reads from the isolate PA08_ 1199 (Supplementary Table 1) were assembled using
SPAdes v3.0, resulting in a contaminant-free assembly with a size 5.7 Mb (536 contigs, N50 =
42.5 kb). The number and size of contigs we obtained from N. ceranae compares very
favourably to previous assemblies obtained on microsporidian parasites (with the exception of
streamlined Encephalitozoon genomes), but also suggests the presence of a certain amount of
repetitions in this genome (mostly, transposable elements). This genome draft is available under

the accession number JPQZ01000000 (see Materials and Methods for additional details).

An older, publicly available genome draft of N. ceranae BRL0O1 (Maryland, US) acquired in
2009 by Cornman and collaborators with a different technology (454 pyrosequencing) was not
used in the primary analyses in order to (i) minimise false positives (i.e., SNP resulting from
sequencing and assembly errors and/or from redundancy/paralogy) and (ii) facilitate the
identification of allelic diversity within coding regions. Indeed, we found that mapping high
quality lllumina reads onto BRLO1 resulted in false SNP calls associated with indels, artefactual
changes that can often result from 454 sequencing [126] and also in a 10% lower sequence
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coverage compared to our Illumina -based assembly (PA08 1199, Supplementary Table 1). The
mean Phred quality of SNPs called against our own assembly is also higher than SNPs called
against BRLO1 (492 vs. 677; Supplementary Figure 1). BRLO1 has also been reported to contain
a number of incorrect annotations [37, 83] and includes 554 annotated pseudogenes not present
in our annotation that could directly affect our analyses (see
www.ncbi.nlm.nih.gov/genome/931?genome_assembly id=31962). The PA08_1199 genome
annotation presented here harbours many more microsporidian orthologs than BRLO1, only 29
pseudogenes (Supplementary Table 2) and its assembly is significantly less fragmented than
BRLO1. The general characteristics of our assembly and annotation and that from Cornman et al.

(2009) are available (Supplementary Table 2).

Geographically distant isolates of N. ceranae harbour and share an extensive amount of
polymorphism

Aligning Illumina reads against our assembly revealed on average roughly 22% of the genome to
be present in more than one copy based on sequencing depth (Figure 1). By focusing on regions
showing average coverage, we found extensive intra-isolate variation in all of our samples
(Figure 1). On average, 56,525 variable sites per isolate could be identified (62,930 sites using
BRLOL1 as a reference; Supplementary Figure 2), representing 1.27% of non-duplicated regions
of the N. ceranae genome (3.63% if we do not exclude duplicated regions). These levels of
molecular diversity are on the high end when compared to similar reports from other
microsporidians and fungi (0.10-1.22% in Nematocida spp., 0.001% in Encephalitozoon

cuniculi, 0.26-0.30% Candida albicans, 0.067% Puccinia striiformis) [13, 44, 127-129].
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Figure 1: Total number of specific (red), shared (orange) and common (yellow) polymorphic sites in the
eight isolates of N. ceranae. Sequencing depth as well as % of genome in copy numbers higher than 1 are
shown below the histogram.
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Remarkably, > 98% of the detected polymorphism is shared among at least two of the
isolates we analysed, regardless of the assembly used (70% of total diversity is shared among all
isolates, 28% shared by at least two isolates, and only 2% is isolate-specific). A subset of the
shared polymorphism we detected here has also been reported by others in N. ceranae isolates
from other geographical areas (Thailand, Morocco, Lebanon and France; Supplementary Table
3; [84]. Furthermore, inspection of host mtDNA (i.e., honeybee) present in our samples also
revealed that each of the isolates we analysed originated from genetically distinct hives
(Supplementary Figure 3). These latter results confirm that the shared polymorphism in our
samples does not result from either cross-contamination during DNA extraction and/or sample

mixing during the production of multiplexed Illumina libraries.

Loss of heterozygosity and genes affected by heterozygosity in N. ceranae isolates

To gather insights into the genome evolution of our isolates and to determine if the accumulation
of substitutions affects particular regions of our isolates, our genome data were assessed for loss
of heterozygosity (LOH), structural changes (i.e., copy number variation) or an atypical degree
of diversity in single copy genes. LOH usually results from mitotic recombination, gene
exchange, chromosome loss or introgression [130]. The presence of such events in our samples
may indicate that one or more of these evolutionary important events are occurring in N.
ceranae, resulting in important insights into their basic biology. In fungi, such events have been
found to affect between 250 kb to 1.2 Mb in C. albicans [129], 200 kb to 2.2 Mb in B.
dendrobatidis [131] or 75 kb to 350 kb in Nematocida spp. [13]. In C. neoformans, LOH can
also involve both whole and partial chromosome loss [132]. Interestingly, in N. ceranae, regions

with LOH are both very rare and shared among our isolates, highlighting again the high genetic
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similarity of our samples. These involve a maximum window of 33 kb with SNP densities
ranging from 0.125 to 2.45 SNPs/kb (Supplementary Figure 4) in all of our isolates, compared to

a genome average of 13 SNPs/kb.

We also sought if patterns of diversity vary across the N. ceranae exome. For each predicted
protein-coding gene, Watterson’s # was estimated from our NGS data using an algorithm
adapted to pool-seq implemented in PoPoolation (see Materials and Methods). The exome-wide
average 6 equals 0.0039, with individual genes showing a highly skewed distribution (Figure 2A,;
Supplementary Table 4). Overall, some genes in the top percentile (27 ORFs with 6 > 0.0340,
Figure 2A) were found to contain repeated motifs (e.g., M715_ 870006810, M715 7900016233,
M715_6500015342), possibly inflating actual diversity. Interestingly, the top 10% most diverse
genes (266 ORFs with 8 > 0.0079, Figure 2A) included many predicted hypothetical proteins
unique to N. ceranae (only 16 out of 266 ORFs were found to have orthologs in other species,

Figure 2B-D, Supplementary Table 5).
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Most polymorphisms suggest the presence of a polyploid diplokaryon in our N. ceranae isolate

In the present study, we demonstrated that the atypically high genetic polymorphism in N.
ceranae is widespread across the genome and is widely shared among geographically distant
isolates of this species. Preliminary investigations into the nature of this variation exposed a
pattern of polymorphism that deviates from the typical 50/50 heterozygosity found in other
microsporidia [13, 44]. Specifically, phasing our reads using FreeBayes [103] revealed regions
which were found to harbour up to four possible haplotypes (minimum haplotype frequency of
10%), suggesting the presence of mixed populations in our samples. Remarkably, however, allele
frequency plots of all SNP were found to follow a trimodal distribution, with peaks at 0.25, 0.5
and 0.75 in all isolates with sufficient coverage, suggesting that variation is highly structured in
our samples (Figure 3A, Supplementary Figure 5). In particular, the peaks at 25, 50, and 75%
(Figure 3A) could represent SNPs segregated across four different chromatids. In a diploid, a
unimodal distribution would be expected, with a peak at 50%. In a haploid, no peaks should be
observed. All reads used in these analyses map exclusively to the N. ceranae assembly, and this
non-random trimodal distribution is also confirmed using previously published assemblies
(Supplementary Figure 6) and assembly-independent approaches applied by others to assess
ploidy (“k-mer” distribution curves, Figure 3B, Supplementary Figures 7 and 8; [133-136]. The
latter analysis is based on abundance and coverage of unique 23-mers (23-mer coverage), where
each plot shows amount of unique 23-mers at various 23-mer coverage values. The left side of
the graph reveals a high number of 23-mers with very low coverage, most likely representing
sequencing errors. The 3 distinct peaks, with coverage values in a 1:2:4 ratio represent,
respectively 23-mer genotypes with frequencies of 25%, 50% (heterozygous genotypes with

specific and conserved frequencies in the population) and 100% (homozygous 23-mer genotypes
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in the population). These analyses also suggest that the diversity we found in each hive is very

structured, and possibly intragenomic.
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Altogether, analyses of SNP frequencies and k-mer distributions indicate that the vast
majority of parasite molecular diversity typically found within infected beehives is highly
structured and may result from the presence of polyploidy in N. ceranae (at least tetraploidy, or
two heterozygous diploid nuclei), rather than from the co-existance of diverse strains within
beehives. However, consistent with previous studies based on single-gene analyses [84, 87],
SNPs with lower frequencies (i.e., mostly singletons) were also found in our samples (see the
left- and rightmost truncated peaks Figure 3A). Although singletons most likely include many
sequencing errors [93], these could partially represent bona-fide polymorphism (i.e., SNPs and

indels) originating from inter-individual variation within our samples.

Linkage disequilibrium analyses in eight populations of N. ceranae

Previous attempts to study the mode of reproduction of N. ceranae have resulted in conflicting
claims. For example, the presence of recombinant cloned sequencing products in various genes
(SSU-rDNA, Enpl1B, PTP, etc.) amplified by PCR have been proposed to mirror both frequent
[87, 89, 90] and rare [88] events of recombination, but other analyses based on identical
methodologies have also suggested a mainly clonal mode of reproduction in this parasite [84].

So, is N. ceranae clonal or sexual?

To address this question, our sequence data were explored for the presence of linkage
disequilibrium (LD) using LDx [105]. This approach phases pairs of bi-allelic SNPs at distances
smaller than the average insert size (~250 bp) of our paired-end reads, allowing for the
identification of haplotypes along short regions of our genome. Then r? values were calculated by
comparing expected haplotype frequencies from allele frequencies to observed haplotype

frequency (see Materials and Methods).

36



These analyses revealed LD levels that are relative high [137], with a mean r? of 0.6087 (+
0.3953; Figure 4; Supplementary Figure 9). These r?values are lower than those found in clonal
isolates of C. albicans (mean r? = 0.88) [138] but are similar to those of other predominantly
clonal pathogens (Leishmania sp. r? = 0.63; B. dendrobatidis CH r? = 0.58) [133, 139] (Figure 4;
Supplementary Figure 9). Notably, in the vast majority of cases, variations in r? along the
genome appear to be extremely conserved among isolates, suggesting that regions of low LD
have accumulated recombination events prior to the divergence of our samples. In addition to
these findings, LD proved to be extremely stable along our short reads (Supplementary Figure
10). While this result does not preclude LD decay at bigger distances, it suggests that distances
of up to 200 bp between pairs of SNPs exhibit little to no recombination breaking haplotypes
apart. It is also noteworthy that the high LD values we obtained may have also resulted from

other processes, such as selection, genetic drift, population expansion and admixture.
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Figure 4: Linkage Disequilibrium plotted against the largest contig of our Nosema ceranae assembly.
LDx estimated of (r?) for pairs of SNPs were plotted against corresponding position in the contig (in base
pairs). Graph title indicates isolate name, contig name and length as well as mean (r?) for the
corresponding contig. Similar plots for additional large contigs available in Supplementary Figure 9.
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Incongruence between the evolutionary relationships of our isolates and their current
geographical location

The excess of intra-isolate diversity in N. ceranae populations has hampered previous attempts to
reconstruct a supported global phylogeograhy of these parasites. To circumvent these issues, we
decided to investigate the evolutionary relationships of our isolates using information from their
genome-wide shared heterozygous (shared alleles) and homozygous (isolate-specific divergence)

polymorphisms.

To this end, we used a phylogenetic reconstruction approach based on allele frequency data,
the Population Split Pattern Analysis implemented in TreeMix (Supplementary Table 6; [111].
The resulting phylogeny resolved two main clades with very strong support, all of which are
composed of isolates of various geographical origins — e.g., the Croatia isolate cluster with
relatives from Hawaii and Argentina, respectively (Figure 5A). Note that isolates originating
from the same country were collected in geographically distant areas: ~900 km between
Argentinian isolates from Lobos and Bonpland and ~50 km between the Spanish isolates from
Pinilla and Villaseca de Uceda (Supplementary Table 1). These samples from areas of identical
toponymy are clearly not closely related as they locate at distant positions within the
phylogenetic trees (Figure 5). An independent confirmation of the lack of phylogeographic
pattern (or isolation by distance) in our data was also obtained using maximum likelihood,
Bayesian approaches and multispecies coalescent models implemented in *BEAST [117]. In this
case, SNP data were extracted from their respective genomic location, assembled into strain-
specific haplotypes (see Supplementary Note 1) and the resulting alignments were used for
phylogenetic analyses (Figure 5B, Supplementary Figure 11). Finally, parallel phylogenetic

analyses based on the host mitochondrial DNA isolated from the same samples also failed to
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reveal any link with the geographical origin of the hives and the parasites, exposing a complete

absence of host-parasite co-evolutionary processes in all our isolates (Supplementary Figure 3).
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Figure 5: Rooted Nosema ceranae phylogeny. (A) Tree based on allele counts for all bi-allelic SNPs
calculated using population split patterns. Tree constructed with TreeMix with 1000 bootstrap replicates.
Root placed in the middle of the tree for convenience. Circles placed on tree nodes show clades supported
by other types of analysis (Supplementary Figure 11). (B) Tree inferred based on a coalescent Bayesian
Markov chain Monte Carlo methodology. Multilocus data obtained from the same SNP matrix used in
Supplementary Figure 11 A-B.
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Discussion

While the present study confirms that global populations N. ceranae harbour extreme levels
of genetic diversity, it also provides us with long awaited insights into its origin and on the
overall biology of this parasite. First, by analysing the frequency and coverage of the various
parasite genotypes found in infected beehives, we showed that geographically distant isolates
share a vast amount of polymorphism whose origin is possibly intragenomic (i.e. N. ceranae is
either at least tetraploid, or the Diplokaryon is composed of two divergent diploid nuclei). This is
in sharp contrast with the notion that beehives are infected by highly diverse populations of N.
ceranae, although rare alleles unique to each of our samples are also found. Given these results,
we argue that beehives around the globe can be potentially infected by a population of

individuals that are polyploid and genetically homogeneous.

Evidence for polyploidy in this parasite also suggests that the diplokaryon, an atypical bi-
nucleated nucleus found in N. ceranae and many other microsporidia, may not be diploid, as
previously suggested [140-142]. Importantly, the presence of tetraploidy in the diplokaryons is
not a complete biological novelty, as it has been previously reported to exist in the diplomonad
intracellular parasite, Giardia lamblia [143, 144]. Future studies of genomic diversity in
microsporidians should therefore account for the potential presence of polyploidy in some
species of the group. Flow cytometry may also be considered to confirm the presence of
polyploidy in microsporidia, although its application to intracellular parasites is very

challenging.

Secondly, our study has shown that our isolates diverged into two main clades, which include
geographically unrelated samples. Although the relatively low sampling of our study does not

allow broad conclusions about the global N. ceranae populations, the phylogenies we recovered
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suggest that our isolates have been introduced into their current locations, possibly through
commercial exchange of infected honeybee colonies, hive structures or royal jelly, or by means
of corbicular pollen — all cases where viable spores of N. ceranae have been recorded [77, 145-

149].

Our data also support a recent demographic expansion, at the global scale, of our sampled
parasite. This is highlighted by the presence of very little isolate-specific homozygous sequence
divergence and their extensive allelic similarity. Interestingly, recent population expansions are
usually followed by accumulation of rare alleles at very low frequencies, a phenomenon that we
observed across all our dataset (over 44% of alleles with frequencies lower than 5% are unique to
each strain), although these may also result from temporal changes in genotype frequencies and

geographical differentiation between hives.

Finally, our study also reveals that our isolates may be evolving through a clonal mode of
evolution. Specifically, we found no evidence of genetic exchange among our samples, and all
signatures of linkage equilibrium we identified are ancestral (i.e., occurred before the separation
of our isolates). Overall, our genome-wide patterns of diversity appear to support the presence of
clonal evolution in this parasite, and include the presence of extreme fixed heterozygosity and
shared LOH, conserved allele frequencies, and LD levels similar to other clonal fungal
pathogens. The presence of clonal reproduction in our N. ceranae isolates is also supported by
previous reports of binary divisions in this parasite, and by the absence of an observable meiotic
cycle [75]. Given that our eight isolates were harvested globally, it is intriguing to speculate that
the patterns of evolution we observed are conserved in other global populations of this bee
pathogen. The alternative is that the five-year span that separates the collection of our isolates

has been too short to allow meaningful events of gene exchange and recombination to appear.
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Supplementary Figure 1: Histogram showing distribution of Phred quality scores for SNPs called
against PA08 1199 (blue) and BRLO1 (red) reference genomes. Reads from all isolates were mapped
separately against each of the two different references and SNPs called with the same parameters for each
isolate individually. Quality scores of SNPs called from all isolates have a higher quality when called
using PAO8 1199 as reference (mean 677) compared to the BRLO1 genome as reference (mean 492).
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Supplementary Figure 6: Allele frequency spectra for each of our isolates calculated after mapping
reads to the BRLO1 reference genome. Graph title indicates isolate name, location and sequence depth
against the reference genome. Isolates sequenced at a lower depth don't always show the trimodal peak
seen in Figure 3A, likely due to low sampling. Red horizontal bars are placed at x values 0.25, 0.5 and
0.75.
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corresponding to peak maxima. Only reads mapping to our PA08_1199 reference genome are used in this

analysis.
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Supplementary Figure 8: K-mer distribution for each of our isolates. Graph title indicates isolate hame,
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Supplementary Figure 9: Linkage disequilibrium plotted against four largest contigs of our Nosema
ceranae assembly. LDx estimated of (r?) for pairs of SNPs were plotted against corresponding position in
the contig (in base pairs). Graph title indicates isolate name, contig name and length as well as mean (r?)
for the corresponding contig.
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Supplementary Figure 10: Linkage disequilibrium decay showed by plotting r? as a function of physical
distance between pairs of SNPs using ggplot2 in R. Graph title indicates the isolate name, its mean
sequencing depth, average r? genome-wide, as well as the mean fragment size of sequenced DNA
(distance between the first 5* basepairs of the 2 paired-end reads). Grey area above and below the curve
indicates standard deviation of r? for a given physical distance.
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A. Bayesian Analysis N B. Maximum Likelihood Analysis
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C. Population Split Pattern Analysis
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Supplementary Figure 11: Rooted Nosema ceranae phylogenies based on (A-B) a supermatrix made of
72,793 SNPs (alignment available in Supplementary Note 1) and (C) allele frequency changes between
isolates. Phylogenetic trees were inferred from (A) Bayesian analysis with Bayesian support values
followed by (B) Maximum Likelihood analysis with bootstrap values shown and (C) Population Splits
Pattern Analysis using TreeMix with bootstrap shown.
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Supplementary Figure 12: Haploid genome size estimation using k-mer analysis done on the all

Spain08_1199 reads using k values of 23, 33 and 43. Amount of k-mers were counted under each peak for
each histogram, and genome size was estimated by dividing amount of k-mers under peak #1 and peak #2
by 4 and 2 respectively before adding these numbers to amount of k-mers under peak #3. There is a trade-
off between the k-mer size used to estimate the genome, with lower k-mers underestimating the genome

size while higher k-mers overestimating it due to the difficulty of establishing peak boundaries.

