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Abstract: 

The microsporidia are a phylum of intracellular parasites that represent the eukaryotic 

cell in a state of extreme reduction, with genomes and metabolic capabilities 

embodying eukaryotic cells in arguably their most streamlined state. Over the past 20 

years, microsporidian genomics has become a rapidly expanding field starting with 

sequencing of the genome of Encephalitozoon cuniculi - one of the first ever 

sequenced eukaryotes, to the current situation where we have access to the data from 

over 30 genomes across 20+ genera. Reaching back further in evolutionary history, 

to the point where microsporidia diverged from other eukaryotic lineages, we now also 

have genomic data for some of the closest known relatives of the microsporidia such 

as Rozella allomycis, Metchnikovella spp. and Amphiamblys sp.. Data for these 

organisms allow us to better understand the genomic processes that shaped the 

emergence of the microsporidia as a group. These intensive genomic efforts have 

revealed some of the processes that have shaped microsporidian cells and genomes 

including patterns of genome expansions and contractions through gene gain and 

loss, whole genome duplication, differential patterns of invasion and purging of 

transposable elements. All these processes have been shown to occur across short 

and longer time scales to give rise to a phylum of parasites with dynamic genomes 

and a diversity of sizes and organisations. 
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Why sequences genomes and where are we now?  

Over the past decades genomic data have accumulated at a phenomenal rate with 

over 50 microsporidian genomes now available (Figure 1). This abundance of 

sequence data, curated at MicrosporidiaDB (Aurrecoechea et al. 2011), has provided 

a springboard for a multitude of cell and molecular biological work characterising the 

microsporidian cell structure and its interactions with hosts. In addition, these 

genomes represent an important data set for understanding the evolution of small 

eukaryotic genomes and parasite genomes more generally. An increasingly large 

amount of data in this single phylum allows us to get a better handle on the dynamics 

of reductive genome evolution in eukaryotes, understanding changes over smaller and 

larger evolutionary timescales in a group with large-scale variation in genome 

architecture and in which genome size varies over an order of magnitude. 

 

The first sequenced microsporidian genome: Encephalitozoon. cuniculi. 

The first genome of a microsporidian to be sequenced was that of Encephalitozoon 

cuniculi GB-M1 in 2001 (Katinka et al. 2001). Species within the clade 

Encephalitozoon emerged as agents of opportunistically infecting organisms in AIDS 

patients in the 1980s (Terada et al. 1987). Prior to the full sequencing of this 

organism’s genome, full sequences of chromosomes had been decoded revealing the 

compact nature of microsporidian genomes (Duffieux et al. 1998; Peyret et al. 2001). 

Through preceding cell and molecular experiments it was also clear that microsporidia 

were unusually reduced eukaryotes that lacked the separate 5.8S rRNA gene 

distinctive of eukaryotes, had ribosomes that settled at a sedimentation coefficient 

equivalent to those extracted from bacteria (Ishihara and Hayashi 1968) and seemed 

to lack characteristic organelles such as the mitochondrion or a typical Golgi (Cavalier‐

Smith, Tom 1983). Whilst for some time leading up to the sequencing of the E. cuniculi 

genome these characteristics were viewed as primitive, there was growing evidence 

that microsporidia were related to fungi and that these reduced characteristics actually 

represented a secondary reduction (Cavalier‐Smith, Tom 1983; Hirt et al. 1997, 1999; 

Roger 1999). However, it was with the full sequencing and annotation of the E. cuniculi 

genome that the extent and nature of reductive evolution within these organisms 

became clear (Katinka et al. 2001). At the time, the genome was completed by Sanger 

sequencing with the chromosome ends completely sequenced and annotated at a 

later date (Dia et al. 2016). The genome of E. cuniculi GB-M1 remains arguably the 



best annotated microsporidian genome and a key reference for all other microsporidia 

genomics studies.  

 

Within the broader scope of microsporidian genome sizes, the E. cuniculi genome is 

small at 2.9 Mb, with few species having a smaller genome size. However, one 

characteristic of this genome which is common to all microsporidia is the small size of 

the predicted proteome, this currently stands at 2,041 predicted protein coding genes 

( The UniProt Consortium, 2021). The majority of these are single copy genes and the 

predicted proteins are short (359 amino acid mean length) relative to the average 

across eukaryotes (472 aa), but still longer that those in bacterial or archaeal genomes 

(320 aa and 283 aa respectively) (Katinka et al. 2001, Tiessen et al. 2012), which fits 

with the general trend of shorter proteins in genomes with small proteomes (Tiessen 

et al. 2012). These proteins have a simplified domain organisation with fewer domains 

on average than other eukaryotes (Koonin et al. 2004). It has been suggested that this 

results from a need for fewer interaction domains when there are fewer proteins to 

interact with (Zhang 2000; Koonin 2004). The genome is gene dense with a coding 

sequence for every 1.025 kb in the ‘chromosomal core’, just 38 introns and little 

repetitive DNA (Katinka et al. 2001; Pombert et al. 2013). The genome is organised 

as 11 linear chromosomes with a fairly homogeneous length ranging from 217 and 

315 kb and is likely diploid (Brugère et al. 2000). Whilst remnant mitochondria named 

mitosomes have been uncovered in microsporidia (Williams et al. 2002), there is no 

mitochondrial genome, thus all the genomic material is contained within these linear 

chromosomes. The ends of the chromosomes are characterised by a SSU-LSU rDNA 

‘transcription unit’ and areas of segmental repeats between 3.5 and 23.8 kbp. These 

segmental repeats can contain genes in multiple copies and also encode four different 

gene families (interAE, interB, interC and interD), hypothesised to mediate host-cell 

interaction and/or immune escape (Dia et al. 2007, 2016). Variation in the size of these 

telomeric areas is thought to be responsible for variation in size of chromosomes within 

the species (Biderre et al. 1999). 

 

How do other microsporidian genomes differ from this model? The E. cuniculi 

genome size, content, and organisation reflect three key processes that have shaped 

the generally streamlined genomes of microsporidia. These are 1) loss of genes, 2) 

shortening of genes 3) loss of non-coding material including introns, intergenic regions 



repetitive DNA and transposable elements. Whilst there are mechanisms driving down 

genome size, within specific lineages or microsporidia, other mechanisms drive 

genome size in the opposite direction. These are the acquisition of new genes through 

gene and whole genome duplication, de novo gene origination, horizontal gene 

transfer, invasion and proliferation of transposable elements and re-expansion of 

intergenic regions. This interplay of mechanisms driving reduction and those driving 

genome expansion have led to a diversity of different genome sizes and organisations 

across the phylum where genome size varies by over 20-fold from 2.3 Mb to 53.1 Mb, 

whilst the number of predicted protein-coding genes varies over a much smaller range 

from approximately 1820 to 6,442 (Corradi et al. 2010; Cuomo et al. 2012; Pombert et 

al. 2015; Cormier et al. 2021). Over the next paragraphs we describe examples of how 

these different mechanisms have driven change in genome size, organisation and 

composition at different phylogenetic depths across the phylum (Figure 2). 

