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Abstract

Microsporidia are ubiquitous intracellular pathogens whose opportunistic nature led to their in-
creased recognition with the rise of the AIDS pandemic. As the RNA world was largely unex-
plored in this parasitic lineage, we developed a dedicated in silico methodology to carry out
exhaustive identification of ncRNAs across the Encephalitozoon and Nosema genera. Thus, the
previously missing U1 small nuclear RNA (snRNA) and small nucleolar RNAs (snoRNAs) target-
ing only the LSU rRNA were highlighted and were further validated using 5" and 3’'RACE-PCR
experiments. Overall, the 15 ncRNAs that were found shared between Encephalitozoon and
Nosema spp. may represent the minimal core set required for parasitic life. Interestingly, the
systematic presence of a CCC- or GGG-like motif in 5’ of all ncRNA and mRNA gene transcripts
regardless of the RNA polymerase involved suggests that the RNA polymerase machineries in
microsporidia species could use common factors. Our data provide additional insights in accor-
dance with the simplification processes observed in these reduce genomes and underline the
usefulness of sequencing closely related species to help identify highly divergent ncRNAs in
these parasites.
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1. Introduction

Microsporidia are unicellular eukaryotic parasites divided into more
than 187 genera and 1,500 distinct species of varying medical, veteri-
nary and economic impacts.' These highly-adapted, obligate intracel-
lular pathogens were recently shown to cluster at the base of the
fungal kingdom as a sister-group to chytrid pathogen Rozella
allomycis> Unlike most of their fungal relatives however,
Microsporidia cannot thrive without a host and can only survive in
the outside environment as spores. The intracellular lifestyle of
Microsporidia is obligate and likely irreversible, as all but one species
(i.e. Mitosporidium daphniae)® feature highly-reduced mitochondria
known as mitosomes that are incapable of generating ATP via oxida-
tive phosphorylation and gene-depleted nuclear genomes, reflecting a
heavy host-dependence towards a large number of essential cellular
components that they are no longer able to produce.* Of the circa
1,800-2,600 proteins’ encoded in the microsporidian gene reper-
toire, a total of about 800 proteins form a reduced core set involved
in critical cellular processes and pathogenicity, including spore for-
mation, invasion and host-parasite relationships,*®’ with the re-
maining proteome postulated to reflect their adaptation to different
niches.® However, while recent investigations have painted a clearer
picture of the microsporidian pan-proteome, we still know very little
about the types and distribution of non-coding RNAs (ncRNAs) that
are present in Microsporidia.

In eukaryotic cells, three RNA polymerases (RNA Pol I, IT and III)
are involved in the transcription processes of ncRNAs. RNA Pol I is
specialized in the high level synthesis of the large rRNA precursor
from a single type promoter.” RNA Pol III transcribes numerous
ncRNAs, including tRNAs, 5S rRNA, and a variety of other types of
ncRNA such as U6 snRNA, RNase P RNA and SRP RNA, by recog-
nizing cis-acting elements located within the transcribed region.”
Finally, RNA Pol II, which transcribes protein-coding genes, is also
devoted to the production of ncRNA such as other small nuclear
RNAs (snRNAs) and small nucleolar RNAs (snoRNAs)."!

Non-coding RNAs are diverse and biologically relevant molecules
involved in various crucial cellular processes.'>™** For example,
snRNAs, snoRNAs and RNase ncRNAs are found in most eukary-
otic cells and are involved in the splicing of eukaryotic pre-mRNAs,
ribosome-related 2’-O-methylation (C/D snoRNA) or pseudouridyla-
tion (H/ACA snoRNA), and miscellaneous maturation processes, re-
spectively. However, current ncRNA investigations are hampered by
our limited prediction, detection and identification capabilities,
which lag far behind those coding for proteins. Indeed, ncRNAs lack
the signatures that make protein-coding gene prediction possible
(e.g. codon usage, splicing signals, open reading frame length, se-
quence bias) and similarity searches are often inefficient due to the
lack of primary sequence conservation across distantly related ge-
nomes.'®!” The most successful approaches to identify ncRNAs ex-
ploit the idea that functionally significant RNA secondary and/or
tertiary structures will be conserved in distant species, as function is
usually dependent on structure, and structures can be maintained de-
spite high sequence divergence by compensatory mutations.
Predicting consensus secondary/tertiary structures can thus be far
more useful than alignments of closely related primary sequences
when working across large evolutionary distances or with sequences
displaying extremely fast rates of evolution, as is the case with most
microsporidian genomes.'®