56



Supplementary Table 1: Location and year of collection, population size and sequencing depth for every
isolate analysed in this study. Sequencing data can be accessed from NCBI (BioProject PRINA209464).
Additionally, sequencing depth when mapping to the BRLO1 genome is indicated, as well as sequencing

depth of mtDNA contamination.

Country Sequence mtDNA
Year of of Sequence Depth seq.
Name Isolate collection collection City (Province) Total spore count Depth BRLO1 depth
Villaseca de
PAO3 Uceda
Spain08_1199 1199 2008 Spain (Guadalajara) 4420000 118.48 107.05 7.8
PA10
Turkey10_230 230 2010 Turkey  Adana (Adana) 210000 40.07 38.10 1.6
Oloron Sainte
Marie
PAO9 (Pyrénées-
France09_342 342 2009 France  Atlantiques) 3000000 50.22 47.59 n/a
PAO7 Sunja ( Sisak-
Croatia07_1177 1177 2007 Croatia  Moslavina) 6500000 49.97 47.04 5.1
PA10 Milolii (Big
Hawaiil0_1204 1204 2010 Hawaii  Island) 840000 68.16 64.51 110.8
PAO8 Lobos (Buenos
Argentina08 742 742 2008 Argentina  Aires) 650000 71.54 67.45 375.3
PA11 Pinilla
Spainll_912 912 2011 Spain (Guadalajara) 1100000 31.37 26.98 n/a
PAO3 Bonpland
Argentina08_754 754 2008 Argentina (Corrientes) 2145000 90.08 73.80 n/a

Supplementary Table 2: General assembly statistics between the BRLO1 and PA08 1199 genomes,
number of predicted coding regions (ORFs) and amount of orthologs in Encephalitozoon cuniculi and
Nematocida parisii ERTm1 detected using inparanoid.

PA0O8_1199 BRLO1
SIZE (MB) 5.7 7.9
# CONTIGS 536 5465
LARGEST CONTIG (KB) 193.2 65.6
N50 OF CONTIGS (KB) 42.6 2.9
Predicted # ORFs 3228 2678
Predicted Pseudogenes 29 554
E. cuniculi orthologues 1369 1178
N. parisii ERTm1 orthologues 784 652
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Supplementary Table 3: Single copy genes cloned from 4 isolates by Roudel et. al are screened for
polymorphisms and compared to isolates sequenced in this study. Seven single copy genes are shown in
columns while different isolates are shown in rows. Values represent polymorphic loci found in a given
genefisolate combination while values in parenthesis indicate how many of these polymorphisms have
been found in at least one other isolate. Morocco isolate lacks most polymorphisms present in other
isolates for 4 of the genes. This might be due to low sampling since Morocco had an average of 5 clones
per gene.

Isolate NCER (gene locus)

(This study) 101165 100533 101590 100070 100064 100566 100828
Spain08_1199 6 (6) 0(0) 3(3) 10 (10) 1(1) 6 (6) 0 (0)
Turkey10_230 7(7) 0(0) 3(3) 10 (10) 1(1) 6 (6) 0 (0)
France09_342 6 (6) 0 (0) 3(3) 10 (10) 1(1) 6 (6) 0 (0)
Croatia07_1177 7(7) 0(0) 3(3) 11 (11) 1(1) 6 (6) 0 (0)
Hawaiil0_1204 7(7) 0 (0) 3(3) 11 (11) 1(1) 6 (6) 0 (0)
Argentina08_742 7(7) 0(0) 3(3) 10 (10) 1(1) 6 (6) 0 (0)
Spainl1_912 6 (6) 0 (0) 3(3) 10 (10) 1(1) 5(5) 0 (0)
Argentina08_754 7(7) 0 (0) 3(3) 11 (11) 1(1) 6 (6) 0 (0)
(Roudel et al.)

France 7(7) 0(0) 3(3) 10 (10) 1(1) 5(5) 0 (0)
Lebanon 7(7) 0 (0) 3(3) 10 (10) 1(1) 7 (6) 0 (0)
Morocco 0(0) 0(0) 1(1) 0 (0) 0(0) 5(5) 0 (0)
Thailand 7(7) 0 (0) 3(3) 12 (10) 0(0) 6 (6) 0 (0)

Supplementary Table 4: List of ORFs with corresponding population diversity values in each isolate as
well as average value of all isolates. Population diversity was measured using Watterson’s 6, an estimator
of population mutation rate computed as a normalized value of average amount of segregating sites in
each ORF.

This table contains over 2000 rows, and was not included in this document since it would
occupy over 65 pages. Data in this table is available in the online version of the manuscript or by
contacting the corresponding author Nicolas Corradi at ncorradi [AT] uottawa.ca

Supplementary Table 5: Data used to plot Figure 2. Orthologs ORFs between N. ceranae and 3 other
species shown, along with divergence values between species estimated using Watterson’s Theta. Theta
estimates between Encephalitozoon species are taken from Pombert et al 2015.

This table contains over 2000 rows, and was not included in this document since it would
occupy over 65 pages. Data in this table is available in the online version of the manuscript or by
contacting the corresponding author Nicolas Corradi at ncorradi [AT] uottawa.ca
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Supplementary Table 6: Data used for population split pattern analysis. Allele counts of bi-allelic SNPs
shown per row for all 9 isolates. Allelic counts gathered using the snp-frequency-diff.pl PERL script from
PoPoolation, using a minimum coverage of 5, a minimum count of 2 and a coverage cut-off of 25%.

This table contains over 2000 rows, and was not included in this document since it would
occupy over 65 pages. Data in this table is available in the online version of the manuscript or by
contacting the corresponding author Nicolas Corradi at ncorradi [AT] uottawa.ca

Supplementary Table 7: Predicted coding genes and annotations. First column contains the locus list of
each ORF, followed by: the closest homolog in the BRLO1 published isolate (GCA_000182985.1),
secretion status (Y for Yes, N for No), BLASTp hit and KOG, KEGG, GO, PFAM domains found. Term
#N/A used when no conserved domain was found in the ORF. Additionally, #N/A was used to denote no
BLASTDp results for the given ORF, in which case the ORF was considered to be a hypothetical protein.

This table contains over 2000 rows, and was not included in this document since it would
occupy over 65 pages. Data in this table is available in the online version of the manuscript or by
contacting the corresponding author Nicolas Corradi at ncorradi [AT] uottawa.ca

Supplementary Note 1: Alignment of unphased SNPs in PHYLIP format used to reconstruct the
phylogeny shown in in Figure 2. Alignment consists of 772,793 bi-allelic SNPs found in all isolates, with
SNPs at identical frequencies between isolates treated as ancestral events. For each SNP there are 4
columns present in the alignment, distributed between the reference (R) and alternate alleles (A),
depending on their respective frequency. An alternate allele with a 0.00, 0.25, 0.50, 0.75 or even 1.00
frequency would result into a RRRR, ARRR, AARR, AAAR and AAAA alignment respectively for a
given isolate. For example, the first SNP has a reference allele of A and a alternate allele unique to
Hawaiil0_1082 at a frequency of 0.25, giving it an alignment of GAAA while all other isolates have an
alignment of AAAA. The second SNP has a reference allele of T with an alternate allele of A ata
frequency of 0.25 in isolates Hawaii1l0_1082, Argentina08_742 and France09_342, giving thema ATTT
alignment and other isolates a TTTT alignment. Our Spain 08_1199 assembly represents our reference
alleles.

This nucleotide alignment is very large and was not included in this document since it
would occupy 106 pages. Data from this alignment is available in the online version of the
manuscript or by contacting the corresponding author Nicolas Corradi at ncorradi [AT]
uottawa.ca
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Chapter 4: General Discussion, Future directions and Concluding
remarks

Importance of Research

Nosema ceranae was first described in 1996 as a microsporidian infecting the Asian
honeybee [75]. International interest started in 2006, when it was first reported to infect the
European honeybee [122], an arthropod responsible for 80% of the world’s pollination [67].
Specifically, since 2006 a total of 166 publications concerning N. ceranae were found on
PubMed, and 2050 documents regarding this species are now listed on google scholar. The main
reason for this spike in interest is the relationship between the first discovery of N. ceranae in A,
mellifera in Europe and a period of massive honeybee population decline and rapid colony death,
the Colony Collapse Disorder. To date, some research has established a correlation between
honeybee death and presence of N. ceranae, although these claims are disputed [150-152]. It has
also been established the traditional European honeybee microsporidian parasite N. apis has lost
ground to N. ceranae [76]. Experimental studies have shown N. ceranae parasites tend to be
more virulent and more resistant to conventional treatment than N. apis [79-81, 123, 124],
suggesting these may represent a bigger ecological threat. Studies of genetic diversity in N.
ceranae have so far discovered that infected bee hives always harbor an elevated parasite
diversity. [84]. The origin of this diversity (between individuals vs intra-genomic; recombination
vs clonal events), and whether it affects any particular regions of the genome remains unknown.

[88, 90].
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Summary of novel findings

My thesis aimed to determine the nature, extent and origin of parasite diversity found in
beehives by undertaking a whole genome, population-based approach for the first time. This has
resulted in a number of unexpected findings, all of which contrast with previous analyses of
diversity performed by others, and allowed us to obtain essential information on three main

biological aspects of the N. ceranae biology.

Diversity within and between hives
To date, investigations into the diversity of this parasite were restricted to the analysis of

single copy genes with PCR followed by molecular cloning. Such approaches followed by
several groups found consistently elevated amounts of variation within single beehives,
regardless of the sample analyzed [84, 87-91, 125]. The origin of this diversity however remains
highly debated, and is usually attributed to ploidy, recombination and divergent strains infecting

one beehives colony.

In agreement with other groups, | have found each population of N. ceranae to have high
levels of variation. Moreover, my analysis showed this diversity to be present genome-wide,
affecting both coding and non-coding regions. | was also able to show that regions void of
variation, possibly due to loss of heterozygosity (LOH), are scarce and typically conserved

between isolates.

In addition to distribution of diversity, deep sequencing has also allowed me to analyze
the frequency of SNPs responsible for this diversity. My analysis showed most SNPs to have
frequencies of 25%, 50% and 75%, revealing an unexpected structure. This finding allowed me

to conclude that the main origin of this diversity is polyploidy (at least tetraploidy), a novel and

61



exciting finding in N. ceranae previously unreported in Microsporidia and overall rare in the

Fungal kingdom.

Demaographic analysis show recent expansion
Attempts at reconstructing the phylogeography of various N. ceranae isolates have

remained unsuccessful, largely due to absence of phylogeneticaly informative sites amid high
levels of variation [84]. | was able to overcome this obstacle by identifying genome-wide SNPs
shared between groups of isolates (presumably due to common ancestry) as well as SNPs unique
to particular isolates (isolate-specific divergence). Results showed over 70% of SNPs discovered
to be present in all sampled beehives. The remainder of SNPs consist of 28% shared by at least 2
isolates analysed and close to 2% to be isolate specific. These results suggest an unexpectedly

high degree of relatedness among geographically distant samples.

Using SNPs identified genome-wide, | was able to reconstruct a highly supported
phylogeny of the 8 isolates analysed. This analysis revealed for the first time lack of a
phylogeographic relationship between populations. For instance, isolates originating from the
same country, Spain and Argentina do not cluster together as expected. These findings suggest a
colonization by N. ceranae via non-natural means, such as human commercial exchange of bee-
hives. The little amount of isolate-specific differentiation also provides the first reliable evidence

that N. ceranae has only recently colonized a new niche and spread rapidly and globally.

Virulence genes
Most experimental studies agree N. ceranae to have lethal effects on its host, such as

early maturation, disorientation and shortened lifespan [80]. Despite these detrimental effects on
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honeybees, no molecular studies to date have been able to identify genes associated with

virulence.

In this respect, my work provides the first set of clues into genes potentially responsible
for the increased virulence of N. ceranae. By looking at the distribution of variation exome-wide,
I was able to identify genes which are more polymorphic than others in all isolates analyzed. My
results show that most such genes are specific to N. ceranae with no orthologs present in other
species. Furthermore, some of these genes contained secretion motifs, suggesting these are

important in host-parasite interactions and are potential virulence genes.

Evolution through clonal reproduction
Reproduction in parasites is of interest to researchers as it can provide clues about the

general biology of the pathogen. Symptoms of clonal evolution typically include high Linkage
Disequilibrium (LD) as well as a star-phylogeny. Low linkage disequilibrium arises when
frequent recombination events create new combinations of alleles. Additionally, absence of gene
exchange (meiosis) leads to a star-phylogeny due to the continuous accumulation of mutations in

individual populations [153].

Single gene analyses of N. ceranae to date have revealed presence of recombination with
conflicting reports into its frequency and significance. While some studies identify
recombination levels resulting in low LD and suggesting frequent sexual reproduction, other

groups are more cautious in their interpretations [88, 90].

Using deep sequencing reads, | was able to phase near-by SNPs and investigate LD
patterns genome-wide. My analyses shows relatively high LD levels, comparable to those of
pathogens known to be predominantly clonal [133, 139]. Furthermore, genome-wide analysis of

LD in all isolates show correlated LD patterns with drops in LD in the same genomic location in
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all isolates. These findings suggest that most signals of recombination are ancestral to all

isolates, and have accumulated prior to their divergence.

In disagreement with most groups, | believe N. ceranae populations to be reproducing
clonally, based on absence of significant recombination, a classic signatures of clonal evolution.
Perhaps the ancestor of our strains was able to undergo sexual reproduction, switching to an
asexual life-style and becoming epidemic. This strategy has been previously suggested in other

pathogens and even in microsporidia [154].

Further implications and directions

In order to better understand the biology of N. ceranae more samples need to be
analyzed. Although this study has sampled 8 populations from 6 distant geographical locations,
some continents (North America, Africa, Asia and Australia) are not included in our analysis.
These would be interesting to sample, as some geographical regions are more isolated than
others. Furthermore, strict legislation concerning commercial import of beehives in Australia,
makes it interesting to sample in order to determine the relatedness of N. ceranae parasites to

those colonizing other parts of the world.

We also know N. ceranae infects other hosts besides the European honeybee A. mellifera,
it is of interest for future studies to perform similar analyses on these hosts (i.e. the Asian
honeybee, the bumblebee, etc.). Since N. ceranae possesses the necessary meiotic machinery to
undergo sexual reproduction, recombination can be investigated in other niches (such as other

hosts).
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The findings described in this study will facilitate future population analysis of N.
ceranae and other microsporidia by providing an important backbone. Firstly, future estimation
of recombination from NGS data can be compared to LD values reported in this study by using
similar methodologies. Such comparisons would allow to infer the significance of recombination
in other samples relative to those analyzed in this study. Secondly, the newly assembled
reference genome can be directly used in future samples. This is beneficial because of the much
higher contiguity of our assembly compared to previous assemblies, and because it allows SNPs

from other isolates to be directly comparable to ours, facilitating comparative analysis.

Third, our study describes new methodologies and approaches previously unused in
microsporidia. For instance, usage of two complementary approaches, k-mer graphs and allele
frequency plots, can be highly useful in indicating the ploidy of an organism. Our findings of
polyploidy in microsporidia warrants further investigation into other microsporidian species.
Indeed, almost all genome and diversity studies in the field have assumed microsporidia to be
either haploid or diploid. Our findings suggests that the potential presence of polyploidy and
perhaps aneuploidy should be expected in microsporidian research. Knowledge of ploidy is
helpful in SNP discovery, as most algorithms perform best when supplied ploidy as prior
information. Ploidy is also helpful in distinguishing between intra-genomic SNPs versus SNPs

between individuals when sequencing populations.

Lastly, our study shows high genome coverage (above 60x) along with high quality
sequencing is a requirement for investigations of variation and ploidy in novel species. Indeed,
the average coverage represents a misleading value, which should always be divided by the total
number of chromatids found in each microsporidian chromosome (in other words organisms of

higher ploidy need to be sequenced at higher coverage values). Furthermore, a high genome
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coverage is needed for quality draft assemblies. Typically, higher coverage (i.e. sequencing
depth) can more reliably resolve repetitive regions and is less likely to contain assembly gaps,

resulting in higher levels of contiguity.