 

Massive gene loss at the emergence of the microsporidia  

Comparisons of gene family evolution in microsporidians and their fungal relatives 

have identified core gene families conserved across microsporidia as well as major 

changes in gene content that occurred early in the evolution of microsporidia, during 

adaptation to a host-associated lifestyle (Keeling et al. 2010; Cuomo et al. 2012; Heinz 

et al. 2012; Campbell et al. 2013; Nakjang et al. 2013; Desjardins et al. 2015; Wiredu 

Boakye et al. 2017; Galindo et al. 2018; Cormier et al. 2021). These studies identify a 

microsporidian ‘core’ set of protein families that are usually conserved across 

microsporidia. Some of these are ancestor-derived conserved gene families including 

genes associated with basic cellular functions such as transcription, translation and 

DNA replication and repair, cell cycle control, and the key enzymes for glycolysis, the 

pentose phosphate pathway, trehalose metabolism, chitin biosynthesis and those 

associated with the biosynthesis of structural components of the fungal cell membrane 

and spore wall (Nakjang et al. 2013). Proteins encoding a Fe/S cluster assembly 

pathway are also conserved across all sequenced microsporidian genomes (Freibert 

et al. 2017; Galindo et al. 2018). This pathway is localised to the mitosome and is likely 

essential for the maturation of certain nuclear and cytosolic Fe/S proteins (Freibert et 

al. 2017). The essentiality of this pathway provides a selection pressure for the 

retention of the mitochondrion in this highly minimal form across microsporidia.  

 



In contrast some conserved microsporidia protein families are microsporidia-specific 

and are likely associated with, and essential to the ‘microsporidian lifestyle’. These 

include polar tube and spore wall protein families but also protein families without any 

characterised members or identifiable domains (Nakjang et al. 2013) 

 

These studies also identified a massive loss of genes in the common ancestor of 

microsporidia involving the predicted loss of 1,590 protein families leaving a common 

ancestor of the ‘core’ microsporidia with an estimated 1121 protein families (Nakjang 

et al. 2013). This early gene bottleneck left microsporidia bereft of pathways 

associated with energy metabolism including oxidative phosphorylation and the 

tricarboxylic acid (TCA), likely allowing the degeneration of mitochondria. In addition 

to loss of energy metabolism, there is a severely limited repertoire for the biosynthesis 

of amino acids and no genes involved in the de novo synthesis of nucleotides. There 

is also generally thought to be a streamlining of the protein network of most core 

pathways and cellular components. Other canonical eukaryotic pathways are 

differentially lost and these include the RNA interference pathway, the spliceosome, 

fatty acid biosynthesis, the pentose phosphate pathway and glycolysis (Figure 2) 

(Akiyoshi et al. 2009; Keeling et al. 2010; Cuomo et al. 2012; Wiredu Boakye et al. 

2017; de Albuquerque et al. 2020). 

 

Most recent phylogenetic analysis suggest that microsporidia are closely related to the 

Fungi (James et al. 2013) but for a long time there was little genomic data for 

organisms that represent intermediate lineages between the microsporidia and other 

eukaryotes. However, there is now accumulating genomic data for many fascinating 

lineages that represent part of a sister group to the microsporidia or basal 

microsporidian lineages. These include, Rozella allomycis, Amphiamblys 

Metchnikovella, Paramicrosporidium and Mitosporidium (James et al. 2013; Mikhailov 

et al. 2017; Quandt et al. 2017; Galindo et al. 2018; Nassonova et al. 2021). Rozella 

allomycis is a Cryptomycotan that is an obligate parasite of the water fungus 

Allomyces and morphologically quite distinct from the microsporidia, in particular in 

that it has a flagellated stage, whilst microsporidia have lost the flagellum (James et 

al. 2006). Amphiamblys, Metchnikovella, Paramicrosporidium and Mitosporidium are 

morphologically more similar to the microsporidia and all possess a form of the polar 

filament or a manubrium analogous to the polar filament which is characteristic of 



microsporidia (Nassonova et al 2021). The relationship between these groups are 

unclear but phylogenetic analysis suggest that these organisms alongside 

microsporidia form a clade and that the microsporidia evolved from within a group of 

organisms called the Cryptomycota or Rozellomycota or Rozellida (Bass et al. 2018; 

Corsaro et al. 2019).  

 

Extensive phylogenomic analyses have now shown how these lineages compare in 

gene content and organisation to those that have now been dubbed the ‘canonical’, 

‘long branch’, or ‘core’ microsporidia giving some insight into events that shaped early 

microsporidia evolution (Bass et al. 2018; Timofeev et al. 2020; Nassonova et al. 

2021). These studies have shown that the functional gene content of both 

Amphiamblys and Metchnikovella genomes is more similar to that of the ‘core’ 

microsporidia whilst that of Paramicrosporidium and Mitosporidium is more similar to 

Rozella allomycis and other eukaryotes, suggesting that much of the genome 

remodelling in the microsporidian lineage occurred after the divergence of these latter 

taxa (Figure 2). The genomes of Paramicrosporidium and Mitosporidium are relatively 

small and compact (7.28 Mb and 5.64 Mb respectively) (Haag et al. 2014; Mikhailov 

et al. 2017), but they nonetheless possess some metabolic characteristics that clearly 

set them apart from the microsporidia, such as mitochondrial genomes (Haag et al. 

2014; Quandt et al. 2017). In contrast Amphiamblys and Metchnikovella are more 

metabolically reduced and like in ‘core’ microsporidia, mitochondrial pathways 

associated with the synthesis of nucleotides and amino acids are absent, and those 

associated with fatty acid metabolism are reduced (Galindo et al. 2018). 

 

These data indicate that whilst genome compaction occurred sometime between the 

between the divergence of the Fungi and the Cryptomycota there were different 

rounds of gene loss that marked the transition from free living to parasitic organisms 

with the most dramatic loss in metabolic pathways likely occurring sometime before 

the divergence of Amphiamblys and Metchnikovella but after the divergence of the 

less metabolically simplified Mi. daphniae, Pa. saccamoebae, and R. allomycis 

(Galindo et al. 2018).  