Most approaches currently used to identify ncRNAs start from the
analysis of transcriptome data, which are then mapped onto genomic
data.” This circumscribes the scope of the search to a smaller subset

of transcribed and therefore potentially functional sequences, a clear
advantage when the genomes under scrutiny are huge. However, dis-
tinguishing between function and transcriptional noise can be diffi-
cult, and the tools that are available to process transcriptome data are
still in flux. Here, we used instead the reverse approach, from genome
prediction to transcriptome validation, to investigate the presence of
ncRNAs in the genomes of Microsporidia from the four
Encephalitozoon  species. This approach is well-suited to
Encephalitozoon genomes due to their extreme size reduction
(smaller than 3 Mbp), high-levels of gene synteny and coding density,
and characterized CCC-/GGG-like transcriptional initiation sig-
nals.>?*>? Using this approach, we identified a total of ten new
ncRNAs in the Encephalitozoon spp., including the previously miss-
ing U1 snRNA and nine snoRNA-like genes. Their presence and that
of eight previously predicted ncRNAs were further confirmed by 5’
and 3’ RACE-PCR experiments in E. cuniculi. To strengthen the rele-
vance of our comparative approach and to better evaluate the overall
catalogue of ncRNA in microsporidian genomes, we also applied
the same method to the available genomes from the genus Nosema.
Most of the ncRNA found in the four Encephalitozoon species
were also identified in Nosema spp. This suggests that the repertoire of
ncRNA may be relatively reduced in the microsporidian genomes
and, taken altogether, that these ncRNAs may very well represent the
minimal core set required by these parasites for their survival.

2. Material and methods

2.1. Detection and characterization of microsporidian
ncRNAs

Conventional approaches used to annotate coding DNA sequences
(CDS) consider the first AUG codon in an open reading frame as the
transcriptional initiation site (TIS). However, this is often inaccurate
and can cause the erroneous inclusion of intergenic regions and/or
other small overlapping unpredicted genes in the 5° end of the CDS.
To mitigate this and help identify ncRNA that could potentially be
found in these overlapping segments, we first revisited the latest anno-
tations from Encephalitozoon cuniculi (accession codes AL391737.2,
AL590442.2-A1L590451.2), Encephalitozoon intestinalis (accession
codes CP001942.1-CP001952.1), Encephalitozoon hellem (accession
codes CP002713.1-CP002724.1) and Encephalitozoon romaleae
(accession codes CP003518.1-CP003530.1) genomes to better predict
TIS and intergenic regions by taking advantage of transcriptional sig-
nals and the increased resolution in comparative analysis provided by
the growing set of Encephalitozoon genomes.”*"*> From these cu-
rated annotations we then used an “all-versus-all” BLASTN approach
(word size: 7 nt, low-complexity filter disabled) to compare the inter-
genic regions of these four genomes and search for the presence of
small but highly conserved stretches of DNA reflecting elevated levels
of conservation—and potentially functional importance—in these ge-
nomes with the highest rates of sequence evolution in eukaryotes.'®
BLASTN searches were also further performed in a directed fashion
by specifically comparing intergenic regions from the same locus in the
four species, which was made possible due to the extreme levels of syn-
teny found across all Encephalitozoon genomes (1,824 colinear genes

in 55 syntenic blocks).>’

BLASTN results were manually explored and
flanking regions analysed to identify putative transcriptional regula-
tion signals. Multiple sequence alignments were performed with
Clustal Omega®* to validate sequence conservation between the four