Concluding remarks

Although genome sequencing has allowed us to answer biological questions about N.
ceranae, some of our findings require further experimental studies. For instance, our study has
revealed the 10" percentile of the most diverse genes to be enriched in hypothetical proteins with
unknown function. These sometimes harbor secretion signals, and require further functional
analysis. They may be important in virulence and host manipulation and could be prime
candidates for drug targets. Given that current treatment of nosemaosis is toxic to honeybees and
to the honey produced, novel and safer drugs for treatment are warranted. However, high
throughput analysis requires culturing this parasite in a cell line, efforts for which are already
underway [155]. Since isolates of N. ceranae investigated to date cause non-opportunistic
infections in honeybees, these can be a very useful model in further understanding host pathogen

interactions along with pathogen virulence.
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Abstract

Since June 2012, samples of wild caught white shrimp, Litopenaeus setiferus, from the Gulf of Mexico,
Plaquemines and Jefferson Parishes (Louisiana, USA) with clinical signs of microsporidiosis have been
delivered to the Louisiana Aquatic Diagnostic Laboratory for identification. Infection was limited
predominantly to female gonads and was caused by a microsporidium producing roundish pansporoblasts
with eight spores (3.6 x 2.1 um) and an anisofilar (2-3 + 4-6) polar filament. These features allowed
identification of the microsporidium as Agmasoma penaei Sprague, 1950. Agmasoma penaei is known as
a microsporidium with world-wide distribution, causing devastating epizootic disease among wild and
cultured shrimps. This paper provides molecular and morphological characterisation of A. penaei from the
type host and type locality. Comparison of the novel ssrDNA sequence of A. penaei from Louisiana, USA
with that of A. penaei from Thailand revealed 95% similarity, which suggests these geographical isolates
are two different species. The A. penaei sequences did not show significant homology to any other
examined taxon. Phylogenetic reconstructions using the ssrDNA and alpha- and beta-tubulin sequences
supported its affiliation with the Clade IV Terresporidia sensu VVossbrink 2005, and its association with

parasites of fresh and salt water crustaceans of the genera Artemia, Daphnia and Cyclops.

Keywords

Microsporidia; Decapoda; Agmasoma penaei; Litopenaeus setiferus; Louisiana; Electron

microscopy; Molecular taxonomy

76



Introduction

Microsporidiosis is the most common and harmful disease of decapods (phylum

Arthropoda: class Crustacea: order Decapoda) caused by eukaryotic microbes (Overstreet, 1973,

Kelly, 1979, Johnson, 1995 and Morado, 2011). Microsporidial infections caused by more than

20 species belonging to 17 genera have been reported from a variety of decapod species
belonging to the family Penaeidae, suborder Dendrobranchiata, as well as four infraorders of the
suborder Pleocyemata, namely, Caridea, Astacidea, Brachiura and Anomura (Canning et al.,

2002, Stentiford et al., 2013b and Stentiford et al., 2014). Microsporidiosis in decapods is often

linked with reduced host fecundity, elevated susceptibility to predators and to other diseases, and

sensitivity to unfavorable environmental conditions (Hutton et al., 1959).

Since June 2012, samples of wild Litopenaeus setiferus (Latin names of penaeids from

this point forward adhere to taxonomy according to Perez Farfante (1997)) from Plaquemines

and Jefferson Parishes (Louisiana (LA), USA) fisheries with clinical signs of microsporidiosis
(white tumour-like growths within and below the carapace) were delivered to the Louisiana
Aguatic Diagnostic Laboratory on four occasions for further examination. The shrimp were
collected by commercial trawlers working in the areas of Bay Jimmy and Barataria Bay. Light
(LM) and electron microscopy (EM) examination indicated the infection was caused by a
microsporidium producing octets of spores in sub-persistent roundish sporophorous vesicles
(SVs). The microsporidium was readily identified as Agmasoma penaei based on morphological
characters, geographical locality, host species and tissue tropism. This species, formerly known

as Thelohania penaei Sprague 1950, was later transferred from the genus Thelohania to a newly
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erected monotypic genus, Agmasoma, by Hazard and Oldacre in 1976 in their revision of the

genus Thelohania (Sprague, 1950 and Hazard and Oldacre, 1975).

Agmasoma penaei has been known to cause “cotton disease” in White Atlantic shrimp, L.

setiferus, since 1920 (Viosca, 1945 and Miglarese and Shealy, 1974). It has been recorded in

eight species of penaeid shrimp (Table 1), and has been shown to adversely affect commercial

shrimp fisheries and shrimp aquaculture worldwide (Sprague and Cough, 1971, Sprague, 1977,

Kelly, 1979, Flegel et al., 1992, Clotilde-Ba and Toguebaye, 1994, Clotilde-Ba and Toguebaye,

2001, Vidal-Martinez et al., 2002, Toubiana et al., 2004 and Laisutisan et al., 2009).

Table 1 Records of occurrence of Agmasoma penaei among penaeid shrimps

Wild/ Technique
Host Locality culture Tissues g Authors
d S
) ) ) Gulf of Mexico Sprague, 1950
Atlantic white shrimp (LA, MI,FL LM, TEM,
Litopenaeus setiferus  ¢qat): type wild gonads SEM, Hazard, Oldacre,
o 1976;
(Type host) locality: around SSUrDNA _
Grand Isle, LA This paper
Pacific white shrimp ; Abdominal -
;I'r:;lland, cultureg  Muscles, LEM. TEM Iz_g(l)s:qutlsam etal.,
L. vannamei ndian Ocean
hepatopancreas
Fenneropeneus S.Atlanticllndi.a wild gonads LM 1971;
indicus n Ocean Sprague, 1977
] Pasharawipas,
Banana shrimp Fen. Thailand, Wild No data LM, Flegel, 1994;
merguensis Indian Ocean cultured SSUrDNA  Pasharawipas et
al., 1994
Pink shrimp Atlantic coast Muscles,
Farfante-penaeus . wild hepatopancreas, LM Kelly, 1979
of S.Florida
duorarum gonads,
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Gonads,

Dink shri W. African hepatopancreas,
INK Shrimp coast of S. wild o M. TEM  Clotilda-Ba,
Ear. notialis Atlantic Heart, intestine, ’ Toguebaye 1994
(Senega') nervous SyS'[em,
muscle; xenomas
W. African
coast of S. cultured  muscles LM Clotilda-Ba,
Atlantic Toguebaye 2001
(Senegal)
Black tiger shrimp _
Penaeus monodon W. coast of . Toubiana et al.,
Madagascar wild No data SEM 2004
Pasharawipas,
Thailand, LM, Flegel, 1994;
Indian Ocean cultured  No data SSUrDNA  Pasharawipas et
al., 1994
Green tiger prawn
. Thailand, . Toubiana et al.,
P. semisulcatus Indian Ocean wild No data SEM 2004

In the Gulf of Mexico, the most severe epizootic of microsporidiosis among white shrimp
L. setiferus due to A. penaei was recorded in 1929. It resulted in an infection prevalence of 90%,
mass mortality, loss of 99% of egg production and an unprofitable fishery industry for several

years (Gunter, 1967 and Muncy, 1984). Except for epizootic peaks, the infection rate of this

parasite in wild populations of white shrimp in the Gulf of Mexico normally does not exceed 1%

(Lightner, 1996). During the last 2 years, the reports of microsporidian infections in areas of the

Gulf of Mexico have increased, particularly in locations adjacent to the Deepwater Horizon oil
spill (J. Hawke, unpublished observations and conversations with local marine biologists and

agents)).
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Three geographical isolates parasitising three different penaeid hosts from different
geographic locations, were examined ultrastructurally. These are: the Louisiana isolate from

Atlantic white shrimp, L. setiferus (Hazard and Oldacre, 1975), the Senegal isolate from the

Southern pink shrimp, Farfantepenaus notialis (Clotilde-Ba and Toguebaye, 1994), and the

Thailand isolate from Pacific white shrimp, Litopenaeus vannamei (Laisutisan et al., 2009). All

three isolates displayed a similar pattern of octosporous sporogony, pyriform shape of spores and
spore ultrastructure with conspicuous anisofilar polar filaments. Prior to this study, data on fine

morphology of the Louisiana isolate was limited to two EM images (Hazard and Oldacre, 1975).

The Senegal and Thailand isolates of A. penaei have been studied more thoroughly, however the
ultrastructure of the organism has not been described sufficiently. Data on pathogenicity, tissue
tropism, transmission and sexuality are scarce and controversial among these three and other
geographical isolates of A. penaei (Table 1). Only one A. penaei isolate parasitising cultured
Fenneropenaeus merguiensis and Penaeus monodon in Thailand has been characterised using
molecular tools and a fragment of its ssSrTDNA sequence is available via GenBank (Pasharawipas

and Flegel, 1994 and Pasharawipas et al., 1994).

The major goal of this paper is to provide morphological and molecular characterisation
of A. penaei from the type host and type locality, which would serve as an important reference
for identification of geographical isolates of this microsporidium. We also comparatively
evaluate the fine morphology of three geographical isolates of A. penaei, assess relatedness of A.
penaei from Louisiana to other microsporidia parasitising decapods using ssrDNA-based
phylogenetic analysis, and present molecular and phylogenetic comparisons of A. penaei genes
for ssTRNA and alpha- and beta-tubulins with other microsporidian orthologues available in

GenBank.
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Materials and methods

Materials

White shrimp, L. setiferus Linnaeus 1767, were caught by commercial trawling in the
Gulf of Mexico in the bays and offshore from Plaquemines and Jefferson Parishes, Louisiana,
USA. An unusually high number of shrimp harbouring macroscopic whitish lesions and tumour-
like growths on the carapaces and abdomens were noticed by shrimpers. Thirty shrimps with
these clinical signs were delivered to the Louisiana Aquatic Diagnostic Laboratory (Louisiana
State University (LSU) School of Veterinary Medicine (SVM), Baton Rouge, LA, USA) from
May 2012 to November 2013. In all of the cases, shrimp were caught alive, kept on ice and
delivered within 6-24 h after being caught. All delivered shrimp were females, with sizes
ranging from 100 to 120 mm for those caught in May, and 130 to 180 mm for those caught later
in the year. The material examined in this study included 18 shrimp; two sampled on 16 May
2012 (case LADL12-047); two on 22 May 2012 (case LADL12-053), eight on 2 October 2012
(case LADL12-113), and six on 11 October 2012 (case LADL12-19). All samples were studied

by LM, but only eight by EM.

Histopathology and analysis of tissue tropism

One to three whole shrimp were injected with 5 ml of Davidson’s fixative, placed in fresh
Davidson’s fixative at approximately 10x their volume for 24 to 48 h and then transferred to

70% ethanol (Bell and Lightner, 1988). Standard histological protocols, based on the procedures

of Luna (1968), were employed by the Louisiana Animal Disease Diagnostic Laboratory,
Histology Laboratory, LSU SVM. Tissues were manually trimmed to a width of 10 mm, placed

in cassettes, processed through an alcohol series and embedded in paraffin in a Tissue Tek VIP 5
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(Sakura Finetek USA Inc., Torrance, CA, USA). Tissues were sectioned at a thickness of 5 pum,
mounted on glass slides and stained with Hematoxylin-Biebrich scarlet solution (Luna stain).
This stain has traditionally been used to stain erythrocytes and eosinophil granules but has

recently been shown to selectively stain for microsporidia-infected tissue (Peterson et al., 2011).

For observation of microsporidia and ultrastructural studies of the infected tissues, the gonads,
hepatopancreas, thoracal and abdominal muscles, subcuticular lesions of the carapace, and
intestines were isolated from dissected shrimp. Smears from these tissues were either examined
directly under a light microscope with phase contrast optics or were fixed by absolute methanol,
stained with Trichrome stain, Calcofluor and Giemsa, as previously described (Sokolova and

Fuxa, 2008), and examined with bright field optics. Smears and sections were examined with a

Zeiss Axioplan microscope equipped with an Olympus DP73 digital camera, or with a Zeiss
Observer Z1 with mosaic tiling function. ImagePro7.0 software was used for spore
measurements. For EM, small pieces of infected tissues were fixed in a mixture of 2%
paraformaldehyde and 1.25% glutaraldehyde in 0.1 M cacodilate buffer supplemented with 5%
sucrose for 2 h, washed several times in the same buffer and post-fixed in 1% osmium for 1 h.
All procedures were performed at room temperature. Samples were then thoroughly washed in
water and dehydrated in ascending ethanol series and propylene oxide, and embedded in Epon—
Avraldite. Blocks were sectioned with Ultratome Leica EM UC7. Thick (0.5-1 um) sections were

stained with the modified Methylene blue stain (Sokolova and Fuxa, 2008), examined and

photographed under a Zeiss Axioplan microscope equipped with an Olympus DP73 digital
camera. Thin (70-80 nm) sections were stained with uranyl acetate and lead citrate, and

examined in a JEOL JEM 1011 microscope with the attached HAMAMATSU ORCA-HR digital
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camera. All reagents for LM were from Sigma—Aldrich (St. Louis, MO, USA), and for EM from

EMS Chemicals (Fort Washington, PA, USA).

Spore purification and DNA isolation

Spores were extracted from heavily infected tissues previously stored at —20 °C. Briefly,
thawed tissues were homogenised using a Teflon pestle in a 15 ml Wheaton tissue grinder,
resuspended in PBS and filtered through cheesecloth to remove larger debris. The resulting spore
suspension was then washed 2-3 times in 15 ml tubes with PBS by 10 min centrifugation at
3,000g (AccuSpin Centrifuge, Fisher Scientific, USA). The final pellet was resuspended in 5 ml
of PBS, placed on 100% Percoll (Sigma—Aldrich) in 15 ml tubes and centrifuged at 600g for
35 min. Following centrifugation, cleaned spores were resuspended in PBS and their purity and
integrity was inspected under a phase contrast microscope using 10-15 ul aliquots of spore
suspension. Finally, spores were transferred to 1.5 ml tubes, washed three additional times in
PBS by centrifugation (3,000g; Eppendorf centrifuge 5415C), and the final pellet was

resuspended in 150 ml of TAE buffer (0.04 M Tris acetate, 0.01 M EDTA).

To release the DNA content from the spores, 150 mg of 0.1 mm glass beads were added
to each tube and shaken with a BulletBlender™24 bead-beater (Next Advance, Inc., Averill
Park, NY, USA) for 1 min at the maximum speed. The tube was then immediately placed onto a
hot plate at 95 °C for 3-5 min, after which it was placed on ice. Suspension was checked again
under the phase contrast optics for ruptured spores and used directly or diluted 10 or 100 times as

a DNA template for PCR amplification (\Vossbrinck et al., 2004).
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PCR and sequencing procedures, and draft genome assembly as a source of tubulin sequences

The ssrRNA sequence from the Louisiana isolate of A. penaei (A. penaei—-LA) was
amplified using a PCR procedure with 1-3 pl of ruptured spore suspension as a DNA template,
the OneTag® Quick-load® master mix (New England Biolabs, Inc., Ipswich, MA, USA), and
the following primers: 18f (5'-CAC CAG GTT GAT TCT GCC TGA C-3') and 1492r (5'-GGT

TAC CTT GTT ACG ACT T-3") (Vossbrinck et al., 2004). Each PCR cycle included an initial

denaturation step at 95 °C for 5 min, followed by 35 cycles with a denaturation at 95 °C for 30 s,
annealing at 45 °C for 60 s and elongation at 72° for 120 s, with a final extension at 72 °C for

10 min. Amplicons were loaded onto a 2% agarose gel and bands of the expected size (1,200 bp)
were excised and purified using a QIAquick Gel Extraction Kit (QIAGEN, Germantown, MD,
USA). The purified PCR band was sequenced with the Applied BioSystems BigDye Terminator
technology (version 3.1) and the resulting chromatogram was obtained using a Beckman Coulter
Seq 8000 DNA. The primers for sequencing were V1, 530r (5'-CCG CGG C(T/G)G CTG GCA
C-3"), 530f (5-GTG CCA GC (G/A) GCC GCG G), 1061f (5'-GGT GGT GCA TGG CCG-3"),

and 1492r (\Vossbrinck et al., 2004). These primers produced overlapping sequences that were

assembled with ChromasPro. 1.34 software

(http://www.technelysium.com.au/ChromasPro.html). Direct PCR amplification and sequencing

were performed at least twice for each DNA sample from a total of four samples from four
shrimp, collected at different dates. Consensus sequence of the A. penaei small subunit was

deposited in GenBank under accession number KF549987.

The amino acid sequences of the alpha- and beta-tubulins of A. penaei—-LA were obtained

from an ongoing genome sequencing project of this isolate and were deposited in GenBank
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under the accession number PRINA206557. Preliminary genome assembly was obtained by
subjecting DNA isolated from clean spores of A. penaei to Illumina MiSeq with 250 bp paired
ends; a procedure that produced 12,855,013 pairs of reads. Paired-end reads were later assembled
with MIRA v3.9.18 and the assembly was mined locally for genes encoding a- and -tubulins

using tBLASTX and tBLASTnN (Altschul and Koonin, 1998). This search retrieved one single

orthologue of each gene. The sequences were deposited in GenBank under accession numbers

KJ579182 (alpha-tubulin) and KJ579183 (beta-tubulin).