 

After these periods of massive gene loss, there is evidence of substantial gene family 

expansions in different microsporidian lineages, giving rise to microsporidia specific 



gene families(Nakjang et al. 2013). These extensive expansions have in particular 

affected transporter proteins, many of which are predicted to target the parasite cell 

membrane. The hypothesis is that these transporters allow import of metabolites from 

hosts filling the gaps created by the past large-scale loss of biosynthetic capacity 

(Nakjang et al. 2013). Two key examples of microsporidian and microspordian-lineage 

specific expansion of transporters include the nucleotide transporters NTT proteins 

that transport ATP and GTP and NAD+ from the host and the Major Facilitator 

Superfamily proteins (MFS) that transport ATP and GTP from the host. Both of these 

protein families are universally present across microsporidia, one having been 

acquired by horizontal gene transfer in the ancestor of the Cryptomycota + 

Microsporidia (see below) and the other being present in other eukaryotes with a 

canonical vertical inheritance from ancestors (Tsaousis et al. 2008; Cuomo et al. 2012; 

Major et al. 2019). Both have undergone multiple independent duplications within the 

phylum microsporidian lineages giving rise to different ortholog numbers in different 

lineages (Cuomo et al. 2012; Dean et al. 2018; Major et al. 2019).  

In summary, the ancestor of ‘core or ‘long branch’ microsporidia was already a parasite 

that likely had a relatively compact genome and lacked a mitochondrial genome, the 

genes for the TCA cycle and oxidative phosphorylation, and de novo nucleotide and 

amino acid biosynthesis. However, it encoded proteins that allowed ATP uptake from 

the host, glycolysis, the pentose phosphate pathway, trehalose metabolism, RNAi and 

splicing. 

 

Genomes changes over smaller time scales: Small largely static genomes in the 

genus Encephalitozoon: The genus Encephalitozoon harbours species with the 

smallest microsporidian genomes amongst this phylum of already reduced species 

and. Genomes from multiple species and multiple isolates of the same species have 

now been sequenced from within Encephalitozoon providing a glimpse into how these 

compacted genomes are evolving at the level of the genus. (Corradi et al. 2010; 

Pombert et al. 2012, 2013; Selman et al. 2013; Pelin et al. 2016). Multiple different 

strains of E. cuniculi named genotypes EC I-IV have been identified and are 

distinguished on the basis of the number of GTTT repeats within the internal 

transcribed spacer locus in the rRNA (Xiao et al. 2001). Representatives of genotypes, 



ECI, ECII, and ECIII have been fully sequenced and compared to with the originally 

sequenced E. cuniculi GB-M1 (ECI) strain to unveil patterns of change over a short 

evolutionary time scales (Pombert et al. 2012, 2013; Selman et al. 2013; Pelin et al. 

2016). This revealed genomes with near identical gene contents and gene 

arrangements, however there was no evidence of recombination indicating that whist 

they are very closely related, they represent distinct strains with no exchange of 

material. In spite of their close relationship and highly similar genomes, this 

comparative study showed that the level of genetic diversity between strains was 

relatively high among ECI, ECII, and ECIII (4.2 SNPs/kb) relative to SNPs numbers 

among strains of other species of single celled pathogenic eukaryotes. This indicates 

a set of genomes that are largely frozen in content and organization but fast evolving 

at the level of the nucleotide and therefore individual genes (Pombert et al. 2013). 

 

Whilst nucleotides are changing at a relatively fast rate, differences in the coding 

content or significant changes to coding sequences were very few: One gene encoding 

a protein with a homeobox domain present in ECI is absent from ECII/ECIII genomes, 

there is a gene fission in ECI relative to other strains, and the ECI strain encodes 3 

similar paralogs of one protein whilst other strains have a single paralog (Pombert et 

al. 2013). However, the genome sequence of a wild isolate of genotype III from a 

steppe lemming did reveal a small scale change with a large potential impact on 

phenotype: A frameshift mutation in a key meiosis gene Spo1 which likely renders it 

incapable of meiosis and sexual reproduction (Pelin et al. 2016). This demonstrates 

that, despite very high levels of similarity in the genome, there do exist small 

differences between very closely related strains that may result in fundamental 

differences in biology. 

 

Within the same genus, further Encephalitozoon species have been sequenced 

(Corradi et al. 2010; Pombert et al. 2012). Whilst the genome of E. cuniculi is already 

highly compact, E. intestinalis takes that reduction a step further: Its genome is just 

2.3 Mb and thus 20% smaller than that of E. cuniculi (Corradi et al. 2010). Its genome 

is even more gene dense, its genes are even shorter and it has fewer hypothetical 

proteins and gene duplicates (Corradi et al. 2010). The two genomes share the same 

introns and are almost colinear in their gene order across their chromosomal cores, 



emphasising very few differences between the two genomes, but large blocks of the 

subtelomeric regions present in E. cuniculi. are absent in E. intestinalis. This results 

either from a process of expansion in E. cuniculi or further contraction in E. intestinalis 

relative to their common ancestor (Corradi et al. 2010). The genomes of E. romaleae, 

a grasshopper pathogen and E. hellem, another human pathogen, have also been 

sequenced (Pombert et al. 2012). Again, these show very high levels of genome 

reduction and an extremely similar gene content to E. cuniuli with the same structure 

of 11 linear chromosomes (Pombert et al. 2012). One striking observation, however, 

was the presence of a particular set of genes encoding pathways for folate salvage, 

de novo folate biosynthesis, and purine metabolism. Components of these pathways 

are represented by genes across four chromosomal regions and are absent from the 

other sequenced Encephalitozoon genomes (Pombert et al. 2012). These are 

pathways that are not typically complete in other sequenced microsporidia species 

and phylogenetic analysis suggest that these genes were acquired by horizontal (or 

lateral) gene transfer, but interestingly not from a single donor organism source. 

Rather this pathway has been cobbled together by an ancestor of E. hellem and E. 

romaleae using genes from different sources, apparently including several 

prokaryotes and, for one gene, an animal or fungal source (Pombert et al. 2012). The 

genes exist in the subtelomeric regions of these genomes which, as seen in E. cuniculi 

are the sites of rapid change and recombination that are home to multicopy protein 

families and pseudogenes, and insertion of a horizontally acquired gene here it is far 

less likely to cause a disruption than in the extremely dense ‘chromosomal cores’. 

Curiously, whilst the pathways appear intact in E. hellem, they look to be in the process 

of degeneration in E. romaleae (Pombert et al. 2012).  

 

Looking just outside the genus, the genome of close relative Ordospora colligata, a 

pathogen of Daphnia, has also been sequenced. This shows a very similar genome 

content and organisation with a small compact genome (1820 predicted coding 

sequences within a 2.3 Mb assembly), with little repetitive DNA, a handful of introns, 

but organised into 10 chromosomes, rather than the 11 seen in Encephalitozoon spp.). 

Like the genomes of E. hellem and romaleae, this genome has been shaped by 

horizontal gene transfer. In this case, the Daphnia host is putatively the source for a 



Septin gene within the O. colligata genome. This Septin shares structural features with 

Septin 7 which in the pathogen Candida albicans is an effector that induces the uptake 

of the pathogen by the host. Septin 7 is speculated to have an analogous function in 

O. colligata, allowing an alternative means of entry into the host cell than via the polar 

tube (Pombert et al. 2015). These examples of pathway acquisition through horizontal 

gene transfer (and others below) demonstrate a mechanism of expansion of the 

metabolic repertoire after the initial large-scale gene and pathway loss in the ancestor 

of the microsporidia. 