Encepbhalitozoon genomes.
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The presence of ncRNAs in species from the genus Nosema was first
investigated by screening the Nosema genomes (N. ceranae (accession
codes JPQZ01000001-JPQZ01000536), N. apis (accession codes
ANPH01000001-ANPH01001133) and N. bombycis (accession codes
ACJZ01000001-ACJZ01003558)) for the Encephalitozoon ncRNA
genes identified as described above using BLASTN searches (word
size: 7 nts, Match/Mismatch Scores (1, —1), Gap Costs (Existence: 0
Extension: 2) and low-complexity filter disabled). Next, because accu-
rate annotation and TIS prediction in Nosema genomes has been exclu-
sively carried out for N. ceranae,”® only the intergenic regions from this
species were extracted and used as queries against the N. apis and N.
bombycis genomes for genus-specific BLASTN searches (same parame-
ters), with putative hits investigated for the presence of transcriptional
regulation signals as described above. Canonical secondary structures
were predicted using locARNA® and refined manually. In silico func-
tional annotations of identified ncRNAs were conducted using the
RFAM 12.0 database.”” ncRNAs lacking predicted functions after this
step were annotated according to the expertize available in our group
as follows. The C/D box snoRNA genes were annotated based on their
conserved C (RUGAUGA) and D (CUGA) sequence motifs located at
the 5’ and 3’ ends, respectively, and based on a short terminal stem lo-
cated 2 nt upstream and of the C and D boxes, respectively. Most of
the C/D box candidate snoRNA genes also further contained another
copy of the C and D motifs, albeit less conserved, located in the central
region of the snoRNA sequence. H/ACA box snoRNA genes were an-
notated based on the presence of two hairpins and of the two H
(ANANNA) and ACA (ACA) sequence motifs, located in the intergenic
region between the two hairpins and at the 3’ end immediately follow-
ing the second hairpin, respectively. The Ul snRNA was annotated
based on its well-conserved secondary structure and the presence of the
5" end highly conserved SS (ACUUAC) motif.

To identify snoRNA targets in microsporidian rRNA, rRNA align-
ments between E. cuniculi, human and S. cerevisiae were performed to
highlight homologous targets positions. In-house scripts were used to
predict putative modified positions from both E. cuniculi snoRNA and
rRNA sequences. rRNA alignments were built using multalin,?® (http://
multalin.toulouse.inra.fr) for human, yeast and Encephalitozoon ge-
nomes. Positions modified in S. cerevisiae and human rRNA were ob-
tained from the Human snoRNA*’ and the S. cerevisiae snoRNA*°
database, respectively. rRNA targets of Encephalitozoon box C/D and
H/ACA snoRNA were then predicted by searching in rRNAs for puta-
tive base pairings to the expected regions in snoRNA (upstream the D
or D’ box for C/D box snoRNA and in the pocket of the stem loop for
H/ACA box snoRNA). E. cuniculi candidate targets were reported in
the alignment. Positions labeled as modified in human and/or yeast and
predicted as modified in E. cuniculi were kept as true positive modifica-
tions. SnoRNA actors of these modifications were assigned the same
identifier than in human/yeast when possible. Identification of consen-
sus sequences of A and B boxes from tRNA sequences have been per-
formed with the MEME tool.*’

2.2. Cell culture

Human Foreskin Fibroblast (HFF) host cells (ATCC SCRC-1041)
were infected by approximately 10° spores of E. cuniculi GB-M1
(kindly provided by Prof. Elisabeth U. Canning, Imperial College of
Science, Technology and Medicine, London, UK) during 2h in
75 cm? flasks. Cultures were washed three times with PBS (1) to re-
move spores that did not invade host cells and then incubated for
two further days as described previously.>” Infected cells were

maintained in 5% CO, at 37°C in minimum essential medium
(MEM) supplemented with 5% fetal calf serum, 2mM glutamine
(Invitrogen, Carlsbad, CA, USA) and 20 pg/ml gentamicin.

2.3. Total RNA isolation and polyuridylation

Total RNA from E. cuniculi-infected HFF cells were extracted using
TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Total RNA integrity and purity were verified on
the 2200 TapeStation system (Agilent Technologies, Santa Clara,
CA, USA). Three micrograms of total RNAs were polyuridylated us-
ing a polyU polymerase in 25 pl reactions according to the manufac-
turer’s instructions (New England Biolabs, Ipswich, MA, USA),
purified by phenol/chloroform extraction followed by ethanol pre-
cipitation, and resuspended in RNase-free water.