Phylogenetic analysis

For the ssTRNA phylogeny, 50 sequences were retrieved from GenBank. The selected
sequences included the closest matches in a BLAST search and other sequences of microsporidia
that infect crustaceans and fish (Table 2). In addition, the sequences of microsporidia for which
alpha- and beta-tubulin genes were available were added to the datasets for consistent
comparison of topologies of the ssTRNA- and tubulin genes-inferred trees. One of the important
goals we pursued in reconstructing ssrDNA-based phylogeny was to discover how the novel
species is related to other microsporidia parasitising decapods, including the Thailand isolate of
A. penaei (A. penaei—Thai). To address this issue and given that eight of 15 ssrDNA sequences
of decapod microsporidia available in GenBank covered only 720-900 bp of the query sequence
(the one of A. penaei—-LA), the first alignment we created contained 27 sequences, each 720 bp
long, trimmed at the 5’ end at the position 395 to match the shortest sequence in the set, that of A.
penaei-Thai (DQ342240). The sequence of Enterospora canceri (HE584634) was excluded
from the final analysis because it overlapped with the aligned region of the gene by only 279 bp.

The second dataset contained 42 1232 bp long sequences corresponding to the length of the
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shortest in this series Mrazekia macrocyclopis sequence (FJ914315). The sequences of both sets

were aligned with Muscle (MEGA 5.05), with default parameters (Edgar, 2004). The first and

second datasets resulted in 559 and 941 informative positions, respectively. Pairwise genetic

distances were calculated by the Kimura-2 parameter method with a gamma distribution of 1

(Tamura et al., 2011). The alignments were subjected to phylogenetic reconstructions by

maximum likelihood (ML) (MEGA 5.05, (Tamura et al., 2011) and Bayesian algorithms

(MrBayes 3.2, (Ronquist et al., 2012)). ML phylogenetic analyses were conducted by PHYML

using a GTR-y model of nucleotide substitution (Nei and Kumar, 2000) as suggested by

Modeltest, with1000 bootstrap replications. Bayesian inference was performed using the GTR

model with five discrete gamma substitution categories, as well as a proportion of invariable

sites. Analysis was performed with a sampling frequency of 250 with four parallel chains and

default priors. Paranosema grylli (Microsporidia) and Rozella allomycis (Cryptomycota (James

et al., 2013 or Rozellomicota (Corsaro et al., 2014)) were used as outgroups for phylogenetic

reconstructions using, respectively, the first and second datasets.

Table 2. Microsporidia from crustaceans and fish included in SSUrDNA-inferred phylogenetic

analyses
. Recorded Env . . GenBank
Species Host Distribution . Tissue tropism Assi
Litopenaeus setiferus ;
Agn_1asoma penaei Atlantlg, Gulf MB  gonads KF549987
LA isolate Decapoda, Peneidae of Mexico
Agmasoma penaei  Litopenaeus vannamei Pacific, MB  muscles, DQ342240
Thailand isolate Decapoda, Peneidae Thailand coast hepatopancreas
Callinectes sapidus ; MB
Amezon michaelis Atlantlt.:, Gulf hepatopancreas, L 15741
Decapoda, Portunidae of Mexico hemocytes, muscles
Amezon pulvis Carcinus maenas, Q;[;Z?UC , GB M muscles KC465966
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Decapoda, Portunidae

Anostrgoospora Arteml_a spp. Anostraca, Fran(?e, S intestine IX915758
rigaudi Artemidae Ukraine
Desmozoon Lepeophtheirus salmonis _ hypodermis
. Worldwide M L HM800847
lepeophtherii Copepoda, Caligidae connective tissues
Artemia spp. intestine
Enter(_)cytospora FSAi France, s IX915760
artemiae Anostraca, Artemidae Srae
Penaeus monodon M Hepatopancreas,
E”terocytozo_on Pacific FJ496356
epatopenael Decapoda, Peneidae intestine
Cancer pagarus ; M Hepatopancreas
Entero_spora Atlantic, GB HE584634
cancer Decapoda, Canceridae coast intestine
Fascilispora Leoeophtherius salmonis Pacific, British hypodermis,
o . M R HM800849
margolisi Copepoda, Caligidae Columbia connective tissues
Danio rerio, F ;
Glugea anomala worldwide ?]/an(zjus, . AF044391
Actinopterygii, Cyprinidae ypodrmis, gut
- - Dapnia pulex England F Fat body,
Haml!tosporldlum hypodermis, AJ302318
magnivora Cladocera, Daphniidae W. Europe ovaries
- - Dapnia pulex F fat body,
:/Z(Trlr:?r?r?é)r:;?slum - N. Europe hypodermis, GQ843833
Cladocera, Daphniidae ovaries
Eriocheir sinensis FB
nga:]o§pora Thames hepatopancreas HES584635
eriocheir Decapoda, Varumidae estuary
; Anguilla japonica
Heterﬂsporls East ChinaSea FM  muscles AF387331
angurifarum Actinopterygii, Anguilidae
Dapnia magna F Fat body,
Larssonia obtusa N. Europe hypodermis, AF394527
Cladocera, Daphniidae ovaries
Microsporidium Artemia franciscana
USA S no data JX839890
sp. 3 Anostraca, Artemidae
; e Dapnia pulex,
Microsporidium sp. worldwide F fatbody AF304528

_daphnia

Cladocera, Daphniidae
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Microsporidium sp.

Metapenaeus joineri

Pacific, Japan

M muscles AJ295328
_metapenaeus Decapoda, Peneidae coast
i Macrocyclops albidus
Mrazek'al . Europe F fatbody F1914315
Macrocyclopis Copepoda, Cyclopidae
Metanephros challenger M
Myospor: S. Pacific, NZ muscles HM140497
metanephrops Decapoda,Nephropidae
Metacarcinus magister M
Nadelspora canceri Atlantic muscles AY958070
Decapoda, Canceridae
Oncorhynchus tshawytscha
N‘:C'eo‘?’pora Atlantic MF  kidney U78176
salmonis Actinopterygii, Salmonidae
Litopenaeus setiferus ; MB
Perezia nelsoni** A}tlantl(_:, Gulf muscles AJ252959
Decapoda, Peneidae of Mexico
Lophius spp.
Spraguea lophii worldwide M nervous system AF033197
Actinopterygii, Lophiidae
. . Pandalus jordani, Pacific, M
Thelohania butleri Decapoda, Caridea Canada, coast muscles DQ417114
_ Austropotamobius pallipes,
Thelohania Pacifastacus leniusculus Eurape F muscles AM261747
contejeani
Decapoda, Astacidae
; Cherax destructor
Thelo_hg nlla Australia F uscles AY183664
montirivulorum Decapoda, Parastacidae
; ; Caridina formosae
Triwangia Taiwan F  Hepatopancreas, Q268567
caridinae Decapoda, Carididae intestibe, gills
i Penaeus aztecus i
Tu;etla . Atlantlg, Gulf MB  muscles AJ252958
weidneri**** Decapoda, Peneidae of Mexico
Outgroup: Gryllus bimaculatus
Eurasia T fat body AY305325

Paranosema grylli

Orthoptera, Gryllidae

*Environment: M— marine; F — fresh water; B — brackish waters; S —salt lakes; T — tererstrian
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**=Pleistophora sp. LS; **** =Pleistophora sp. (PA) (Cheney et al., 2000); ***=Microsporidia sp. CHW-
2012 in GenBank

Agmasoma penaei tubulin gene sequences were retrieved from a draft genome assembly
of this species and used for phylogenetic reconstruction using 24 available sequences from other
microsporidian species and from R.allomycis. Retrieved sequences were aligned using MUSCLE
(Edgar, 2004), and concatenated to produce a supermatrix of 777 amino acids in length. ML
analysis was performed using PHYML with the LG + G + | model as suggested by ProtTest

(Darriba et al., 2011) with 1,000 bootstraps replicates. In parallel, Bayesian analyses were

performed using PhyloBayes (Lartillot et al., 2009)

(http://www.phylo.org/tools/pb_mpiManuall.4.pdf), with the CAT equilibrium frequency

profile, the LG model and four discrete gamma categories, with two chains running until the

maxdiff parameter dropped below 0.1, which is indicative of a good run.

Results

Gross pathology, tissue tropism and light microscopy

The external clinical signs of infection were as follows: (i) cyst-like or small tumour-like
masses located beneath the chitinous cuticle of the carapace (Fig. 1A); (ii) shapeless masses of
tissues located centrally inside the carapace (Fig. 1B); (iii) a narrow elongated formation in the
shape of a cord extending dorsally along the abdomen from the carapace to the last segment (not
shown). All of these formations were white, contrasted well against surrounding tissues and were
clearly visible though the translucent cuticle. Microscopic examination of the white masses
revealed mature spores that completely displaced the host tissue and obscured the nature of the

type of parasitised tissue. Examination of paraffin Luna-stained sections and Epon—-Araldite-
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embedded Methylene blue-stained sections proved that the infection was limited mainly to
hypertrophied gonads (Fig. 1C, D, F). The dorsal cord was in fact the abdominal lobe of the
ovaries. Sub-cuticular “cysts” and small tumour-like formations (Fig. 1A, B, Ea—c) were readily
liberated from infection sites (Fig. 1Eb). The tumour-like growths measured 100-500 pum and
were filled with numerous octets of mature spores enclosed in thin, fragile, easily disrupted
envelopes. Cysts were covered with several layers of flattened haemocytes (Fig. 1Ec). Muscle,
gut epithelium and hepatopancreas were free of parasites, as suggested by examination of

paraffin-embedded Luna stained sections (Fig. 1C, D).
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Fig.1 Agmasoma penaei: gross pathology and tissue tropism

a. Subcuticular cyst-like or small tumor-like masses (arrows) visible through transparent chitinous cuticle.
b. Hypertrophied masses of microsporidium-infected ovarian tissue inside the carapace. ¢, d. Paraffin
sections through carapace stained with Luna stain. Tissues infected with microsporidia, ovaries (Ov) and
subcuticular spore masses (arrow) are stained pink. ¢’ demonstrates a region of infected ovaries at higher
magnification: tissue is filled with spores. Muscles (Mus) and hepatopancreas (Hep) are not infected. e.
600 nm-thick section of Epon-Araldite-embedded infected ovary, stained with Methylene Blue. Original
tissue is completely substituted by microsporidian spores and pre-spore stages (asterisks). f Thick section
through subcuticular cysts (C). Cysts are enclosed in thin envelopes (arrow) and covered with several
layers of flattened haemocytes (asterisk). f. A periphery of the cyst. f. A cyst liberated from infected
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shrimp, live preparation. a, b, bar 1cm; ¢, bar 500 um; d, bar 250 um; e, bar 10um; f, bar 50um; Figs.
c’,f’, bar 5um; 7, bar 100pum. Figs c-f, bright field microscopy.

Examination of fresh smears from infected tissues by dark field and phase contrast
microscopy revealed numerous spores. Some spores were enclosed in SVs in sets of eight (Fig.
2A, B), while others were released from fragile SVs as individual spores. Live SVs measured
8.7+0.10 x 7.1 £0.11 um (n = 70), and ranged from 7.0-10.49 x 5.5-9.40 um. Methanol-fixed
and Trichrome- (Fig. 2C) or Giemsa-stained (Fig. 2D) SVs measured 8.7 £ 0.14 x 7.1 £ 0.11 um
(n = 40), and ranged from 7.1-10.8 x 5.6-8.8 um. The membranes of mature SVs were easily
disrupted upon spore maturation and/or physical pressure. For example, even delicate
homogenisation of the infected tissue in a grinder caused splitting of octets into individual
spores. Live spores were 3.5 £ 0.00 x 2.0 £ 0.02 um (n = 102), ranging from 2.7-4.2 x 1.5-

2.7 um; methanol-fixed were — 3.3 £ 0.04 x 2.0 £ 0.03 um (n = 78), ranging from 2.7-4.5 x 1.4—
2.8 um. In addition to SVs and free spores, roundish pre-spore stages of approximately the same
sizes as SVs (Fig. 2A), and macrospores (5.8 £ 0.16 x 2.8 £ 0.01 um (n = 10), ranging from 4.7—
7.00 x 2.5-3.13 um) were occasionally observed. Spores in methanol-fixed smears stained red
with Trichrome. The internal matrices of immature SVs on Trichrome-stained smears were
intensively stained with a counterstain Evans Blue, suggesting the presence of an organic matrix
inside each vesicle (Fig. 2C). Staining with Giemsa revealed the following stages: stages with
paired nuclei (Fig. 2Da), stages with a single nucleus (Fig. 2Db, Dc), and cells with two to eight
nuclei, some in the process of division (Fig. 2Dc-Dg). Sporonts split into individual sporoblasts
at the eight-nucleate stage within the pansporoblast membrane (which upon spore maturation
became a SV membrane) (Fig. 2Dg, Dh). Normally each SV contained eight spores (Fig. 2Ea),

but SVs with four, two or one “macrospores” were not uncommon (Fig. 2Eb, Ec) probably due
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to teratogenic sporogony. Spores, especially those liberated from subcuticular cysts, readily fired
on smears (Fig. 2G). The length of a polar tube was approximately 40 pm. Staining with
Calcofluor allowed us to distinguish between mature and immature spores: the future chitinous
wall of immature spores was not completely formed and did not bind Calcofluor stain, while
spore walls of mature spores exhibited bright fluorescence (Fig. 2Fa,b). Spores within SVs
contained a single round or slightly elongated nucleus, clearly visible on DAPI- or Giemsa-

stained smears (Fig. 2Ea, Fa,b).
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Fig.2 A. penaei: light microscopy: spores and stages on smears

a. Fresh smears from infected tissues under dark field optics. Octets of spores (black arrows), free spores
liberated from sporophorous vesicles (SVs) (white arrows), and round sporonts (black arrowhead) are in
the view. b. Two SVs at higher magnification, each containing eight pyriform spores. A round
depression inside a spore (white thin arrow) corresponds to the posterior vacuole. ¢. SVs and a
macrospore (asterisk) on a methanol-fixed and Trichrome-stained smear: chitin component of spore walls
is stained red, SV internal matrix - blue. d,e. Stages of the microsporidium lifecycle on methanol-fixed
smears stained with Giemsa. d1, a stage with paired nuclei; d2, a stage with a single nucleus, presumably
the product of merging of diplokaryon counterparts; d3, spores (S) and sporonts (SP) with 1 — 5 nuclei;
arrow points to stages with a dividing nucleus. d4, a stage with the nucleus in the process of division; d5,
4-nucleate sporont; d6,d7, eight-nucleate sporonts splitting into 8 sporoblast; d8, immature SVs with
sporoblasts, surrounded by more intensively stained mature spores, that had liberated from SVs; el, arrow
points to SV with eight mature spores; e2, SV with 4 teratogenous macrospores; €3, SV with only one
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teratogenous macrospore. f. Gimsa-stained smear showing bi- and multi-nucleate sporonts (arrowheads),
and sporophorous vesicles with mature spores. Extruded polar tubes are arrowed. g. A smear double-
stained with Calcofluor and DAPI (left image, fluorescent microscopy; right image, bright field).
Calcofluor stains exclusively mature spores with formed chitinous wall (arrowheads). SVs with
immature spores are indicated by arrows. An immature macrospore is marked by an asterisk. a, c, f, g,
bar 1 pum; b, d, e, bar 5um

Scanning electron microscopy (SEM)

Masses of SVs were visible in SEM samples of infected tissues. SVs appeared as sacs
with eight spores inside or as “elastic” SV envelopes tightly enclosing spores (Fig. 3). Some SVs
were broken and split in half, exhibiting an internal carcass which isolated spores from each
other (Fig. 3A). Spores liberated from SVs were pyriform with relatively smooth surfaces (Fig.
3B). Fine tubules derived from the surface of some SVs and occasionally the tubules were

associated with accumulation of filamentous material (Fig. 3C).