 

Horizontal gene transfer driving innovation and change in microsporidian 

genomes: 

The extent to which eukaryotic genomes are shaped by horizontal gene transfer is a 

subject of active debate (Ku and Martin 2016; Martin 2017; Leger et al. 2018; Van 

Etten and Bhattacharya 2020). Within the microsporidia horizontal gene transfer has 

unquestionably been important in driving at least one evolutionary transition within the 

phylum. This key horizontal gene transfer was the acquisition of nucleotide transport 

proteins (NTT). This acquisition likely occurred from bacteria into the common 

ancestor of Microsporidia and Rozella spp (Dean et al. 2018). This was followed by 

multiple duplication events within the microsporidian lineage give rise to multiple 

copies (often 4) of this protein within microsporidia genomes (Dean et al. 2018). As 

proteins that allow the acquisition of host ATP, GTP and NAD+, this horizontal gene 

transfer event led to the evolutionary transformation of the microsporidian lineage into 

energy parasites and likely allowed the loss of energy metabolism pathways and the 

degeneration of the mitochondrion. More broadly it appears that horizontal gene 

transfer has been an important force in shaping microsporidia genomes content, with 

apparently up to 2.2% of microsporidian genes derived from horizontal gene transfer 

(Alexander et al. 2016). It is likely the intracellular lifestyle and the intimate association 

between parasite and host that has facilitated the transfer of DNA and genes between 

animals and microsporidia perhaps through integration of reverse transcribed host 

mRNA into the microsporidian genome (Alexander et al. 2016). Examples of host to 

microsporidia transfer include multiple transposable elements (see below), and the 

septin and a purine nucleotide phosphorylase (PNP) mentioned above (Selman et al. 



2011; Pan et al. 2013; Parisot et al. 2014; Pombert et al. 2015). However, intracellular 

life is also hypothesised to drive horizontal gene transfer from prokaryotes into 

microsporidia (Campbell et al. 2013; Alexander et al. 2016). One way in which this 

may occur is through contact with bacterial DNA within host phagocytic vesicles 

(Alexander et al. 2016). Coinfection of a host cell alongside intracellular bacterial 

pathogens such as Chlamydia spp. has also been suggested to facilitate prokaryote 

to microsporidian horizontal gene transfer (Lee and Heitman 2017). This scenario 

might have allowed the acquisition of the NTT transporters by microsporidia from 

Chlamydia spp,. which are also energy parasites and one of the bacterial lineages 

whose genomes encode homologs of these NTT proteins (Major et al. 2017).  

 

Small genomes with no introns: The genus Nematocida 

Among the highly-derived, “long branch” or “core” microsporidians, the deepest 

phylogenetic split appears to lie between the genus Nematocida and the rest of long- 

branch microsporidian diversity (Figure 2). Multiple Nematocida species genomes 

have now been sequenced, and comparisons between these and other 

microsporidians can therefore provide insight into the early evolution of the group 

following the transition to an obligate intracellular parasitic lifestyle. Species within this 

genus, as the name implies, infect nematodes and despite the large phylogenetic 

distance between this genus and Encephalitozoon the two clades share some general 

genome characteristics. Within this genus we observe another example of very small 

and compacted genomes ranging in assembly size from 3 to 4.4 Mb. For example, the 

Nematocida parisii ERTm1 genome is ~4.1 Mb in size and predicted to be comprised 

of 72.8% coding sequence with a mean distance of 418 bp between genes (Cuomo et 

al. 2012). Nematicida genomes also show the same level of reduced metabolic 

capacity as species within the genus Encephalitozoon, except for presence of a CTP 

synthase which would allow Nematicida spp. to synthesise CTP from UTP (Cuomo et 

al. 2012). Within the genus there exists some size variation in genomes over a 

relatively short evolutionary timescale. The earliest diverging known Nematocida 

species, Ne. displodere has a more reduced genome, similar to species of 

Encephalitozoon in genome size with a higher proportion of coding material (85.8% 

compared to 69.2% for Ne. parisii and 63.7% for Nematocida ausubeli) and fewer 

proteins (2278 compared to 2661 in Nematocida parisii) (Cuomo et al. 2012; Luallen 

et al. 2016). However, interestingly, Nematocida displodere has a considerable 



proportion of its genome occupied by members of a single large, expanded gene 

family . Whilst all sequenced Nematocida genomes house expanded gene families 

(Reinke et al. 2017), the Nematocida large gene family 2 has 235 members in Ne. 

displodere, and contributes over 10% of its predicted proteome (Luallen et al. 2016). 

Many of the protein products (152/235) have predicted signal sequences and/or a 

RING domain (113/235) and like the interAE, interB, interC and interD gene families 

in Encephalitozoon, these genes are thought to encode proteins that mediate 

interactions with hosts (Dia et al. 2007; Reinke et al. 2017). Similar features are found 

in gene families across many other lineages of microsporidia (see below), and 

expanded gene families within the genus Nematocida where they represent a 

substantial proportion of identified ‘host exposed proteins’ (Reinke et al. 2017). These 

‘host exposed proteins’ are parasite proteins that have been identified within the host 

cell cytoplasm or nucleus using a method called spatially restricted enzymatic tagging 

(Reinke et al. 2017).  

 

Whilst Nematocida species share the same reduced metabolic capability as 

Encephalitozoon, one key difference between Nematocida and Encephalitozoon 

genomes is that in Nematocida spp., no introns were detected in gene sequences, 

there was no evidence of spliced transcripts, and in addition many components of the 

spliceosomal machinery are lost (Cuomo et al. 2012). 

 

Independent losses of splicing and introns: 

Although introns are sparse within the microsporidia a small number have been found 

in most microsporidian genomes (Whelan et al. 2019). These introns appear to fall into 

two broad categories. The first includes short introns of around 25 bp which typically 

occur in ribosomal proteins right at the start of the coding region (typically after the first 

ATG). The second category includes two specific introns found in the same two genes 

across different species of microsporidia (Whelan et al. 2019). The longer introns are 

almost always found to have been removed by splicing (in transcriptomes 80% of the 

time) whereas the short introns are rarely removed (splicing rates are as low at 20%) 

(Whelan et al. 2019).  