2.4, 5’RACE-PCR experiments and 3’ end amplification

5" ¢cDNA ends were characterized with the SMARTer RACE
Amplification kit (Clontech Laboratories, Inc., Mountain View, CA,
USA) according to the manufacturer’s recommendations. The reverse
transcription (RT) reaction step was performed with 200ng of E.
cuniculi total polyuridylated RNAs using a universal poly(A)-stem-
loop RT primer.** This first strand reaction products were diluted
with 50 pl of tricine-EDTA buffer and used both for 5 RACE-PCR
(0.2 uM of each specific primer, 0.2 mM dNTPs, 2U of Taq poly-
merase) according to the manufacturer’s recommendations and 3’
end amplification using specific 3’ primers and the universal reverse
primer on an Eppendorf Mastercycler gradient PCR machine with
the following cycling parameters: 10 cycles of touch-down PCR (de-
naturation: 94 °C for 30s; annealing: 55-68 °C for 30 s; extension:
72°C for 30 s), followed by 30 cycles of regular PCR with annealing
at 52°C. Specific 5’ and 3’ primers were defined using KASpOD

software.>*

2.5. PCR products sequencing

Amplification products were analysed by electrophoresis on 1.5%
agarose gels. Bands of the expected sizes were excised and purified
using the Wizard SV Gel and PCR Clean-Up System (Promega,
Madison, WI, USA). Purified PCR products were directly sequenced
with the specific primers from the RACE amplifications. For weak
band signal, PCR products were ligated into the pCR Il TOPO vector
(TOPO TA Cloning Kit Dual Promoter, Invitrogen) and transformed
into chemically competent XL1-Blue Escherichia coli cells following
the Inoue method.?* All sequences were determined using the Sanger
dideoxynucleotides chemistry by MWG Operon (Ebersberg,
Germany) with the SP6 primers.

3. Results

3.1. Identification and validation of non-coding RNA
genes in Encephalitozoon and Nosema spp

Using a synteny-driven “all-versus-all” BLASTN approach, a total of
10 new putative ncRNAs were predicted in the genomes of the four
closely related Encephalitozoon species E. cuniculi, E. intestinalis, E.
romaleae and E. bellem (Supplementary Table S1), raising the total
to 18 with the eight ncRNAs (RNase P, MRP, SRP, U3 C/D
snoRNA, U2, U4, U5 and U6 snRNAs) previously described in the
RFAM 12.0 database®” for at least one of these genomes. Similarity
and synteny-based ortholog searches in three AT-rich Nosema
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genomes (N. ceranae, N. apis and N. bombycis) retrieved only four
out of the ten Encephalitozoon newly predicted ncRNAs, suggesting
that the primary sequences of ncRNAs are overall poorly conserved
throughout Microsporidia. However, using only intergenic regions
of N. ceranae to screen N. apis and N. bombycis ones, we were able
to identify seven additional ncRNAs. Thus, with the RNase P, U2,
U3 and U6 ncRNA genes available in the RFAM 12.0 database,
Nosema species would possess 15 ncRNA genes that are orthologous
to Encephalitozoon ones (Supplementary Table S1).

All 18 E. cuniculi ncRNAs were then validated by 5’ and 3’
RACE-PCR (Supplementary Fig. S1) and Sanger sequencing of the
full-length products. This approach allowed to precisely define their
transcriptional initiation and termination sites (Fig. 1). The lengths
of ncRNA primary sequences were found to be relatively well con-
served between the four Encephalitozoon species and the three
Nosema species (Supplementary Fig. S2) but otherwise to be gener-
ally shorter when compared with their respective yeast and human
orthologs (Supplementary Table S1). For instance, the sequence of
the SRP RNA is 60 nt shorter than its S. cerevisiae and H. sapiens ho-
mologs predicted i silico.>® However, U4 and U6 snRNAs are lon-
ger than their human and yeast orthologs and include unexpected
additional stems located near their 3’ end (Supplementary Fig. S3).
Despite the overall size reduction and the lack of sequence similarity
compared with the genus and other phyla, the Encephalitozoon
ncRNAs were predicted to fold into canonical secondary structures,
with the exception of an uncommon Alu domain in the
Encephalitozoon SRP RNA (Fig. 2 and Supplementary Table 52).