Fig. 3 A. penaei : scanning electron microscopy

a. Infected tissue is seen as a mass of sporophorous vesicles (SV) and free spores (S) liberated from SVs.
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b. Some SVs are broken and exhibit internal carcass, which isolates spores from each other within a SV
(black arrows). c. “Elastic” SVs’ envelopes tightly enclose the spores inside. Fine tubules derive from the
surface of some SVs (white arrows). Accumultions of filamentous material

Transmission electron microscopy (TEM)

The earliest stages observed in TEM were diplokaryotic meronts (Fig. 4A). Meronts
divided by binary fission; cells with two diplokaryons and diplokaryons in the process of
division were not uncommon (Fig. 4Ba). Diplokaryotic meronts were often seen in chains, their
nuclei exhibiting tight contact between two nucleus counterparts. Numerous vesicles and
vacuoles, some of which derived from the enlarged regions of perinuclear space, were scattered
over their cytoplasm (Fig. 4A, Ba). A meront was surrounded by a single electron-dense
membrane of approximately 16 (13—19) nm thick. The integrity of the envelope was occasionally
interrupted by electron-dense structures resembling pores, associated with tubular-like structures
presumably excreted by meronts in the surrounding host cytoplasm (Fig. 4Ba,b). After a series of
divisions, dikaryotic cells underwent transformation; their cytoplasm became denser and
electron-dense structures appeared in the nuclei and surrounding cytoplasm. These structures
often accumulated at the cell periphery in the vicinity of the cell membrane (Fig. 4Ca). The
contact between nucleus counterparts became looser and four distinct membranes could be
distinguished in the zone of contact (Fig. 4Ca, Cb). These changes indicated approaching
karyogamy and meiosis. At the next stage of the life cycle, which can be designated as a sporont
(or the mother cell of sporoblasts), synaptonemal complexes became visible in the nucleoplasm,
indicating initiation of meiosis (Fig. 4Da, Db). The contact between diplokaryon counterparts
was barely detectable (Fig. 4Da). The most characteristic feature of this stage was an abundance
of membrane profiles, cisternae, vacuoles and membrane whorls inside the cytoplasm. Some

cisternae contained strips of electron-dense material (Fig. 4Da). While sporont mother cells were
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undergoing meiosis, an additional layer split off the sporont envelope extracellularly,
corresponding to the envelope of a future SV (Fig. 4Ea, Eb). The space between two envelopes
(episporontal space) ultimately expanded and was filled with homogenous secreted material
composed of fine granules (Fig. 5Aa, B). The electron-transparent cells surrounded by halos of
dense secretions, deposited inside episporontal spaces (Fig. 5Aa), were the second most
abundant stage in sections through infected tissues, after SV's with mature spores. The clumps of
tubular material resulting from meront secretion (Fig. 4Bb) were consistently observed adjacent
to SV envelopes (Fig. 5Aa). Sporont envelopes looked uneven due to deposits of electron-dense
material (Fig. 5Aa,b). Each sporont contained a large centrally located nucleus. The presence of
spindle plaques and kinetochore-like structures (Fig. 5Aa,c) suggested some cells were in the
process of nuclear division. At the next stage, referred to as a multinucleate sporont, at least two
peripherally-located nuclei could be observed inside the parasite cells (Fig. 5B). The envelopes
around sporonts became continuous and thicker (39—47 pm thick). Simultaneously, electron-
dense inclusions appeared within SV lumens (Fig. 5B). In the cell cytoplasm, the strips of
electron-dense material deposited inside membrane cisternae became more numerous. Roundish
vacuoles with an electron-dense core and whorls of membranes were typical components of
sporonts at this stage (Fig. 5B). Multinucleate sporonts eventually split into eight sporoblasts
(Fig. 5E, F), and transitional cells of irregular shape were occasionally seen in sections through
infected ovaries (Fig. 5C, D, F). Nuclei with adjacent cytoplasm were isolated from each other
by the cisternae with strips of electron-dense material and invaginations of the sporont envelope.
SVs containing sporoblasts were filled with material similar in consistency and thickness to the
sporoblast walls (Fig. 5E). Sporoblasts were uninucleate and demonstrated vacuolated cytoplasm

with numerous membrane cisternae and vesicles, among which a large container, presumably
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with the precursor of the anchoring disk, could be distinguished. Sporoblasts were enclosed in
35-45 nm thick envelopes (Fig. 6A, B). Mature spores resided in SVs, each limited by a thin

membrane. The tubular electron-dense secretion was not observed in SVs with mature spores

(Fig. 6D).

Fig. 4 A. penaei: transmission electron microscopy: merogony

a,b Eraly diplokaryotic meronts. a, After completing the cytokinesis cells are keeping together in chains;
b, a meront with two not yet dissociated diplokaria (DK). Arrow points to a spindle plaque. Enlarged
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regions of perinuclear space are indicated by asterisks. Tubular-like structures (insert b-i) are released
into host cytoplasm through electron dense structures resembling pores (arrowheads). V, vacuoles
derived from perinuclear space. c. Late diplokaryotic meronts with denser cytoplasm and characteristic
electron-dense structures scattered through nucleoplasm (white arrows) and cytoplasm (black arrows). At
this stage all four membranes can be distinguished in the zone of contact of DK counterparts (insert c-i).
Asterisks indicate tubular material secreted at the earlier stage. d. The meront-sporont transitional stage is
undergoing meiosis marked by synaptonemal complexes in the nucleoplasm (insert d-i). The zone of
contact between nuclei of the former diplokaryon (arrowhead) can be hardly seen. Numerous membrane
profiles (asterisks) appear in the cytoplasm. Some of them contain stripes of electron dense material
(arrow). e. An additional membrane corresponding to the wall of a future sporophorous vesicle, appears
outside the sporont envelope at the transitional meront-sporont stage (arrows, insert e-i). N, nucleus with
synaptonemal complexes. ¢,d,e,b-i, e-i, bar 500 nm; c-i, d-i, bar 250 nm.
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Fig. 5. A. penaei: transmission electron microscopy: sporogony

a. Section through sporonts residing in sporophorous vesicles (SV) filled with dense homogenous
material (black asterisks). Sporont membrane is thickened with deposits of electron dense material
(arrowhead, insert a-i). Clumps of tubular material in the host cytoplasm adjacent to SV envelopes
are indicated by white asterisks. Each sporont contains a large centrally located nucleus (N).
Presence of spindle plaques (insert a-ii, arrows) and kinetochore-like structures (insert a-ii,
arrowheads) suggest the cell is undergoing nuclear division. b,c. Multinucleate sporonts with at
least two periphery-located nuclei (N) in the view. Continuous electron-dense envelope of the sporont
exhibits curvatures (b, white arrows). SVs are limited by thin membrane (white arrowheads). Among
fine granular material filling SV lumen, inclusions of higher electron density appear (black arrows).
Stripes of electron-dense material are deposited inside membrane cisternae (black arrowheads).
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Roundish vacuoles with electron dense core (black asterisk) and whorls of membranes (white
asterisk) are typical cell components at this stage. d. Multinucleate sporont in the process of splitting
into sporoblasts: nuclei with adjacent cytoplasm are getting segregated by invaginations of the
sporont envelope (white arrows) and the stripes of electron-dense material (black arrowheads). White
arrowheads indicate SV membrane, a white asterisk — a conglomerate of tubular secretion material,
still abundant in host cells in vicinity of parasites. e. SV containing two sporoblasts (Spb), is filled
with contours of material (arrows) similar in consistency and thickness to the envelope of the mother
sporont cell. f. Section through infected tissue demonstrates SVs enclosing parasites at different
stages of sporogony: SV1 — multinucleate sporonts (Sp), SV2 - sporoblats (Spb), SV3 — spores (S).
a, f, bar 2um; a-i, bar 1um; b, c, d, e, f, bar 500nm.

Fig. 6 A. penaei: transmission electron microscopy: sporoblasts and spores
a, b. SVs with sporoblasts (Spb) are limited by a fine membrane (white arrows). CV lumen (asterisk) is
filled with fine granular material and occasional electron dense inclusions. N, sporont nucleus. Arrows
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point to vacuoles with ancoring disk precursors. ¢. SV with mature spore (arrowheads point to the SV
membrane). SV lumen (asterisk) does not contain electron dense inclusions. N — spore nucleus; PV,
posterior vacuole; S, spores. d. A macrospore (teratospore), is approximately twice as big as a regular
spore (compare to Fig. 6¢). It contains several nuclei (N) and chaotically distributed polar filament coils.
e-g. Details of the spore ultrastructure. AD, anchoring disc; En, endospore; Ex, exospore; N, nucleus; PF,
polar filament; PFa, anterior polar filament coils; PFp, posterior polar filament coils; Pp1, lamellar
polaroplast; Pp2, vesicular polaroplast; PV, posterior vacuole. Arrows point to the polar sac. a-g, bar 500
nm.

Spores (Fig. 6D) on thin sections averaged 2.4 x 1.2 um (2.1-2.6 x 1.0-1.4).
Macrospores were approximately twice that size (3.6 x 2.5 um). Their atypical internal structure,
including several nuclei and chaotic distribution of polar filament coils (Fig. 6C), suggested
those were teratogenic non-viable products of abnormal sporogony. Regular spores had an
electron-translucent endospore that was 100-120 nm thick (except for the anterior end), and a
three-layered exospore which was approximately 30-50 nm thick. Polar filaments were
anisofilar, with two or three anterior coils of larger diameter (141 nm in average, range 122—

166 nm) and from four to six posterior coils (87 nm in average, range 59-101 nm). Larger coils
demonstrated a multilayered structure in cross sections (Fig. 6E-G). The prominent posterior
vacuole was up to 949 nm in diameter (725 nm on average) and was limited by a membrane. The
internal structure was poorly preserved (Fig. 6D-F), but remains of tubular secretion were visible
in some sections (Fig. 6F), suggesting it was in fact a posterosome. A single nucleus was
centrally located and measured 516703 nm in diameter (595 nm on average) (Fig. 6D, E). The
polaroplast was composed of two parts: the external (lamellar) part of tightly packed membranes,
and internal vesicular region built of vesicle-like loosely arranged membrane profiles (Fig. 6G).
A mushroom-shaped polar disc formed a continuum with the anterior part of the polar filament

(Fig. 6E). A polar sac embraced the external part of the polaroplast.
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Phylogenetic relationship of A. penaei—-LA with other microsporidia based on ssrRNA

The recovered 1271 nucleotide sequence of ssTDNA of A. penaei—LA shared significant
similarities with many orthologues deposited in gene databases and particularly with a 720 bp
long sequence from A. penaei Thai (DQ342240). The pairwise divergence value (“evolutionary
distance”) between two geographical isolates of A. penaei was 0.066, as suggested by pairwise
distance analyses of the alignment of 27 x 720 nucleotide long sequences (Table 3). Alignment
of ssrDNA sequences of Thailand and Louisiana A. penaei isolates revealed several mismatches,
including a 4 bp repeat that appears to be specific to the Thailand isolate (Fig. 7). The genetic
similarity of the Agmasoma isolates was closest to Enterocytozoon hepatopenaei (value of
sequence divergence, 0.278) and Hepatospora eriocheir (0.282), the parasites of decapods, M.
macrocyclopis (0.276) and Desmozoon lepeophtherii (0.284), microsporidia infecting free-living
and parasitic copepods, respectively, Microsporidium sp. from cladocerans of the genus Daphnia
(0.257) and Nucleospora salmonis (0.281) from fish. Other sequences in this alignment,
including those belonging to microsporidia from decapods and penaeid shrimps, exhibited only
0.383-0.535 of ssrDNA sequence divergence with the A. penaei—LA sequence. The most
divergent sequence (0.535) in this series was the one of Ameson michaelis, the microsporidium
infecting blue crabs, Callinectes sapidus, which shares habitat with L. setiferus in the Gulf of
Mexico. On the phylogenetic tree (Fig. 8), most sequences of microsporidia from decapod
crustaceans split among two major well-supported lineages. Only Areospora rohanae clustered
with the Hamiltosporidium branch, although with extremely low support, leaving the position of
this species unresolved. Most decapod taxa appeared to belong to the lineage which also

included microsporidia infecting fish (Sparguea lophii, Glugea anomala and Heterosporis
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anguillarum), as well as Facilispora margolisi, a copepod hyperparasite of sea lice

Lepeophtherius salmonis (Jones et al., 2012).

Table 3.
Evolutionary distances between ssrDNA sequences of various taxa.

Hamiltosporid Gluge Louisia Nose Desmozoo Ameso
Microsporidi ium Trachipleistop Encephalitoz  a n n

. . . . ma .
aspecies tvaerminnensi hora hominis oon hellem anoma . . . lepeophth michae
s lp 'solate® apis erii lis

Hamiltospori
dium 0.004
magnivora

Vavraia 0.038
culicis
Encephalitozo

0.050
on romaleae

Heterosporis

. 0.055
anguillarum

Thailand

. 0.066
isolate?

Nosema
ceranae

0.069

Nucleospora

. 0.078
salmonis

Ameson pulvis 0.095

Bold value indicates the difference between two geographical isolates of Agmasoma penaei.

& An isolate of Agmasoma penaei.
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Fig. 7. Alignment of SSU-rDNA sequences from the Thailand and Louisiana isolates of

Agmasoma penaei.

A total of 694 identical sites out of the total 729 sites show a similarity of 95.2%, with basepairs in

divergent sites highlighted in light pink for purines and dark blue for pyrimidines. A short tandem repeat
of 4 basepairs is surrounded by a rounded rectangle, being present twice in the Thailand isolate but only

once in the Louisiana isolate.
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Fig. 8. SSUrDNA-inferred phylogenetic analysis by Maximum Likelihood method.

Areospora rohanae

Consensus tree based on 559 informative positions of twenty seven 720 bp-long microsporidian
sequences. The branches with less that 70% node support are shown as polytomies. Microsporidia
infecting marine and brackish water decapods (underlined) fell in two well supported lineages. The

Agmasoma branch clusters within the lineage 2.

In our phylogenetic reconstructions, A. penaei-LA clustered together with A. penaei-

Thai, within a lineage that included two microsporidia from decapods, E. hepatopenaei and H.
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eriocheir, as well as Microsporidium sp. from Daphnia, the dichotomy D. lepeophtherii—N.
salmonis, and M. macrocyclopis from a free-living copepod Macrocyclops albidus. The latter
taxa clustered with moderate but statistically confident support with the A. penaei branch. The
Thelohania spp., Hamiltosporidium spp. and Larssonia obtusa branches formed separate

lineages.

Bayesian and ML analyses applied to the second alignment of 42 x 1271 bp long
sequences resulted in an identical tree topology (Fig. 9A). The increase in informative characters
and the number of included taxa, as well as elimination of short sequences, did not affect
branching of the remaining taxa (Figs. 8 and 9A), but better resolved the position of A. penaei—
LA. Specifically, the latter appeared as a basal and significantly diverged taxon (Fig. 9A;
Supplementary Table S1), falling within a dichotomy with a cluster of species containing
crustacean microsporidia (M. macrocyclopis and two species from Artemia), as well as human
microsporidium Vittaforma corneae and Endoreticulatus sp. from lepidopterans. The
Agmasoma—-Mrazekia—Endoreticulatus lineage was well supported and emerged as a sister group

to the Nucleospora—Enterocytozoon clade (Fig. 9A).
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B. Alpha-Beta Tubulin Phylogeny
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Fig.9. Microsporidian phylogeny inferred from (A) SSU-rDNA and (B) the
concatenation of the alpha and beta tubulin genes.

Taxa belonging to major microsporidian clades (after Vossbrinck and Debrunner-Vossbrinck, 2005)
are surrounded by rounded rectangles. Genus names belonging to taxa present in both phylogenies are
highlighted in bold. Bootstrap values of Maximum likelihood analyses performed using PhyML (LG +
I+ T'4 model of evolution) are shown first, followed by posterior probabilities of Bayesian analyses
performed with MrBayes (GTR + I + I'4 model of evolution) for the (A) SSU-rDNA phylogeny and
PhyloBayes (CATLG + I + I'4 model of evolution) for the (B) alpha-beta tubulin phylogeny. Black
circles indicate bootstrap values and Bayesian posterior probabilities of 100%. Scale bar corresponds
to 0.2 substitutions per site.

Overall, the resulting tree identified several clades (Fig. 9A) with branching in good

agreement with previously published ssrtDNA-inferred phylogenies (Stentiford et al., 2010,
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Stentiford et al., 2013a, Stentiford et al., 2013b, Jones et al., 2012 and Rode et al., 2013). The

two clades with highest support were the Ameson—Trachipleistaphora—Glugea—Spragiea clade
and the Nosema—Encephalitozoon—Enterocytozoon-Endoreticulatus—Agmasoma clade. The
former clade corresponded to the clade Marinosporidia (Clade 11, microsporidia of saltwater
origin sensu Vossbrinck, Debrunner-VVossbrinck, 2005), and contained all microsporidia from
decapods presented in this analysis, except for A. penaei. The latter was congruent with the clade
Terresporidia (Clade IV, microsporidia of terrestrial origin sensu Vossbrinck, Debrunner-

Vossbrinck, 2005) and included A. penaei.

Phylogenetic relationship of A. penaei-LA with other microsporidia based on alpha- and beta-

tubulin sequences

Phylogenetic reconstructions performed using a concatenation of a- and pB-tubulin
sequences resulted in well-supported nodes (Fig. 9B), with a branching that is in overall

agreement with previous analyses based on the same genes (Lee et al., 2008 and Corradi et al.,

2009). The tubulin phylogeny strongly confirmed the placement of A. penaei within the Clade IV
sensu Vossbrink, Debrunner-Vossbrinck (2005), and highlighted an extreme divergence of the A.

penaei branch.

Taxonomic summary

In this study we provide the taxonomic description of the genus Agmasoma and its type

species A. penaei,, updating that of Hazard and Oldacre (1975).

For the genus Agmasoma Hazard and Oldacre 1975, development includes one sequence

that produces octospores within SVs. Diplokaryotic meronts divide by binary fission.
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Uninucleate sporonts undergo meiosis to produce an eight nucleate stage, in which plasmatomy
occurs via internal budding (multiple division by vacuolation) and gives rise to eight sporoblasts.
The pansporoblast membrane segregates externally from the sporont envelope. Spores have
anisofilar polar filaments. Agmasoma spp. parasitises shrimps of the family Penaeidae

worldwide.