 

On at least three independent occasions, introns and the splicing machinery have 

been entirely lost during microsporidian evolution: Once in the Nematocida clade, 



once in the Vittaforma/Enterocytozoonidae clade and once in Edhazardia aedis 

(Figure 2) (Akiyoshi et al. 2009; Cuomo et al. 2012; Wiredu Boakye et al. 2017). This 

is supported by both an absence of observable introns and a loss of many genes 

encoding components of the spliceosome from these genomes (Akiyoshi et al. 2009; 

Cuomo et al. 2012; Wiredu Boakye et al. 2017; Whelan et al. 2019). This pattern of 

retention and loss of introns and splicing is hard to explain. Introns in microsporidia 

typically fall in ribosomal proteins which are obviously fundamental to cell function. It 

has been suggested that there may be a role for these shorts introns in regulating their 

own expression and therefore ribosome synthesis as is seen in S. cerevisiae (Roy et 

al. 2020), yet why they are retained is some species but not others, remains 

unresolved. 

 

Larger genomes with polyploidisation and transposable elements: 

Nosema/Vairimorpha spp. 

The closest relatives to the Ordospora/Encephalitozoon clade with sequenced 

genomes are those in the Nosema/Vairimorpha group. Here, again there exists 

extensive genome data both within genera and within a single species and this shows 

an upwards shift in genome size relative to Ordospora/Encephalitozoon and the 

Nematocida genomes. The genus Nosema has been somewhat problematic in 

phylogenetic placement in the past as it has included multiple species that have since 

been transferred to different groups within the phylogenetic tree of microsporidia 

(Sokolova et al. 2005; Lord et al. 2010). In addition, Nosema and Vairimorpha species 

did not separate into clades and were intermixed in molecular phylogeny. This group 

contains species isolated from arthropods, mainly insects and particularly Lepidoptera 

and Hymenoptera (Tokarev et al. 2020). Recently, however these clades have been 

redefined on the basis of phylogenetic position with the key bee pathogens Nosema 

apis and ceranae being redefined as Vairimorpha (Tokarev et al. 2020). Nevertheless, 

these two genera together form a monophyletic clade of closely related pathogens that 

infect arthropods. As a pathogen that has been implicated in poor honeybee health 

Vairimorpha ceranae has been of intense interest to the insect pathology community. 

and genomes of multiple isolates of V. ceranae have now been sequenced (Cornman 

et al. 2009; Pelin et al. 2015; Peters et al. 2019; Huang et al. 2021). 

 



The first genome sequence of V. ceranae revealed an estimated genome size of 7.86 

Mbp and a total of 2,641 putative protein-coding genes and whilst larger than those of 

Encephalitozoon species, it is less gene dense, with 0.60 genes/kb (64.8% coding 

sequence) and contains more repetitive DNA, particularly transposable elements 

(Cornman et al. 2009). These transposable elements are diverse including members 

of the gypsy-type LTR retrotransposons and DNA transposons such as Merlin, 

Helitron, piggyBac, and MULE and occupy over 20% of the genome (Cornman et al. 

2009; de Albuquerque et al. 2020). V. ceranae infects Apis melifera worldwide but was 

originally described in the Asiatic honeybee (Apis cerana) and extensive genome 

sequencing has been used to better understand the origins of this pathogen and its 

global spread within bee populations (Pelin et al. 2015; Peters et al. 2019). SNP 

phylogenies inferred from globally distributed isolates demonstrated a lack of 

geographic structure, suggesting a recent spread of the pathogen among hives, 

perhaps as a result of human activity (Pelin et al. 2015).  

 

This study also revealed a surprising level of within-individual genetic variation in 

global V. ceranae isolates that might be explained by a polyploid (at least tetraploid) 

genome in comparison to the ancestral diploid population in Asia (Pelin et al. 2015; 

Peters et al. 2019). Within the genomes both of the Asian and global populations there 

are high of levels of linkage disequilibrium pointing to a likely clonal life style and a 

lack of recombination (Pelin et al. 2015; Peters et al. 2019). 

V. ceranae forms a clade with two other species that have sequenced genomes, one 

also infecting honeybees, V. apis and one infecting lepidopterans, Nosema YnPr 

(Figure 2 and Tokarev et al. 2020) although the evolution of host preference within the 

clade remains unclear. The genome of No. YnPr is smaller at 3.4 Mb and is more 

compact with shorter genes, whilst that of V. apis is larger at 8.5 Mb (Chen et al. 2013; 

Xu et al. 2016). A major contributor to this difference in size is a difference in the 

number and diversity of transposable elements in the two genomes, with the larger 

genome having a greater proportion of transposable elements, suggesting that these 

can invade and/or expand within genomes rapidly over relatively short evolutionary 

time periods within the microsporidia. 



Transposable element expansion is perhaps more obvious in the true Nosema clade 

in which the silkworm pathogens No. antheraeae, No. bombycis and the gammarid 

pathogen No. granulosis have genome assembly sizes of 6.6 Mb, 15.7 Mb and of 

8.8 Mb respectively (Pan et al. 2013; Cormier et al. 2021). In fact, No. bombycis is 

reported to have the largest proportion of transposable element content of any 

microsporidia genome sequenced so far (Pan et al. 2013; de Albuquerque et al. 2020). 

This has likely resulted from the expansion of transposable elements common across 

microsporidia such as Ty3/Gypsy LTR retrotransposons, and also through acquisition 

of new elements from insect hosts, particularly the relatively recent acquisition of 

multiple Piggybac elements from lepidopteran hosts possibly in the ancestor of No. 

antheraeae and No. bombycis, followed by more extensive proliferation in the genome 

of No. bombycis (Pan et al. 2013) . 

 

Enterocytozoonidae: Metabolic reductionism to the extreme. 

The Enterocytozoonidae clade is home to some of the economically most important 

microsporidia species, for example Enterocytozoon bieneusi, the microsporidian 

species most commonly found in humans (Didier and Weiss 2006) and 

Enterocytozoon hepatopenaei (dubbed EHP), a microsporidian that is currently 

causing extensive damage to the shrimp industry (Thitamadee et al. 2016). Several 

genomes within this family have been sequenced and whilst they are not the smallest 

from the perspective of number of nucleotides (3.1 - 6 Mb), they are unique with 

respect to the extent of loss of metabolic pathways (Akiyoshi et al. 2009; Keeling et al. 

2010; Wiredu Boakye et al. 2017). The loss of the ability to generate ATP in 

mitochondria is a key characteristic of the microsporidia and whilst the intracellular 

milieu allows access to ATP via transporters, it is thought that glycolysis is crucial in 

the extracellular spore stage when host resources are inaccessible (Dolgikh et al. 

2011; Heinz et al. 2012; Timofeev et al. 2020). In the spore stage, the glucose to 

generate ATP through glycolysis likely comes from the breakdown of trehalose 

(Timofeev et al. 2020). Thus, the enzymes of the glycolytic pathway and trehalose 

metabolism are considered core to microsporidian energy metabolism (Nakjang et al. 

2013). 