Analyses of the upstream regions for all the 18 E. cuniculi
ncRNAs revealed the presence of a conserved CCC or GGG motif lo-
cated in close proximity of the transcriptional start site (TSS) (Fig. 1).
Complementary analyses of upstream regions have also highlighted a
TATA-like sequence for all the genes with the exception of the E.
cuniculi and E. intestinalis U46 C/D snoRNA (Fig. 1 and

Upstream Region

Transcription Start Site

Supplementary Table S2). For this last gene, in these two species, the
TSS upstream region presents a higher cytosine and guanine percent-
age, such that we could locate only multiple CCC or GGG-like mo-
tifs. Searches for DNA signals implicated in 5’ transcript processing
for the other Encephalitozoon and Nosema species have shown the
same signals for all the predicted ncRNA genes (Supplementary
Table S2). In S. cerevisiae and more generally in eukaryotic cells,
tRNA, U6 snRNA, RNase P RNA and SRP RNA genes are conven-
tionally under the control of the RNA polymerase III (RNA Pol III),
specifically recruited by A or B box sequence motifs.>” While these
cis-acting identified for all
Encephalitozoon and Nosema tRNA genes, none could be found for
the other three ncRNA families (Supplementary Table S2).

elements were unambiguously

3.2. Annotation of new ncRNAs

All ten newly predicted ncRNAs in the Encephalitozoon genus were
assigned putative functions based on their predicted secondary struc-
tures (Supplementary Fig. S3). With the exception of the U1 spliceo-
somal snRNA, all newly identified ncRNAs fall within the C/D box
or H/ACA snoRNA families. The U1l snRNA in Encephalitozoon
species has retained the typical cloverleaf-like structure (Fig. 3a) with
a four-way junction and a terminal stem-loop.>® However, the se-
quence of their SL1 and SL2 loops, which are key sites for snRNP
specific proteins binding, differ significantly from their S. cerevisiae
and human homologs and lack recognizable U1-70k
(GAUCRYGARR) and UTA (YUGCAYUY) canonical protein bind-
ing sites.®” In agreement with motifs present at intron boundaries in
Encephalitozoon, Ul snRNA displays a conserved human-like
ACUUACC 5’ splicing site (SS) motif. A binding site for the Sm pro-
teins was identified at the expected position but differs from human
and yeast Sm sites at positions 6, 8 and 9 (Fig. 3a and b). Using the
above characteristics derived from the Encephalitozoon spp. Ul
snRNAs, we were able to successfully confirm the presence of Ul

End of Transcription

GTGGTGATTTTTCGTCCGCAM TR A TCGEGAAGCAGRAGCCCT
AGGGAAGTGACATCTATTARA GG ORI TG TT TTTGAATGCCCT
ATCCCAAGGGCCCTTGCCTGCATTC AN RPET GC TTCCGT CHEcegr
AATCGTAGCTTGCAACTGGGTGGC A NANNENG T TC TGCAGAGAGEGET

GTGGTTCTCCATTARATGCCT TCH RN B EGGGATT TC TGGTAGCCCdT
GTGTAATTGTTATGAATAGAGG TRl GC TTGCAGGTTGATAGET]
ATGAAACATTTATGCAATGCTTTCTGGC TINNNRNSIA A AATT TAICCCT
ACCATCTGCTCTGGAGTAGCRINANNEERY: 1 A CCAGGARAGT TACCCEAG
CARTTCGTCCTATCTTCAGGGCATC A NN B TGAGCACACCCCdT
TCTGGTTECAGC NP T GCATT TC TGGEGATT CCARARAGTAICC