Features of A. penaei (Sprague, 1950) Hazard and Oldacre, 1975

Agmasoma penaei (Sprague, 1950) Hazard and Oldacre, 1975 is a synonym of

Thelohania penaei Sprague 1950 (Sprague, 1950). Merogony and sporogony as described for the

genus. Late multinucleate sporonts are limited by electron-dense envelopes and enclosed in a
pansporoblast membrane; expanded episporontal spaces are filled with dense secretion.
Uninucleate sporoblasts with vacuolated cytoplasm and 35-45 nm thick envelopes reside inside
SVs filled with granular and tubular secretions. Pyriform spores measure 2.7-4.2 x 1.5-3.7 pum;
occasional teratogenic spores (macrospores) measure 4.7—7.00 x 2.5-3.13 pum. A mature spore
displays an anisofilar (2—3 + 4-6 coils) polar tube, bipartite polaroplast and large posterosome. A
spore wall consists of an electron-translucent endospore (100-120 nm) and exospore (30—

50 nm). SVs are subspherical, 7.0-10.49 x 5.5-9.40 um and limited by a thin membrane.
Lumens of SVs are electron-lucent, without tubular secretion. We include the ssrDNA sequence
with the GenBank accession number KF549987 in the diagnosis of this species. The type host is
Litopenaeus setiferus Linnaeus, 1767. The type locality is defined as the Gulf of Mexico,
offshore from Plaguemines and Jefferson Parishes, Louisiana, USA. The site of infection is in
the female gonads and nodules, presumably produced from hypertrophied phagocytes,

overloaded with spores, surrounded by haemocyte layers.
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Type material

As we were unable to identify the location of type material, we designate neotype
material, which includes: (i) neosyntype slides with Trichrome and Giemsa-stained smears from
infected tissues and with Methylene blue-stained thick sections, labelled “Ap-Ls 2012LA” (Nos.
01-22) deposited to the slide collection of the Institute of Plant Protection, St. Petersburg, Russia
(“Dr. Issi’s collection”) and stored in the private collection of Y. Sokolova; (ii) TEM blocks of
Epon-Araldite-embedded ovary tissues of shrimps infected with A. penaei (labelled “casel2-
0537; “casel2-119”) stored in the private collection of Y. Sokolova; (iii) EM images labelled
2012-06-08_Ap-Ls: 001-086 deposited to the database of the Core Microscopy Center of SVM,
LSU, Baton Rouge, LA, USA,; and (iv) frozen purified A. penaei spores and samples of DNA
isolated from these spores, stored in the Core Microscopy Center, SVM LSU, Baton Rouge LA,
USA and in the laboratory of Nicolas Corradi at the Canadian Institute for Advanced Research,

Department of Biology, University of Ottawa, Canada.

Discussion

The Louisiana, Thailand and Senegal isolates of A. penaei demonstrated similar
morphology of spores and stages of intracellular development. All three isolates produce octets
of pyriform mononucleate spores. The anisofilar polar filament with a straight manubrial part
and a coiled region composed of two to three broad anterior and four to six narrow posterior
coils, is a synapomorphy shared by all A. penaei isolates, which differentiates the genus

Agmasoma from other octosporogenic Thelohania-like genera (Hazard and Oldacre, 1975).

Despite structural similarity, the average size and proportions of spores reported for the Senegal

isolate (4.7 x 2.9 um, length-to-width ratio (I/w) = 1.6 (Clotilde-Ba and Toguebaye, 1994)
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differed significantly from the Louisiana (3.7 x 2.1 pm, l/w = 1.8) (herein) and the Thailand

(3.6 x 2.1 um, l/w = 1.7) (Laisutisan et al., 2009) isolates.

The information about ultrastructure of pre-spore stages of the Senegal and especially of
the Thailand isolate is scarce, and only a few features can be compared properly. All three
isolates definitely possess a diplokaryotic stage at the onset of sporogony and share the same
mode of sporont division — i.e. “not by budding, but instead, by a delayed aggregation of
protoplasm after three nuclear divisions to form eight spores” (Hazard and Oldacre, 1975). In all
three A. penaei isolates, segregation of individual sporoblasts occurs within a sporont at the

eight-nucleate stage.

The records on the tissue tropism of A. penaei are extremely inconsistent (Table 1). For
example, the A. penaei—Thai isolate was recorded from abdominal muscles and hepatopancreas
of the Pacific white shrimp L. vannamei, whereas the Senegal isolate infected many tissues
including heart musculature, nervous system and gonads of F. notialis and displayed no tissue
specificity at all. Our data confirm that gonads are the primary site of A. penaei infection in the
type host L. setiferus in the type locality, Louisiana coast of the Gulf of Mexico, as it was stated

in the original description of the microsporidium (Sprague, 1950 and Hazard and Oldacre, 1975).

The subcuticular masses of spores, 10-500 nm in diameter, surrounded by haemocyte layers,
probably result from encapsulation of pieces of infected tissues, a common defense reaction

against foreign material in arthropods. Smaller nodule-like formations could be phagocytes

loaded with spores, similar to giant cells described recently in A. rohanae (Stentiford et al.,
2014). We never observed large “xenoma”-type cysts in muscles, such as those reported in F.

notialis infected with the Senegal isolate of A. penaei (Clotilde-Ba and Toguebaye, 1994).
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Such flexible tissue tropism appears very improbable for one and the same
microsporidium species and may result from misidentification of either the tissues or the parasite
species. Our experience suggests that identification of the tissue of parasite localisation in an
infected shrimp is not easy. The infected gonads are hypertrophied and modified, and spores
contaminate all tissues when isolated from the infected shrimp. We were able to unequivocally

determine the tissues of parasite localisation only in histological sections stained with Luna stain

(Peterson et al., 2011). Moreover, infection of the same shrimp with two or three species of

microsporidia is not unusual (Overstreet, 1973), and some records of multiple tissue tropism

might be attributed to the overlooked double infection. For example, during examination of A.
penaei-infected shrimps for this paper, we found that muscle of two examined animals were co-

infected with Perezia nelsoni (Y. Sokolova and J. Hawke, unpublished observations).

The ssrDNA sequence variations (Fig. 7), as well as the estimated evolutionary distance
between two geographical isolates, suggest that these should rather be considered as separate
species. Indeed, pairwise sequence divergence between the ssrfRNA gene of A. penaei isolated
from infected shrimp in the Gulf of Mexico and an orthologue sequence from the Thailand
isolate was 0.066, which is higher than typically recorded intraspecific differences. Comparable
or lesser divergence was observed between congeners. Divergence between ssTDNA sequences
of A. michaelis and Ameson pulvis or Nadelspora canceri (presumably one dimorphic species

(Stentiford et al., 2013a)) was 0.088, and it was as low as 0.004 between ssrDNA genes of

Hamiltosporidium tvaerminnensis and Hamiltosporidium magnivora. Moreover, evolutionary
distances comparable with those separating two A. penaei isolates were found between
representatives of different genera: 0.055 between G. anomala and H. anguillarum and 0.083

between N. salmonis and D. lepeophtherii (Table 3). In the literature, ss'TDNA sequences of
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microsporidia display pairwise distances among congeners ranging from 0.01-0.04 for

Liebermannia spp. (Sokolova et al., 2009), 0.01-0.09 for Amblyospora spp. (Baker et al., 1998),

0.01-0.05 for Paranosema spp. (Sokolova et al., 2003), 0.01-0.03 for Nosema—Vairimorpha spp.

from Lepidoptera (Baker et al., 1994), and 0.03-0.10 for Encephalitozoon spp. (Lange et al.,

2009).

It should be also mentioned here that molecular (Pasharawipas et al., 1994) and

morphological characterisation (Laisutisan et al., 2009) of the Thailand isolate of A. penaei were

performed 15 years apart using different host species (L. vannamei and P. monodon), so it cannot

be excluded that two different forms (strains or species) had been studied in Thailand.

The Senegal isolate can be differentiated from both Louisiana and Thailand isolates by
spore proportions and the ability to produce xenomas, and probably also represents a separate
species. Until more information regarding the ultrastructure and genomics of these and other
strains isolated worldwide is available, we can only speculate that A. penaei represents a cline of
highly related forms, gradually diversifying within penaeid crustaceans over geographical space

and time.

During the unique sporogony of A. penaei, regions of the cytoplasm surrounding sporont
nuclei are isolated from each other by flattened membrane profiles filled with electron-dense

material produced de novo within the sporont cytoplasm (herein; Clotilde-Ba and Toguebaye,

1994). In addition, the envelope of SVs enclosing spore octets at the end of sporogony originates

from the membranous envelope of the eight-nucleate sporont (herein; Clotilde-Ba and

Toguebaye, 1994). Among microsporidia, a similar type of division, termed multiple division by

vacuolisation or internal budding, has been recorded only for two presumably basal groups of
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microsporidia, metchnikovellids and chytriopsids, as a part of their sac-bound sporogony

(Larsson and Kgie, 2006 and Sokolova et al., 2014). Similar to sac-bound sporonts of

metchnikovellids, A. penaei sporonts contained characteristic roundish vacuoles 200-500 nm in
diameter with electron-dense cores, membrane whorls and other membrane structures (Fig. 5B).
In metchnikovellids, however, the whole sporont envelope transforms into a thick cyst wall,
whereas in Agmasoma only a thin submembrane layer of the sporont plasmalemma becomes a
SV membrane. The rest of the membrane thickens to become the wall of the sporoblast mother
cell (the late sporont), which gives rise to sporoblasts. A significant part of this wall seems to
disintegrate during sporulation; in all three isolates studied ultrastructurally, numerous wall
fragment-like inclusions, observed within SVs with sporoblasts and young spores, disappeared

upon spore maturation (Clotilde-Ba and Toguebaye, 1994 and Laisutisan et al., 2009; herein).

Agmasoma development demonstrates that internal budding is not necessarily coupled with cyst-
bound sporogony and might be more widely distributed among microsporidia than has been

previously thought.

The karyogamy of the diplokaryon counterparts and the presence of synaptonemal
complexes (chromosome bivalents in diakinesis) at the onset of sporogony, indicative of meiosis,
followed by three consecutive divisions to produce an octet of spores, are the basal life-cycle
features of microsporidia, probably inherited from a sexual microsporidian-fungal ancestor (Lee

et al., 2008;James et al., 2013), and later eliminated in more derived microsporidian genera such

as Nosema, Encephalitozoon, Enterocytozoon and others.
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The anisofilar polar filament, with its broad and narrow parts homologous to the

manubrium and manubrial cisternae of metchnikovellids (Sokolova et al., 2013), could also be an

ancestral feature.

Another plesiomorphic feature may be a polyxenous life-cycle (\Vossbrinck and

Debrunner-Vossbrinck, 2005), and the presence of an intermediate host in the life cycle of A.

penaei has been suggested by several authors (see below).

White Atlantic shrimp L. setiferus and other seven host species listed for A. penaei (Table
1) all belong to the family Penaeidae. This family represents the suborder Dendrobranchiata and

occupies the basal position on the phylogenetic tree of Decapoda (Porter et al., 2005). The

second suborder Polyciemata, a sister taxon to Dendrobranchiata, unites seven other groups

(infraorders) of extant decapods (Porter et al., 2005 and De Grave et al., 2009). Among the 17

genera of microsporidia recorded from decapods, representatives of four genera (Tuzetia,
Perezia, Enterocytozoon and Agmasoma) are found in penaeid shrimps. The species of the other
13 genera are distributed among four infraorders: Astacidea (crayfish and lobsters, three genera),
Anomura (hermit and snow crabs, two genera), Caridea (shrimps, three genera), and Brachiura

(crabs, five genera) (Canning et al., 2002, Stentiford et al., 2013b and Stentiford et al., 2014).

High divergence of ssrRNA and tubulin genes of A. penaei and the basal position of A. penaei
within the Endoreticulatus-Vittaforma—Agmasoma lineage may reflect a long eco-evolutionary

history of this species with Penaeidae.

Our phylogenetic analyses using tubulin- and small subunit gene sequences consistently
placed A. penaei in the lineage corresponding to the “Clade 1V of microsporidia of terrestrial

origin” (\Vossbrinck and Debrunner-Vossbrinck, 2005) (Fig. 8 and Fig. 9), together with parasites
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of brine shrimp, cladocerans and free living copepods inhabiting fresh and salt water inland

reservoirs.

The length of the A. penaei branch, as well as the scarcity of taxa on the tubulin tree,
might be responsible for inconsistency in the position of A. penaei within Clade I1V: in small
subunit phylogeny A. penaei clusters with the Vittaforma—Endoreticulatus branch, although with
low statistical support; whilst in alpha- and beta-tubulin phylogeny it clusters with
Enterocytozoon bieneusi. Two microsporidia belonging to distantly related genera, namely
Endoreticulatus sp. Zhenjiang and Nosema bombycis, unexpectedly formed a dichotomy on the

tubulin tree, likely due to an erroneous submission.

Clustering of A. penaei with microsporidia of terrestrial origin parasitising crustaceans
unrelated to penaeids and other groups of hosts also raises ecological considerations. The host of
A. penaei, L. setiferus, plays an exceptional role in the ecology of the Gulf of Mexico coastal
waters, being in the intersection of major food chains. The lifespan of this shrimp contains larval
and early post-larval plankton stages inhabiting river estuaries with low salinity (0.2-10 ppt) and
feeding on algae, insect larvae and small crustaceans, while juveniles and adults are benthic
dwellers migrating far off shore in higher salinity (>35 ppt) sea waters, feeding predominantly on

faecal pellets of fish and invertebrates and becoming, in turn, prey for those (Perez Farfante,

1969 and Muncy, 1984). The life cycle, which includes inhabiting various niches during the life

time, is typical for all extant species of penaeid shrimp and most likely was also characteristic for
their ancestor. Such a lifestyle may have facilitated numerous host switches in the early stages of
Agmasoma evolution, i.e. infection could easily be passed from (to) the shrimp to (from) an

aquatic insect larvae, fresh/brackish water copepod or a fish. As a result, hosts with complicated
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lifestyles and diverse food habits, such as shrimp or crabs, could play a key role in the
diversification of microsporidia, spreading the parasites along diverse food chains among
terrestrial, freshwater and marine hosts, and perhaps establishing some of the contemporary

host—parasite associations.

The routes of transmission and circulation of A. penaei in marine ecosystems remain
completely unknown. Given the observed infection of female gonads, it may be presumed that
light or benign infection could contribute to transovarial (vertical) transmission. However,

infections of gonads observed during this study as well as by previous authors (Overstreet

1973 and Kelly, 1979) were always extremely severe and could lead to complete castrations.

Numerous attempts to per-orally infect shrimp with the microsporidium always failed, and it was

hypothesised and supported by a series of circumstantial evidence (Overstreet

1973 and Johnson, 1995), including application of A. penaei-specific DNA probes (Pasharawipas

and Flegel, 1994), that transmission of A. penaei involves an intermediate host, presumably a

perciform fish. Thus another player, a fish host, might be involved in A. penaei-L. setiferus
interactions, and further studies of this host—parasite system could bring new insights in
uncovering complex ecological bonds within a vulnerable Gulf of Mexico biota, vital for

sustainable shrimp fishery.

The present study also paves the way for future studies based on whole genome analyses,
using A. penaei as a model. Indeed, this species produces a large amount of spores that are easy
to collect and clean, and is thus highly amenable to DNA extraction and next generation
sequencing procedures. To this end, genome sequencing of this species is presently ongoing and

we hope this will result in outstanding insights into mechanisms and tools that A. penaei uses to
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infect the White Atlantic shrimp. Moreover, this genome sequencing effort may unravel the
presence of many genes that may have resulted from a long-term co-evolution between those
species including horizontal gene transfers, and those involved in the dialogue between A.

penaeia and the shrimp (i.e. effectors and other secreted genes; reviewed in Corradi and Selman,

2013).
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Abstract

Microsporidian genomes are the leading models to understand the streamlining in response to a
pathogenic lifestyle; they are gene-poor and often possess small genomes. In this study, we show a feature
of microsporidian genomes that contrasts this pattern of genome reduction. Specifically, genome
investigations targeted at Anncaliia algerae, a human pathogen with a genome size of 23 Mb, revealed the
presence of a hitherto undetected diversity in transposable elements (TESs). A total of 240 TE families per
genome were identified, exceeding that found in many free-living fungi, and searches of microsporidian
species revealed that these mobile elements represent a significant portion of their coding repertoire.
Their phylogenetic analysis revealed that many cases of ancestry involve recent and bidirectional
horizontal transfers with metazoans. The abundance and horizontal transfer origin of microsporidian TEs
highlight a novel dimension of genome evolution in these intracellular pathogens, demonstrating that

factors beyond reduction are at play in their diversification.
Keywords

Microsporidia, transposable elements, diversity, genome evolution, horizontal transfers.

Introduction

Microsporidia are a group of obligate intracellular parasites composed of over 1,500

species and over 187 genera (Vavra and Lukes 2013), which have been recently associated with

a phylum closely related to the fungal kingdom, the Cryptomycota (James et al. 2013). These

organisms are ubiquitous and able to infect potentially all animal phyla, particularly insects but
also humans, so these parasites are considered both medically and ecologically relevant (Vavra

and Lukes 2013). Obligate intracellular lifestyle in microsporidia resulted in severe reduction of
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their genomes and cells complexity, which, for example, now lacks conventional mitochondria

and Golgi apparatus (Didier et al. 2009; Vavra and Lukes 2013). Microsporidian genomes

sequenced to date encode few known protein coding genes compared with other eukaryotes, so
most members have a minimal metabolic networks and rely on several key transporters to
stealing metabolites from their hosts’ cell, including molecular sources of energy (Nakjang et al.
2013). Interestingly, although the biochemical repertoire of microsporidia is universally reduced,

the genome size within the group can vary over 10-fold (2.3-24 Mb) (Corradi et al. 2009, 2010),

so variation in genome size in this group is not necessarily correlated with significant
improvements in metabolic capabilities, but rather with an expansion in the size of noncoding
regions (i.e., larger intergenic regions), as well as the number of transposable elements (TEs) and

other DNA repeats (Corradi et al. 2009; Peyretaillade et al. 2012; Pan et al. 2013). Indeed, TEs

are found and characterized in microsporidia with comparatively large genomes, including
Nosema spp, Hamiltosporidium tvaerminnensis, and Anncaliia algerae, but are typically absent
in species with smaller genomes, such as Enterocytozoon bieneusi and species in the genus

Encephalitozoon (Katinka et al. 2001; Akiyoshi et al. 2009; Corradi et al. 2010; Keeling et al.