 



However, the genomes sequenced from the Enterocytozoonidae and that of the 

closely related Hepatospora eriocheir do not encode full glycolytic pathways, but 

partial pathways with several components lost which likely render these organisms 

incapable of glycolysis (Akiyoshi et al. 2009; Keeling et al. 2010; Wiredu Boakye et al. 

2017). Additionally these species have lost the trehalase enzyme that could potentially 

break down trehalose into glucose in the spore, and key components of the pentose 

phosphate pathway such as transketolase (Keeling et al. 2010; Wiredu Boakye et al. 

2017). These losses seem to leave these species apparently entirely dependent on 

their hosts for ATP. Whist there has been little research on the physiological state of 

microsporidian spores, it has been suggested that the process of rapid polar tube 

extrusion during spore germination must be ATP dependent (Timofeev et al. 2020). 

However, the absence of ATP generating pathways in these taxa suggests that either 

it is not, or that these particular species enter the host by another mechanism, 

potentially phagocytosis (Wiredu Boakye et al. 2017). 

 

In addition to the loss of these core energy metabolic pathways, these species have 

also far fewer proteins associated with fatty acid biosynthesis in comparison to other 

microsporidia. Microsporidia are generally limited in their repertoire of fatty acid 

biosynthesis enzymes and elegant experiments to knock down host lipid metabolic 

processes in Tubulinosema ratisbonensis infected Drosophila have started to unpick 

the dependency of microsporidia on host lipids (Franchet et al. 2019). However, within 

the Enterocytozoonidae there are further losses of enzymes associated with 

glycerophospholipid metabolism and specifically the generation of 

phosphatidylethanolamine and phosphatidylcholine (Keeling et al. 2010; Wiredu 

Boakye et al. 2017). These enzymes are otherwise considered broadly conserved 

within the microsporidia and their loss in the Enterocytozoonidae suggests a potential 

dependence of the host for these key components of biological membranes (Nakjang 

et al. 2013; Wiredu Boakye et al. 2017). In addition to these losses of key metabolic 

pathways, there are no introns in these genomes nor do they encode all the genes 

necessary to form the spliceosome (Akiyoshi et al. 2009; Keeling et al. 2010; Wiredu 

Boakye et al. 2017). 

 

 

Species with larger proteomes: what accounts for the differences? 



With the publication of the Trachipleistophora hominis, Nosema ceranae, 

Hamiltosporidium tvaerminnensis and Enterocytozoon bieneusi genomes it became 

clear that some species of microsporidia had larger proteomes than others (Corradi et 

al. 2009; Akiyoshi et al. 2009; Cornman et al. 2009; Heinz et al. 2012). 

Trachipleistophora hominis for example with a genome size of ~11.6 Mb has a 

predicted proteome that is approximately 30% larger than those of small-genome 

microsporidia (Heinz et al. 2012; Watson et al. 2015). More recently, the genome 

sequence of the Gammarus-infecting species Dictyocoela muelleri was published with 

6,442 predicted genes (Cormier et al. 2021). Whilst there are some differences in the 

complement of metabolic pathways between microsporidia (as seen above), larger 

proteome size is not associated with a greater metabolic capacity. In those 

microsporidia that have larger proteomes, the vast majority of extra proteins have no 

annotated function and many are result of expansion of microsporidian or species-

specific gene families through gene duplication (Heinz et al. 2012; Nakjang et al. 2013; 

Pan et al. 2013; Cormier et al. 2021). For example the 2,591 of 6,442 genes predicted 

in the D. muelleri genome can be clustered in just 233 orthogroups (Cormier et al. 

2021). The genome of Nosema bombycis, the pathogen of the domesticated silkworm, 

encodes 4,458 predicted proteins relative to 3,413 in the genome of the close relative 

No. antheraeae which infects the Tussar silk moth (Pan et al. 2013) and many of the 

extra genes in No. bombycis have arisen as tandem repeats since the divergence of 

No. bombycis and No. antheraeae (Pan et al. 2013). As seen in Nematocida, one or 

a handful of gene families can account for a considerable number of predicted proteins 

and this is also the case in many other microsporidian genomes (Reinke et al. 2017). 

These extreme gene family expansion events can substantially add to the predicted 

proteome and has led to both species-specific expansions such as the ‘Nematocida 

expanded gene family 1’ proteins or the more widespread InterB proteins found in 

Encephalitozoon, Vittaforma, and Anncaliia (Dia et al. 2007). These families can have 

over 100 members, are often enriched with motifs that mediate protein-protein 

interactions and many of them are predicted to have secretion signals that may direct 

them out of, or to the surface of the microsporidian cell (Heinz et al. 2012; Campbell 

et al. 2013; Reinke et al. 2017). The functional importance of these expanded protein 

families is not fully understood but they are strong candidates for characterisation as 

potential secreted parasite effector proteins. 

 



In other instances, proteome increase has come about through whole genome 

duplication. Within the genus Spraguea there is evidence of a recent whole genome 

duplication in the ancestor of the North American population of Spraguea inevitably 

leading a duplicate copy of each gene (Williams et al. 2016). Many of the resultant 

duplicates are pseudogenes but some are retained as intact open reading frames. As 

a result, the lineage that has experienced this whole genome duplication has a higher 

predicted protein number than close relatives (Williams et al. 2016). Novel lineage 

specific genes can also arise do novo from previously non-coding material rather than 

via gene duplication or rearrangement of exons/introns or other genomic elements. 

These de novo genes can be identified as open reading frames that are unique to one 

species and are actively transcribed, but where there is clear sequence similarity at 

the DNA level to non-coding regions from close relatives (Figure 3) (Nakjang et al. 

2013; Williams et al. 2016). 

 

Genome inflation through transposable element bursts and intergenic region 

expansion: Edhazardia aedis and Anncaliia algerae. 

Differences in genome organisation and content, such as smaller or larger gaps 

between genes or the presence or absence of certain genes or gene families can 

account for some of the difference between genome sizes, but large genome 

differences over short times scale are sometimes driven by bursts of transposable 

elements (Naito et al. 2006). There is a general correlation between genome size and 

transposable element content in eukaryotes broadly (Elliott and Gregory 2015) and 

this same trend applies broadly to the microsporidia: The smallest genomes have no 

or very few transposable elements, while the largest harbour large and diverse 

transposable element populations (Parisot et al. 2014).  