GCCCCGAGATTTTTECTCACCACIRINNEAGTGARARATGCCAlCCCdT

| J
GGAATTTCAGGTTCCCGAA RN NN GGCTARATGGAGCCICCCGTARA | 51 GUCUCAUGAU- €/D snoRNA ~UAUUUUAUUY 3*
TAGAAAAACACCTCCAGTAARACC AJNNRBIERA AARCACCCCATECCCAT | 51 GCGUCGAGGA- U3 C/D snoRNA -CCGACUAGUC 37
GCTCCCAAATCTCCGGCAAAGGC TR mA TTTTTeTGCTCAcCedr | 51 cuacuUCUCU- ACAL0 H/ACA snoRNA -~CCAGUUCACA 3’
TCGTTTTCGCATTGTACAAGCCT T T NN T CARCAGACATAICCEdT | 5 GUGUUGGGCG- H/ACA snoRNA -UAGACAGACA 3’
GTTCCARAGCACTTGGTTCCCTGTGEAGCCAGTGCTGEGCTCTTTATICE] | 5 AGUGCUUCAU- U46 C/D snoRNA -CUGAAGGCAC 3'
GTTrGGTAAIAAATAGGCGTCMTTTCIGCGTTICTGA@T 5' GAAGAGUGAU- U31 C/D snoRNA —~UGACUUCAGU 3’
AGAACCAATARATTCCATTCCYIRINNRRATGTTTTTTTTCCCGAGCCCR | 51 CCUCUCAAGC- U2 snRNA -CGGGGAGCAG 3’

5' CUCCARAGCU- UB5 H/ACA snoRNA —GAGUCAUACA 3

5' GUAAAGCAGA- ACAZT H/ACA snoRNA -CCUUGGGACA 37

5' CUGGCGGCUG- RMNase P RNA —-CCAGCAGCCA 37
5' UGUAGUUUUC- Ub snRNA -CCGGCUuuuA 37
5' GGCUUUUGCC- U19 H/ACA snoRNA -UGGAACCACA 37
5' GUUGGAUGAU- SRP RNA -CAGUCCUUUU 37
5' ACAUGUCCUU- U4 snRNA -GAAGCCUUUA 37
5' AARGUGAUGA snR38 C/D snoRNA GAUUCUUCGA 3’
5' GGCCGCCUCG- U5 snRMNA -CUAGCUCAGC 3’
5' AUGGRAUGUCC- RNase MRP -AUCUAUCUCA 3’
5' ACUUACCAUG- U1 snRNA -gucuccuuay 37

Figure 1. Encephalitozoon cuniculi ncRNAs validated by 5 and 3' RACE-PCR and their potential regulation signals. Black boxes correspond to the potential
TATA box signals for transcription initiation by RNA polymerases Il or lll. The potential transcriptional motifs (CCC/GGG-like signals) are boxed. For brevity, the
ncRNA sequences were only represented by the transcription start site, the end of transcription and the corresponding gene name.
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Figure 2. Proposed secondary structure for the E. cuniculi SRP non-coding RNA. Specific domains of the molecule are given.

orthologs in the three genomes from the Nosema genus (Fig. 3b).
Remarkably, in microsporidia the length of the SL3 variable stem
loop is shorter than in human and yeast. Interestingly, the SL2 stem-
conserved  between

loop  sequence much  more

Encephalitozoon and Nosema species than SL1, whose sequence

seems

seems more genus specific.

Three C/D box snoRNAs were identified as homolog of U31/
snR67, U38/snR61 and U40-U46/snR63 in human/S. cerevisiae
based on the presence of the box C (RUGAUGA) and D (CUGA)
conserved sequence elements, of a terminal stem, and of nucleotide
targets in microsporidian rRNAs that are complementary to the nu-
cleotides located upstream the D or D’ boxes (Fig. 4a). The ncRNA
located on E. cuniculi chromosome I (Supplementary Table S1) also
displays C and D motifs characteristic of C/D box snoRNAs as well
as an expected terminal stem (Supplementary Fig. S3). However, this
ncRNA does not display any clear target in microsporidian rRNAs.