2010; Pombert et al. 2012). To date, no studies have looked at the overall diversity of TEs in

these pathogens, and their potential impact on their ecology and evolution.

TEs are repeated sequences that usually represent a substantial part of the fungal (3—20%)

and metazoan (0.13-50%) genomes (Daboussi and Capy 2003; Hua-Van et al. 2005; Wicker et

al. 2007; Wang et al. 2010; Sun et al. 2012). Among these, two major classes are generally

recognized, including Class | elements (i.e., retrotransposons), which can move through a
reverse-transcribed RNA intermediate and are subdivided into two subclasses according to the

presence or absence of Long Terminal Repeat (LTR) sequences at their extremities, and Class 1l
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elements (i.e., DNA transposons) that can transpose directly under the form of DNA intermediate

(Wicker et al. 2007). In most genomes, TEs can rapidly multiply, resulting in several structural

changes, including chromosomal rearrangements, pseudogenizations, and gene shuffling

(Biemont 2010) that are often deleterious. In few cases, however, the presence of TEs can also

benefit an organism, notably by modulating the expression of neighboring genes or by creating
genomic diversity in regions that are important in host—parasite interactions—that is, antigens,

effectors (Raffaele and Kamoun 2012).

TEs also have a high propensity for horizontal transfers (HTs) (Loreto et al. 2008); an HT

is the nonsexual exchange of DNA between organisms that are not necessarily related. Similar
events involving TEs were reported from a variety of lineages, including plants, mammals,

insects, and unicellular eukaryotes such as microsporidia (Yoshiyama et al. 2001; Steglich and

Schaeffer 2006; Laha et al. 2007; Fortune et al. 2008; Hecht et al. 2010; Heinz et al. 2012;

Wallau et al. 2012; Ivancevic et al. 2013; El Baidouri et al. 2014: Zhang et al. 2014), but little is

known about the cellular mechanisms involved in such transfers (Gilbert et al. 2010b).

Nevertheless, some studies proposed that the intimacy of parasitism (direct host—parasite
interaction) could promote HT of TEs across phyla like between vertebrates and invertebrates

(Gilbert et al. 2010a; Gilbert et al. 2010b). In microsporidia, the genetic/cellular intimacy arising

from intracellular parasitism has fuelled a number of HTs (Corradi and Selman 2013), but

intriguingly only few of these have involved TEs (Heinz et al. 2012; Pan et al. 2013). The rarity
of HTs involving TEs in these species may represent a real biological barrier to transfer, but
could also reflect the poor annotation of these elements in genome sequences from this group
because in the multicellular eukaryotes, the HT of TEs usually outnumbers those involving

protein encoding genes (Schaack et al. 2010). To differentiate these two scenarios, and thus
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better understand the diversity and role of TEs in these parasites, we conducted an exhaustive
search for TEs across all publicly available microsporidian genomes, with a particular focus on a
species with one of the largest genomes known in the group (23 Mb), the human pathogen An.

algerae (Belkorchia et al. 2008). Our analyses demonstrated that TE families can be present in

surprisingly large numbers in microsporidia, and that some of these have been involved in HT

between the animals (possibly the hosts) and microsporidia; possibly in both directions.

Materials and Methods

Sequence Data from Complete Genomes

Genome Data from A. algerae

The contig sequences obtained from An. algerae (Peyretaillade et al. 2012) were searched

using BLASTX (Altschul et al. 1997) against the nonredundant GenBank database to determine

matches to proteins from TEs. We selected 1,785 contigs containing domains supposedly
corresponding to TE sequences and clustered them using BLAST Clust

(ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html, last accessed September 1, 2014) with the

following parameters: 90% of identity and 60% of coverage. We obtained 903 clusters (size
ranges from 1 to 24 sequences). For each cluster of size superior to 1, the sequences were aligned
using MUSCLE (Edgar 2004) and used to build a consensus. This consensus was then used as
query for a BLASTN against all the An. algerae contigs to retrieve sequences with over 90% of
identity over a length of more than 200 bp. The contig sequences were then aligned using
MUSCLE and a new consensus sequence was reconstructed to likely represent a complete TE

sequence. For each consensus, the presence of Open Reading Frame(s) (ORF) and the presence
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of LTR or Terminal Inverted Repeat (TIR) sequences were detected using ORF Finder (Sayers et

al. 2011) and bl2seq (Altschul et al. 1997), respectively. In total, 240 different consensus

corresponding to different TE families from various types (LTR retrotransposons and DNA

transposons) were obtained (supplementary table S1 and file S1, Supplementary Material

online). The occurrences of each family were determined using RepeatMasker (Smit et al. 1996—

2010) on the sequenced genomes of An. algerae with the consensus sequences used as library,
and the copy numbers were computed using the tool One_code_to_find_them_all (Bailly-Bechet

et al. 2014) (supplementary table S2, Supplementary Material online).

Data from Other Microsporidia

Available microsporidian genomes (16) were retrieved: Edhazardia aedis USNM 41457
(AFBI100000000.2), Encephalitozoon cuniculi EC1 (AEWD00000000.1), Enc. cuniculi EC2
(AEWQO00000000.1), Enc. cuniculi EC3 (AEWR00000000.1), Enc. cuniculi GB-M1
(AL391737.2; AL590442.1-AL590451.1), Encephalitozoon hellem ATCC 50504 (CP002713.1-
CP002724.1), Encephalitozoon intestinalis ATCC 50506 (CP001942.1-CP001952.1),
Encephalitozoon romaleae SJ-2008 (CP003518.1-CP003530.1), Ent. bieneusi H348
(NZ_ABGB00000000.1), Ham. tvaerminnensis OER-3-3 (ACSZ00000000.1), Nematocida
parisii ERTm1 (AEFF00000000.2), Ne. parisii ERTm3 (AEOO00000000.1), Nematocida sp. 1
ERTm2 (AERB00000000.1), Nosema antheraeae YY

(http://silkpathdb.swu.edu.cn/silkpathdb/ftpserver, last accessed September 1, 2014), Nosema

apis BRL 01 (ANPH00000000.1), Nosema bombycis CQ1 (ACJZ00000000.1), Nosema ceranae
BRLO1 (NZ_ACOL00000000.1), Spraguea lophii 42_110 (ATCN00000000.1),
Trachipleistophora hominis (ANCC00000000.1), and Vavraia culicis subsp. floridensis

(AEUGO00000000.1). Using the reconstructed consensus TE sequences from An. algerae, a
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TBLASTX (Altschul et al. 1997) was performed (E value threshold of 1e~> and low-complexity

filter disabled) against microsporidian genomes. For each species, TE consensus were then
reconstruct as described for An. algerae (see above, see table 1). To identify highly variable or
additional subclass of TEs, an exhaustive search of TEs has been carried out with TransposonPSI

software (http://transposonpsi.sourceforge.net/, last accessed September 1, 2014).

Table 1

Number of Families for Each TE Class in Microsporidian Species

Non- DNA Transposons
LTR

Microsporidian Cono™Me known Tetrot LTR

. Size ranspo Retrotran . . Total
Species Hosts Helitr Marine Merl .
(Mb) sons  sposons . req  iq  Pi99yBac
(LINE
)

Anncaliia algerae Mammal
(Peyretaillade et al. 23 . 4 97 / 16 120 3 240
2012) s, insects
Edhazardia aedis? not Mosauit
(Williams etal. o> Oe(l 4 28 / /1 / 33
2008)
Encephalitozoon Mammal
cuniculi (Katinka 2.9 s / / / / / / /
etal. 2001)
Encephalitozoon
intestinalis Mammal
(Corradi et al. 23 S / / / / / / /
2010)
Encephalitozoon Mammal
hellem (Pombertet 2.5 / / / / / / /

al. 2012) s, birds
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Microsporidian Ger?"me
Species Size
(Mb)

Encephalitozoon
romaleae (Pombert
etal. 2012)

2.5

Enterocytozoon
bieneusi (Akiyoshi
et al. 2009;
Keeling et al.
2010)

<6

Hamiltosporidium
tvaerminnensis

<
(Corradi et al. =242
2009)

Nematocida parisii
(Cuomo et al.
2012)

<4.1

Nematocida sp.
(Cuomo et al.
2012)

4.7

Nosema
antheraeae (Panet 9.3-9.5
al. 2013)

Nosema apis (Chen

et al. 2013) 85
Nosema bombycis

(Pan et al. 2013) 15-16
Nosema ceranae

(Cornman et al. <7.86
2009)

Spraguea lophii

(Campbell et al. 6.2-7.3

2013)

Hosts

Insects

Humans

Daphnia

Nematod
es

Nematod
es

Insects

Insects

Insects

Insects

Fishes

Non-
LTR
Retrot LTR
ranspo Retrotran
sons  sposons
(LINE
)
/ /
/ /
12 5
/ 4
1 6
6 7
15 5
11 14 ¢
4 3
1 3

DNA Transposons

Helitr Marine Merl

on r/Tcl in piggyBac
/ / / /
/ / / /
4 1 / 3
/ 1 / 1
/ 1 / /
/ 6 4 1
/ / / 50
1 15¢ 9 7
3 1 6 5
/ 2 6 /

Total

25

24

25

57

22

12
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Microsporidian Germe
Species Size
(Mb)
Trachipleistophora
hominis (Heinz et 11.6
al. 2012)
Vavraia culicis? 6.12

Non- DNA Transposons
LTR
Retrot LTR
Hosts ranspo Retrotran Helitr Marine Merl vBac Total
SONs  sPOsons Lol in pIggy
(LINE
)
Humans,
mosquito 9 1 / / / 1 11
es
Mosquit 1 1 / / 1 3
0es

« 2Data from the Microsporidia Comparative Sequencing Project, Broad Institute of
Harvard and MIT (http://www.broadinstitute.org/, last accessed September 1, 2014).

« " That were all already described in GenBank.

e CIncluding eight that were already described in GenBank.

« 9Including two that were already described in GenBank.

Reference Sequences of TEs

Phylogenetic analyses were performed using different eukaryotic protein sequences from

reference TE elements obtained from the Repbase database (Jurka 2000) (supplementary table

S3, Supplementary Material online). We performed BLASTN searches of each An. algerae

consensus on the GenBank databases to add other TE sequences for the different tree

reconstructions (supplementary table S4, Supplementary Material online). We used piggyBac

previously described sequences (Sarkar et al. 2003; Pan et al. 2013) (supplementary table S5,

Supplementary Material online). We used the ISFinder database (Siguier et al. 2006) to retrieve

bacterial sequence for the Merlin phylogenetic analysis.
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Domain Detection

The protein domains of each consensus were determined using the Pfam database version

27.0 (March 2013, 14,831 families; http://pfam.sanger.ac.uk/, last accessed September 1, 2014)

(Punta et al. 2012) and the batch web CD-search tool

(http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cai, last accessed September 1, 2014)

(Marchler-Bauer et al. 2011).

In Silico Confirmation

TEs representing novel phylogenetic incongruences were validated in silico as being
present in a contig belonging to the host genome rather than a contaminant. Most TEs are present
in multiple copies in the genome, in such cases contigs were selected based on the proximity of
microsporidian coding sequences to TEs. Paired-end reads from Schmidtea mediterranea and
Dendroctonus ponderosae were mapped using Geneious (Geneious version R7 available from

http://www.geneious.com/, last accessed September 1, 2014) against contigs harboring TEs

(Dpon, Mariner12, Merlin7, 10, 2, and 4) and the nucleotide coverage was plotted to validate the

presence of TE in the respective host genome (supplementary fig. SS5A-F, Supplementary

Material online). For the TEs of No. apis and Ap. florea, reads consisting of mate pairs were

mapped against contigs to validate the assembly of contigs (supplementary fig. S5H,

Supplementary Material online).

Tree Reconstruction and Sequence Analysis

For each superfamily, the protein sequences were aligned using MAFFT version 6 (Katoh

et al. 2002). Uninformative columns in each of the alignments were removed using the trimAl
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algorithm (Capella-Gutierrez et al. 2009). In order to determine the amino acid evolution model

to be used in our phylogenetic analysis, we analyzed each alignment with ProtTest (Darriba et al.
2011). This revealed the models LG+I" (LTR retrotransposons), LG+I+I" (Mariner/Tcl),
Blosum62+I+T" (Merlin), and VT+I" (piggyBac) to best explain our data. Maximum-likelihood

analysis was performed using PHYML v3.0 (Guindon et al. 2010) with 100 bootstrap replicates,

whereas Bayesian analysis was performed using MrBayes v3.2.1 (Huelsenbeck and Ronquist

2001) for 5,000,000 generations and a burnin of 25%. In order to use the LG model for Bayesian
analysis, we obtained the latest development version r851 of MrBayes

(http://sourceforge.net/p/mrbayes/, last accessed September 1, 2014).

For the LTR-retrotransposon phylogenetic analyses, 50 complete consensus sequences
and 10 incomplete consensus sequences that corresponded to nearly complete ORFs of
polyproteins were used. Other microsporidian polyproteins consensus sequences were also
included (12 consensus sequences from No. bombycis, 13 from Ed. aedis, 4 from Ne. parisii, 7
from No. antheraeae, 3 from Nematocida sp., 1 from No. ceranae, and 3 from Sp. lophii) as well
as LTR-retrotransposon polyproteins and Pol proteins representative of the Ty3/gypsy

andTy1/copia groups (supplementary tables S3 and S4, Supplementary Material online)

For the Merlin phylogenetic analysis, 82 potentially complete consensus protein
sequences over the 84 identified in An. algerae were selected; those having no complete ORF
were removed. Transposase consensus sequences (34 over 36, two sequences were removed as
too short), all microsporidian consensus sequences (six consensus sequences from No. ceranae,

four from Sp. lophii, nine from No. bombycis, four from No. antheraeae, one from Ed. aedis) as
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well as several transposase proteins from reference Merlin elements from various organisms

were also included (supplementary table S3, Supplementary Material online).

To build the Mariner/Tcl phylogenetic tree, 15 protein consensus sequences from An.
algerae Mariner/Tcl elements and the one described as member of the Tc5 family were selected
as well as consensus sequences reconstructed for the other microsporidian species (15 consensus
sequences from No. bombycis, 1 from Sp. lophii, 5 from No. antheraeae, and 1 from No.

ceranae) and reference elements from various organisms (supplementary tables S3, S4, and S6,

Supplementary Material online).

To reconstruct the evolutionary history of the piggyBac superfamilies, the three
consensus sequences identified in An. algerae, the proteins from the consensus sequences
identified in other microsporidian species (seven consensus sequences from No. bombycis, one
from T. hominis, one from No. antheraeae, and three from No. apis) and 121 protein sequences

from various organisms (supplementary tables S3, S4, and S6, Supplementary Material online)

corresponding to reference elements and also to piggyBac-derived genes were used.

Phylogenetic inconsistencies of TEs clustered with homologs from very distantly related
species were confirmed computing Ks values. We retrieved 26—43 orthologous genes between
Microsporidia and involved metazoans to compute the mean Ks values using seginR (Charif et
al. 2005). Putative HT sequences sharing over 90% nucleotidic identity with metazoans or

involving poorly annotated genomes were not considered for Ks calculations.
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Results

TEs Can Be Very Diverse in Microsporidian Genomes

Analyses of the An. algerae genome, identified a diverse collection of TEs, and
consensus sequences could be reconstructed for a total of 97 LTR retrotransposons, four non-
LTR retrotransposons, and 139 DNA transposons (from the superfamilies’ Mariner/Tc1,

piggyBac, and Merlin) (table 1; supplementary table S1 and file S1, Supplementary Material

online). Representative structures of each superfamily for which complete consensus sequences
were reconstructed are shown on figure 1. Because of the highly fragmented state of the An.
algerae genome, only 50 of the 97 different LTR-retrotransposon consensus sequences could be
fully reconstructed (i.e., with LTRs at both extremities and a potentially complete coding
sequence; fig. 1A), whereas others were identified based on the presence of partial sequences or
complete integrase domain (rve). For non-LTR retrotransposons, a total of four distinct families
could be found, all of which encode for a specific reverse transcriptase CDD domain cd01650. In
the case of the Merlin superfamily (DNA transposon), 120 consensus sequences could be
reconstructed, 84 of which consisted in complete sequences with characteristic TIRs and a
transposase coding sequence (880 bp on average). All of these 84 transposases displayed the
DDE_Tnp_IS1595 domain typical of ISXO2-like transposases (fig. 1B). For The Mariner/Tcl
superfamily of DNA transposons, 16 different consensus sequences could be reconstructed, 12 of
them were complete based on the presence of identifiable TIRs at both extremities and a
complete transposase coding gene (fig. 1C). With one exception, transposases displayed the two
protein domains: A “helix-turn-helix” domain that specifies DNA binding and DNA recognition
domain of the Tc3 transposase (HTH_tnp_Tc3-2), and a DDE-3 domain characteristic from DDE

transposase displaying the carboxylate residues responsible for the endonuclease activity of the
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protein (fig. 1C). The one exception included a transposase with a “helix-turn-helix” domain
characteristic of Tc5 family (HTH_Tnp_Tc5) linked to a DDE-1 endonuclease activity domain.
Finally, we also reconstructed three consensus sequences corresponding to piggyBac elements,
all of which encoded potentially complete transposase genes which displayed the domain
DDE_Tnp_1_7 typical of piggyBac transposases, but for which no TIRs could be detected. The
copy number of each family was also investigated along the An. algerae genome revealing that
LTR retrotransposons and Merlin DNA transposons represent the most abundant families in this

species (supplementary table S2, Supplementary Material online). Importantly, the results

obtained using the same methodology based on publicly available data from two other An.
algerae strains (NCBI [National Center for Biotechnology Information] BioProjects

PRJINA188095 and PRINA188094) resulted in very similar findings.