Genome size expansion through the acquisition and spread of transposable elements 

has occurred multiple times within the microsporidia. One example seen above is in 

the genome of Nosema bombycis compared to the genomes of its close relatives (Pan 

et al. 2013). However, transposable elements are found in genomes across the 

diversity of microsporidia and have been shown to include both non-LTR 

retrotransposons and LTR retrotransposons and DNA transposons (including Helitron, 

Mariner, Tc1, Merlin and piggyBac). One genome that has become particularly 



expanded by a transposable element burst is that of the species Anncaliia algerae 

(Parisot et al. 2014). This pathogen primarily infects insects but is also a serious 

opportunistic pathogen of humans (Coyle et al. 2004). With a genome size of 23 Mb, 

it has one of the larger microsporidian genomes and in this species there a large 

diversity of transposable elements with 97 LTR retrotransposons, four non-LTR 

retrotransposons, and 139 DNA transposons identified within a single An. algerae 

genome (Parisot et al. 2014). Many of the transposable elements seen in 

microsporidia likely originate through horizontal gene transfer from hosts permitted by 

the intimate association between microsporidian and their host organism. 

Interestingly, recent work has shown that there are substantial differences in 

transposable element content between different strains of Anncaliia algerae, indicative 

of a recent change in of transposable element content driven primarily by the spread 

of DNA transposons (de Albuquerque et al. 2020).  

 

It has been suggested that the RNAi pathway in microsporidia has a role in 

transposable element defence and the retention or loss of the pathway is driven by 

the presence or absence of transposable elements within microsporidian genomes 

(Nakjang et al. 2013) and whilst there is an association between the retention of Dicer 

and Argonaute and the accumulation of transposable elements in microsporidian 

genomes, there is not a complete match and other forces such as drift may also play 

a role in dictating when are where they are retained across the phylum (de 

Albuquerque et al. 2020).  

 

Whilst larger microsporidian genomes have often become swollen through acquisition 

of transposable elements, one genome that bucks this trend is that of the mosquito 

parasite Edhazardia aedis which has the largest genome of any sequenced 

microsporidian to date at 51.3 Mb (Desjardins et al. 2015). This genome, however, is 

not characterised by more transposable elements: Only 5.5% of the Edhazardia aedis 

genome could be classified as repetitive, and – in common with some smaller 

microsporidian genomes – it entirely lacks introns (Desjardins et al. 2015). Edhazardia 

aedis encodes 4190 protein-coding genes, a relatively large complement for a 

microsporidian but not making up the difference in genome size, with only 9% of the 

genome coding for protein. Intergenic distance tends to increase with increased 



genome size in the microsporidia (Figure 4), but this is particularly apparent in the 

genome of Edhazardia aedis which has become bloated to it large size primarily 

through the accumulation of expanded AT-rich intergenic regions (Desjardins et al. 

2015). These can be 10s of thousands of bases in length (Desjardins et al. 2015) and 

are speculated to allow additional regulation of gene expression (Troemel and Becnel 

2015). Phylogenetically, Edhazardia aedis emerges from within a clade of small-

genome microsporidians, suggesting that its larger genome is the result of secondary 

re-expansion rather, than the retention of the larger intergenic regions more typical of 

other eukaryotes.  

 

 

What drives the evolution of microsporidian genome size? 

Adaptive or functional explanations for diminutive microsporidian genome sizes have 

been invoked in the past (Cavalier-Smith 2005). Three factors have been implicated 

in driving down genome size. These first is metabolic reduction, explained by loss of 

selective pressure to retain certain pathways after the adoption of an intracellular 

lifestyle as the host allows access to these resources. The second is economy of 

resources required to replicate DNA in the nucleus as a force driving miniaturisation. 

The third is spatial reduction with the small cell size driving decreased genome size to 

maintain a ‘karyoplasmic ratio” (Cavalier-Smith 2005). In contrast it has also been 

proposed that larger genomes with more genes are the result of selection for a large 

gene repertoire in species that have more than one host type (Peyretaillade et al. 

2012; Pan et al. 2013)  

However, these functional explanations, as in other eukaryotes, do not provide a 

complete account of differences in genome sizes and organisations over short time 

scales, or vast differences in genome sizes between organisms with very similar hosts 

and fundamentally the same intracellular niche. In addition to selection acting on 

genome size changes, genome size variation can also be driven by neutral processes. 

Whether genomic changes such as point mutations; gene duplications, transfers or 

losses; or acquisition of transposable elements will become fixed within a lineage 

depends largely on the fitness cost or benefit of that change. In populations with large 

effective population sizes natural selection will allow changes with a small benefit to 



be fixed and mutations with small costs to fitness will be purged (Ohta 1992; Lynch 

and Conery 2003). However, in organisms with small effective population sizes, 

natural selection is less effective and slightly deleterious mutations such as the 

addition of a new non-coding genomic element may become fixed through drift (Lynch 

and Conery 2003). 

 

Non-adaptive processes in shaping microsporidian genomes have been recently 

investigated using genomic data (de Albuquerque et al. 2020; Haag et al. 2020). 

Firstly, in order to investigate how genome architecture has evolved in distantly related 

microsporidian species with similar hosts but different life histories Haag et al 

sequenced seven new microsporidian genomes infecting Daphnia magna: H. 

tvaerminnensis (x 2 strains) and H. magnivora (x 2 strains), and Ordospora colligata 

(x 4 strains) (Haag et al. 2020). These organisms were chosen because they inhabit 

the same host, but they display a mix of sexual and asexual lifestyles and patterns of 

horizontal transmission or vertical transmission (or even a mix of both within the same 

species) allowing the impact of these differences to be evaluated. These species also 

differ vastly in genome size and organisation. Ordospora is strictly horizontally 

transmitted and has a compact genome of 2.3 Mb in comparison to the genomes of 

Hamiltosporidium spp. which range from 17.2 Mb to 25.2 Mb and are a mixture of 

vertically and horizontally transmitted (Haag et al. 2020). The Hamiltosporidium 

genomes, like many expanded microsporidian genomes are characterised by longer 

intergenic regions, segmental duplications and a greater proportion of transposable 

elements. One explanation for the differences in architecture between these groups is 

that vertical transmission creates a population bottleneck decreasing effective 

population size and thus decreasing the power of selection to remove slightly 

deleterious mutations (Haag et al. 2020). This is borne out by the observation that 

those species with larger genomes and vertical transmission as a part of their life stage 

also have an excess of nonsynonymous substitutions in single-copy orthologous 

genes relative to horizontally transmitted species (Haag et al. 2020). 

 

Building on this hypothesis, Alberquerque et al looked at the distribution of 

transposable elements across the phylum studying the pattern of where transposable 

elements occur and where they have expanded within genomes (de Albuquerque et 

al. 2020). Comparing 47 microsporidian genomes confirms the positive relationship 



between genome size and transposable element content that exists in eukaryotes 

generally (Elliott and Gregory 2015). It also showed statistically significant differences 

in the percentage of the genome taken up by transposable elements and genome size 

generally in those species with vertical transmission versus those that only transmit 

horizontally where species with vertical transmission have a higher proportion of 

transposable elements, and larger genomes (de Albuquerque et al. 2020). This 

reinforces the idea that vertical transmission is associated with genome expansions 

and the spread of transposable elements in microsporidia, and this difference is the 

result of genetic drift in populations with a small effective size rather than selection (de 

Albuquerque et al. 2020).  