A LTR-retrotransposon (Ty3/gypsy superfamily)
Consensus retro K (4194 bp)
polyprotein
s H T N
Retropepsin Reverse RNAse H rve

Asp protease 2 Transcriptase

B pnA transposons (Merlin superfamily) C pnNa transposons (Mariner/Tc1 superfamily)

Consensus DDE TnplS1595 BH (1219 bp) Consensus DDE3 C (1521 bp)
transposase transposase
S ED (N
DDE-TnplS1595 HTH Tnp Tc3-2 DDE3
Figure 1

Structure of representative complete consensus sequences from the Ty3/gypsy, Merlin, and
Mariner/Tclsuperfamilies detected in the genome of Anncaliia algerae. (A) Structure of a Ty3/gypsy LTR
retrotransposon; (B) structure of a Merlin DNA transposon; (C) structure of a Mariner/Tcl DNA
transposon.

Our searches for TEs were also expanded to all 16 available genome sequences using two

independent approaches (table 1). Specifically, all different consensus sequences retrieved from
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An. algerae were used as queries for BLAST-based searches against the 16 microsporidian
genomes (see Materials and Methods), and this approach was complemented by a

TransposonPSI analysis of these genomes (http://transposonpsi.sourceforge.net/, last accessed

September 1, 2014) (table 1). These inspections revealed the presence of previously
unrecognized TEs, with ORFs encoding for a helitron helicase-like domain (Pfam domain:
14214) in No. bombycis, No. ceranae, Ham. tvaerminnensis, and V. culicis. In total, our
exploration of other available microsporidian genomes resulted in the identification of 33, 25, 24,
25, 57 and 22 TE families in the Ed. aedis, Ham. tvaerminnensis, No. antheraeae, No. apis, No.
bombycis and No. ceranae genomes, respectively, whereas less than 15 families in total were

detected in the other species (table 1).

Phylogenetic Reconstructions Reveal Microsporidia-Specific Clades of TEs

The evolutionary histories of the four largest microsporidian TE superfamilies were
investigated using Maximum Likelihood and Bayesian analyses of their complete consensus

sequences. These confirmed that the vast majority of microsporidian LTR retrotransposons

correspond to elements from the Ty3/gypsy group (fig. 2 and supplementary fig. S1,

Supplementary Material online), which separate into three main groups that seem to have

specifically diversified in microsporidia (i.e., they do not contain elements from other

eukaryotes; see, e.g., group 1 in supplementary fig. S1, Supplementary Material online).

Anncaliia algerae LTR retrotransposons displayed a pattern of extreme diversification within
three main groups (39 sequences in group 3, 13 and 8 sequences in group 1 and 2, respectively).
A similar pattern of diversification is also found in Ed. aedis, although the total number of

sequences is much smaller than in An. algerae (28 different families; table 1). For the Merlin
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superfamily, microsporidian sequences clustered into eight phylogenetic groups, three of which

contained 72% of all consensus sequences (fig. 3 and supplementary fig. S2, Supplementary

Material online), suggesting that diversity in Merlin-like sequences in An. algerae results from
several independent events of diversification within each group. The four classic groups from the
Mariner/Tcl superfamily (Mariner, Tcl, MaT, and pogo) are well supported in the phylogenetic

tree (fig. 4 and supplementary fig. S3, Supplementary Material online). Nine consensus

sequences of An. algerae appeared to be part of the Tcl group along with other sequences from
other microsporidia, whereas the remaining six, along with other microsporidian sequences,
formed an independent group at the basis of Mariner, Tc1, and MaT groups but also independent
of the pogo group. The An. algerae Tc5 consensus sequence (An. algerae Tc5 DDEL) and the
one identified in No. antheraeae clustered inside the pogo group, though not together (fig. 4

supplementary fig. S3, Supplementary Material online).
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33 consensus sequences

— o
—_— 1 Microsporidian Group 2
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BLASTOPIA D. melanogaster (fruitfly)
MDG3 D. /!
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Figure 2

Phylogenetic tree of the LTR-retrotransposon class. Tree topology obtained using Bayesian analysis on
the Pol proteins and rooted by the Tyl reference element from yeast. Black circles highlight nodes with
bootstrap support (BS) higher than 70% and bayesian posterior probability (BPP) values higher than 0.95,
whereas red circles indicate BS higher than 50% and BPP values higher than 0.95. Absence of red and
black circles indicates BPP values above 0.50. The three groups of microsporidian sequences are
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indicated by the red collapsed clades. For the uncollapsed version of the tree, see supplementary figure
S1, Supplementary Material online. Three consensus sequences from the microsporidia Edhazardia aedis

are indicated in blue. Colored frames represent the well-identified genera corresponding to Errantiviridae

and Chromoviruses.
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Phylogenetic tree of the Merlin superfamily. Tree topology was obtained using Bayesian analysis on
transposase proteins and rooted by bacterial IS elements. Black circles highlight nodes with bootstrap
support (BS) higher than 70% and bayesian posterior probabiliy (BPP) values higher than 0.95, red circles
indicate BS higher than 50% and BPP values higher than 0.95, and blue circles indicate BS higher than
70% and BPP values higher than 0.50. Absence of red, black, and blue circles indicates BPP values above
0.50. The eight Microsporidian groups are indicated by coloured frames and collapsed red clades. For the
uncollapsed versions of the tree, see supplementary figure S2, Supplementary Material online. Several
consensus sequences from the microsporidia An. algerae are indicated in green. Putative HT sequences
are shown in black rectangles.
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Figure 4

Phylogenetic tree of the Mariner/Tcl and pogo superfamilies. Tree topology was obtained using Bayesian
analysis on transposase proteins and rooted by elements from the pogo superfamily. Black circles
highlight nodes with bootstrap support (BS) higher than 70% and bayesian posterior probability (BPP)
values higher than 0.95, red circles indicate BS higher than 50% and BPP values higher than 0.95, and
blue circles indicate BS higher than 70% and BPP values higher than 0.50. Absence of red, black, and
blue circles indicates BPP values above 0.50. The four classic groups from the Mariner/Tcl superfamily
(Mariner, Tcl, MaT, and pogo) are represented by colored frames and gray collapsed clades. The two
Microsporidian groups are represented by red collapsed clades. Some sequences of the microsporidia are
indicated in different text colors: green for An. algerae, red for No. bombycis and No. antheraeae, and
orange for S. lophii. For the uncollapsed version of the tree, see supplementary figure S3, Supplementary
Material online.

Phylogenetic Incongruences for TEs Identified in Microsporidian and Metazoan Genomes

Our phylogenetic reconstruction revealed 17 instances where microsporidian TEs
clustered with homologs from very distantly related species, notably arthropods and

platyhelminthes, or vice versa. Nine of these are strongly supported (Bootstraps values [BS] and
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Bayesian Posterior Probability [BPP] support over 95%) by two or more nodes, and four are also
backed by an extensive sequence identity. Compelling cases of phylogenetic incongruence
include two Merlin DNA transposons from the planarian Sc. mediterranea (Merlin7 and
Merlin10 in fig. 3) that cluster within clades otherwise exclusively composed of elements from
An. algerae, and others involving piggyBac clustered with homologs from insects (e.g., An.

algerae-piggyBac-A and An. algerae-piggyBac-B; fig. 5 and supplementary fig. S4,

Supplementary Material online). Among these, the sequence An. algerae-piggyBac-B is

particularly intriguing, as it shares over 98.86% of nucleotide identity with a sequence from the
Pine beetle D. ponderosae; suggesting their very recent divergence. Other phylogenetic
inconsistencies include some previously found by others, (i.e., a piggyBac element from T.

hominis related to an ant Harpegnathos saltator, fig. 5 [Heinz et al. 2012] as well as three No.

apis sequences [N. apis 1,2,3; fig. 5 and supplementary fig. S4, Supplementary Material online]).

These sequences cluster and share an identity higher than expected with homologs from different
bee species (respectively 94.18% and 99.20% nucleotide identity with the Ap. florea, and
90.32% identity with the Megachile rotundata; fig. 5). The number of synonymous substitutions
per synonymous site (Ks) was computed for TEs with phylogenetic inconsistencies but sharing
intermediate sequence identity with metazoan homologs. Additional evidence of HTs were found
for piggybac elements from No. bombycis (mean Ks [Camponotus floridanus genes vs. No.
bombycis genes] = 9.03 + 2.52 vs. Ks [N. bombycis E vs. C. floridanus] = 1.92; mean Ks [M.
rotundata genes vs. No. bombycis genes] = 8.17 £ 3.37 vs. Ks [N. bombycis B vs. M. rotundata
7] = 4.02 and Ks [N. bombycis G vs. M. rotundata 7] = 2.65) and T. hominis (mean Ks [Har.

saltator genes vs. T. hominis genes] = 9.51 + 1.81 vs. Ks [T. hominis vs. Har. saltator 4] = 0.19).
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Figure 5

Phylogenetic tree of the piggyBac superfamily. Tree topology was obtained using Bayesian analysis on
transposase proteins and rooted at midpoint. Black circles highlight nodes with bootstrap support (BS)
higher than 70% and bayesian posterior probability values higher than 0.95, red circles indicate BS higher
than 50% and BPP values higher than 0.95, and blue circles indicate BS higher than 70% and BPP values
higher than 0.50. Absence of red, black, and blue circles indicates BPP values above 0.50. Colored frames
represent five well supported clades. Some sequences have been groups inside collapsed gray clades. For
the uncollapsed version of the tree, see supplementary figure S4, Supplementary Material online. The
consensus sequences of microsporidia appear in text color: green for An. algerae, red for No. bombycis,
No. apis, and No. antheraeae, and pink for T. hominis.

Manual inspections of contigs confirmed that all reported HTs were surrounded by genes
arisen from vertical descent, and were located within contigs that were properly assembled

(supplementary fig. S5, Supplementary Material online). All An. algerae TEs involved in
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phylogenetic inconsistencies were also found in other An. algerae strains that were cultured,

sequenced, and assembled by others (see Materials and Methods).

Discussion

Origin of TE Diversity in the Microsporidia

The different LTR-retrotransposon families we detected in microsporidia genomes are all
from a Ty3/gypsy group previously described from a wide variety of organisms, such as plants,

fungi, and animals (Llorens et al. 2009). Three different subgroups appeared specific to the

microsporidian species and independent from the well-described subgroups. The structure of
these elements with one polyprotein instead of two ORFs for gag and pol makes them different
from the rest of the Ty3/gypsy elements. They could represent the remnant of ancestral forms of
LTR retrotransposons thought to have emerged from bacterial DNA transposons (Capy et al.
1996). These elements seem to have been particularly successful in An. algerae genome (40.90%
of the total identified TE families), such a diversity is not observed in the other microsporidian
genomes sequenced to date, even if No. bombycis and Ed. aedis showed quite large numbers of
TEs families (table 1). DNA transposons represent the majority of TE sequences identified in the
microsporidia (57.44% of the total identified TE families in this study), with three superfamilies
being characterized (Mariner/Tcl, Merlin, and piggyBac superfamilies). Among the Mariner/Tcl
elements, one microsporidian group does not appear to belong to any of the already described
groups Mariner, Tcl, and MaT. As a cyanobacteria sequence is clustered within this group and
as it has been hypothesized that these elements were derived from bacterial 1S elements (Capy et
al. 1996), this group could correspond to ancestral forms of Mariner/Tcl elements. The

diversification of TE families indicates that the emergence of new families could be a recurrent
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process as there is evidence that TEs can be viewed as a mosaic of various elements that arose

through recombination process (Capy et al. 1996; Lerat and Capy 1999; Auge-Gouillon et al.

2000). Alternatively, the hypothesis that these new TE families may originate from HTs not
already characterized cannot be completely excluded. Hence, the large diversity of some TE
families in the An. algerae genome could indicate that new TEs can easily be formed or gained
in this species and possibly in other microsporidian genomes. This is particularly clear in the
case of the Merlin DNA transposons whose numbers have drastically expanded in An. algerae. It
has been proposed that the diversity and the size of TE families could be in part due to the
population structure of the species where they are found like the population size (Jurka et al.
2011). In this case, the accumulation of TEs could be the result of genetic drift in small
populations of these parasites, as microsporidian populations can be subject to genetic
bottlenecks like any intracellular organism. Because genetic drift is associated with a decrease in
the efficacy of natural selection, it is expected that deleterious mutations, as for example TE
insertions, will be fixed in small populations. New TEs insertions could thus be fixed by genetic
drift, which would lead to an increase of the genome size in the microsporidian species where

they occur and offset genome reduction processes.

Potential Impact of TEs on the Biology and Evolution of Microsporidia

Microsporidia are renowned for the genes they have lost, and genome sequencing of
these parasites rarely demonstrates complexity that exceeds that found in free-living microbial
eukaryotes. Here, however, we demonstrate that these organisms can harbor exaggerated
numbers of TE families; matching those found in distant fungal symbionts and pathogens with

genomes that are over twice as large (i.e., the plant symbiont Laccaria bicolor with171 TE
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families in a 60 Mb genome [Labbe et al. 2012]; the plant pathogen Puccinia graminis with 266

families in a 80 Mb genome) (Duplessis et al. 2011). The abundance of these elements in An.

algerae genome (and to a lesser extent other members of this lineage) may reflect their pivotal
role in the ecology and evolution of these parasites, as these elements are known contributors to

genome plasticity in other organisms (Biemont 2010). This plasticity has also been linked with

host—parasite interactions in distant relatives, most notably fungal and oomycete plant pathogens,

so it is literally possible that TE abundance results in similar adaptive processes in microsporidia

(Dean et al. 2005; Amyotte et al. 2012; Raffaele and Kamoun 2012). Recently, a SILAC (Stable
Isotope Labeling by Amino Acids in Cell culture) approach allowed the detection of a Pol
polyprotein among the parasite proteins during an infection process. A specific microsporidian
regulation signal within the putative promoter of this TE suggests its domestication by the
microsporidia, which may have provided an advantage in the evolutionary story of An. algerae to

lure the host innate immune system (Panek et al. 2014). The fact that not all microsporidia share

the same pool of TEs is in agreement with previous reports indicating that variation in the
amount of TEs largely accounts for differences in genome size within this group—that is, bigger

microsporidian genomes harbor more TEs (Williams et al. 2008; Corradi et al. 2009; Corradi and

Slamovits 2011; Peyretaillade et al. 2012). The identification of many TEs families that are

exclusive to microsporidia suggests their ancestral presence in these parasites, and many of these
now continue to evolve through independent expansions and contractions in the different

lineages.
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Evidence of Extremely Recent and Bidirectional HTs with Metazoans

Microsporidia benefited from HTs in many ways (reviewed in Selman and Corradi 2011),

but to date only two of these have involved TEs (Heinz et al. 2012; Pan et al. 2013). Our study,

however, shows that the role of TEs in the HT may have been overlooked in these parasites.
Among the 17 phylogenetic incongruences identified, nine could conservatively be attributed to
HTs, doubling the number of cases known for microsporidia. These elements appear to have
been exchanged with various metazoan taxa, confirming previous reports based on one TE and

two protein encoding genes (Selman et al. 2011; Heinz et al. 2012; Pombert et al. 2012).

However, the number of cases we identified suggests that genetic exchanges with animals may
be more frequent that previously appreciated. Interestingly, a few cases of HTs involved a
planarian (Sc. mediterranea), a lineage that has never been reported to be infected by
microsporidia. Indeed, prior to this study, An. algerae was only known to infect human and
mosquito. Nevertheless, the very high sequence identity between several TEs from An. algerae,
and, the very distantly related metazoans Sc. mediterranea and D. ponderosae suggest that the
host range of some microsporidian species could be much larger than previously assumed. Host

range is probably only partially known and identification of recent HTs could help us to refine it.

Most previous reports of HTs in microsporidia have involved sequences that are rather
divergent (between 23% and 62%), suggesting that these events were rather ancient (Slamovits

and Keeling 2004; Xiang et al. 2010; Selman et al. 2011; Cuomo et al. 2012; Heinz et al. 2012;

Pombert et al. 2012; Nakjang et al. 2013; Pan et al. 2013), but in this study we found several

compelling cases of HTs involving sequences sharing between 70% and 98% nucleotide identity.

This elevated similarity suggests that microsporidia and metazoans taxa are actively exchanging
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TEs to this day, and particularly piggyBac elements. We also found cases where TEs appeared to
have been donated by the microsporidia rather than being received. Our conservative analyses
revealed two such cases, namely Merlin7 and Merlin10 (fig. 3), both of which involved the
planaria Sc. mediterranea. Interestingly, this species has been documented to be involved in HTs

in other occasions with Lepidoptera and vertebrates (Novick et al. 2010; Lavoie et al. 2013), so

an intriguing possibility is is that latter HTs were mediated by a microsporidium and facilitated

by the nonisolated germ-line of Sc. mediterranea (Schaack et al. 2010). If the phylogenetic

inconsistencies we observed are real, and not the result of biases introduced by taxonomical
sampling, the capacity of microsporidia to occasionally donate genetic material to other
organisms would underscore their potential to act as “vectors” of genetic information in many
environments, revealing completely new aspects of their biology with far-reaching consequences

for our understanding of their biology.

Supplementary Material

Supplementary file S1, figures S1-S5, and tables S1-S6 are available at Genome Biology

and Evolution online (http://www.gbe.oxfordjournals.org/).
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