 

The power, limitations and future of genomic studies in microsporidia: 

Microsporidian genomes are small, and these organisms evolve under very different 

selective constraints compared to free-living eukaryotes. Nonetheless, genomic 

studies of microsporidia have demonstrated that, particularly in regard to evolutionary 

dynamics of genome size change, the group represent a microcosm of evolutionary 

processes occurring within eukaryotes more generally.  

 

Now comparative genomic studies are not only describing the differences in 

organisation and content and the mechanisms that led to these changes, but also 

beginning to provide some answers as to which evolutionary pressures drive the 

differences in microsporidian genome size.  

 

Genomic studies have given real insight into nature of reductionism and patterns of 

differential reduction of metabolic and cellular processes during the evolution of the 

phylum. This has revealed clear patterns of pathways that are universally lost across 

the phylum for example the electron transport chain and pathways that are universally 

conserved across the microsporidia (or example mitochondrial iron sulphur cluster 

assembly proteins in the mitosome. In addition, genomic studies have highlighted 

pathways and complexes that have degenerated at certain points during the evolution 

of the phylum (RNAi, glycolysis and the spliceosome) and the general paring down of 

eukaryotic complexes to something far more minimal than seen in ‘typical’ eukaryotes.  

 



In terms of understanding cellular processes, genome data can suggest hypotheses 

that can be tested by experiment. For example, comparative genomic studies can 

generate lists of candidate ORFs associated within particular unusual lifestyles for 

example feminisation of hosts or occupation of a intranuclear niche (Wiredu Boakye 

et al. 2017; Cormier et al. 2021). However, the lack of a genetic system for 

microsporidia continues to impede progress in understanding the biological 

significance of these ORFs. Nonetheless, innovative experiments informed by 

genomic observations continue to provide new insights into microsporidian biology 

and the biology of parasitism, as illustrated for example by recent work on the evolution 

of the microsporidian ribosome (Barandun et al. 2019; Ehrenbolger et al. 2020). The 

ribosome was one of the earliest noted examples of reduction in the microsporidia and 

when the E. cuniculi genome was first sequenced, 70 different ribosomal proteins were 

identified in contrast to the ~80 typically found in other eukaryotes, suggesting the loss 

of several proteins (Katinka et al. 2001). In addition, the ribosomal RNA genes in 

microsporidia are extensively shortened so that the eukaryote-specific expansion 

segments that mediate many interactions with proteins are lost and it was therefore 

suggested that several ribosomal proteins are no longer part of the ribosome but have 

extra-ribosomal functions (Melnikov et al. 2018). However recent generation of cryo-

EM structures and proteomic characterisation of the Vairimorpha necatrix and 

Paranosema locustae ribosomes give an in depth insight into of the nature of 

ribosomal reduction (Barandun et al. 2019; Ehrenbolger et al. 2020). These studies 

demonstrated that, in fact, some microsporidia have retained all the ribosomal proteins 

typically present in fungi apart from eL38 and eL41. Whilst expansion segments are 

lost from rRNA, this loss is compensated for proteins being held in place by protein-

protein interactions. This illustrates that whilst reduction of the ribosome has occurred 

through shortening of genes and proteins, proteins are retained and the core structure 

of the eukaryotic ribosome is preserved. This study highlights just how challenging it 

is to make predictions about the biology of microsporidia on the basis of bioinformatic 

analysis and whilst this is true of studies in all organisms, it is particularly pertinent in 

the microsporidia. This is partly because the very high rates of evolutionary change in 

proteins sequences means that it is not always easy to identify homologs of short or 

particularly divergent proteins, and because the process of reduction in microsporidia 

has resulted led to unique solutions, and highly derived states, which cannot be 

predicted fully without functional data.  



 

However, the available genomes represent an essential resource to support in depth 

studies like those of the ribosome and as new emerging technologies are applied to 

this fascinating group of organisms it will undoubtedly reveal novel ways in which 

microsporidia have adapted eukaryotic complexes in a way that cannot be understood 

with genomic data and bioinformatics alone.  
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Figure Legends: 

 

Figure 1: Accumulation of microsporidian genomes assemblies over time in NCBI. 

The top line shows accumulation of numbers of assemblies whilst the lower line 

indicates the number of new unique species assemblies. X axis shows years and Y 

axis, numbers of available genomes. 

 

Figure 2: Phylogenetic relationships between microsporidian species with sequenced 

genomes with to the right-hand side indication of genome/assembly size with 

proportion taken up by coding sequences in black (Note that for some species the 

value for some figures the value was taken from published estimates which may not 

include gene duplicates).  indicates putative loss of glycolysis,  indicates putative 

loss of introns and a functional spliceosome  indicates putative losses of loss of the 

RNA interference pathway. (Available proteomes for sequenced genomes at NCBI 

were downloaded on the 18th May 2021. For A/P. locustae and Me. incurvata and 

Spraguea NB2 the nucleotide assembly was downloaded and EMBOSS getorf (min 

100) used to predict proteins. OrthoFinder (default settings) was used to create 

orthogroups (Emms and Kelly 2019). Any orthogroups with representation for at least 

20 taxa were selected and aligned using MAFFT and trimmed using trimAl (Katoh et 

al. 2002; Capella-Gutiérrez et al. 2009). Initial trees (IQ-TREE) were inspected and 

close protein orthologs that were the result of duplication within a single species were 

removed to leave a single copy (Nguyen et al. 2015). Alignments were concatenated 

and IQ-TREE was run on the partitioned file with best model indicated for each aligned 

protein and 1000 UltraFast bootstrap replicates. Values for bootstraps were 100% 

unless indicated.). 

 

Figure 3: Putative de novo gene area in Spraguea spp.: Shown is the same area 

of the genome of two populations of the same pathogen. In the East Atlantic genome, 

it is possible to see and area with an open reading frame that is transcribed and 

putatively translated into a population specific protein. In the West Atlantic genome, 

the same area does not contain an open reading frame. Differences at the DNA level 

between these two populations are indicated by black boxes. 

 



Figure 4: Polar tube 2 region of the various genomes to illustrate variation in intergenic 

spacing between species. Shown is the PTP2 gene shaded in grey which is chosen 

as a reference point. Surrounding genes are shown in white. Homologous genes are 

indicated by light grey shading linking genes between species. Relationships between 

species shown to the left hand side are extracted from the phylogeny in Figure 2. The 

hatched box in the second genomic area for Nosema bombycis indicates a possible 

pseudogene. It is also possible to see the synteny within Encephalitozoon and 

Nosema species but this synteny breaks down with increasing phylogenetic distance 

which may reflect increased time since divergence but also a higher chance of fixation 

of recombinations as genome density decreases and the chance of disrupting an 

existing open reading frame decreases.  
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