Five of the newly-predicted ncRNAs were annotated as box
H/ACA snoRNAs (Supplementary Table S1 and Fig. S2). In all

cases, putative 23S rRNA pseudouridylation pockets were found
located 14 to 15nt upstream from box H (ANANNA) and/or
ACA terminal motifs (Fig. 4b), with hairpin secondary struc-
tures derived from multiple sequence alignment consensus com-
patible with those commonly found in snoRNAs H/ACA box.
Based on their expected targets, we were able to assign human
and S. cerevisiae orthologs to four (ACA10/snR37, U65/snR34,
ACA27/snR42 and U19/snR191) of the five microsporidian H/
ACA box snoRNAs. In human and S. cerevisiae, ACA10/snR37
targets two positions, respectively in 28S and 18S rRNA.
Remarkably, in all available Encephalitozoon species—supposed
more closely related to S. cerevisiae—ACA10/snR37 snoRNA
contains only one pseudouridylation pocket which target the
23S rRNA at the expected conserved position. We were unable
to propose rRNA or snRNA targets for the H/ACA snoRNA
encoded by E. cuniculi chromosome II (Supplementary Table
S1), which is conserved in Nosema genus but apparently not in
S. cerevisiae and human.
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Figure 4. Putative rRNA targets for the C/D and H/ACA snoRNAs encoded by E. cuniculi. Base-pairing interactions between: (a) Putative 2’-O methylated target
regions in the 23S LSU rRNA and guide sequences within C/D box snoRNAs and (b) putative ¥ target regions in LSU rRNA and guide sequences within H/ACA

box snoRNAs.

4. Discussion

Predictive searches based on homology are inherently tied to the similar-
ities that exist between targets and queries and, as sequences diverge, the
signature elements that could help identify biologically-relevant relation-
ships slowly fade away. Non-coding RNAs, in particular, are rather dif-
ficult to predict due to their general lack level of primary sequence
homology and to the limited availability of software-based tools capable
of investigating their secondary or tridimensional structures. In this
the related
Encephalitozoon and Nosema genomes as well as the presence of tran-

study, we used availability of multiple closely

scriptional signals to improve ncRNA gene prediction in Microsporidia

21 (here we note that

from precisely delineated intergenic regions
intronic ncRNAs are highly unlikely in these species because few introns
are present in Microsporidia and their introns are very short). Using our
approach, we were able to identify ten new ncRNAs that are involved in
pre-RNA processing and rRNA modification, thus in effect more than

doubling the number of known ncRNAs encoded in these species.

4.1. A complete RNA machinery of the major
spliceosome?

Despite their eukaryotic ancestry, microsporidia from the genus
Encephalitozoon are intron poor, with less than 50 known
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spliceosomal introns per genome,®*® and it is unclear if this scarcity
is a consequence of or rather the cause behind the apparent reduced
complexity of the spliceosome apparatus in these organisms. The
spliceosome of E. cuniculi was predicted based on genome data to be
much simpler than that of other eukaryotes and to be composed of

only 37 proteins®®*!42

compared to its human (~200) and yeast
(~100) counterparts, yet it clearly remains functional as indicated by
splicing studies.***> However, up until now, many ncRNA compo-
nents considered vital to the function of the eukaryotic spliceosome
were missing from microsporidian annotations. In particular, al-
though four Ul-associated proteins were identified in the E. cuniculi
genome, the U1 snRNA previously escaped bioinformatics detection

. . 9 1 3
despite large screenings®”*!*3

that predicted the presence of Ul in
only one microsporidia from the genus Antonospora. Our study
represents the first evidence of the presence of Ul in
Encephalitozoon and three Nosema species and confirms, as ex-
pected from splicing studies, that microsporidia possess a complete
set of snRNA for the major spliceosome. With this small but whole
set of snRNAs, its few splicing proteins and the scarce introns that
are encoded in its genome, E. cuniculi can be now considered one of
the simplest complete systems to investigate eukaryotic splicing
mechanisms.

4.2. Towards a minimal set of compact ncRNA genes
Microsporidia from the genus Encephalitozoon are models of ex-
treme compaction with thoroughly streamlined genomes, a stream-
lining so pervasive that the functions left encoded within are likely
essential to the survival of these parasites. As such, the subset of
Encephalitozoon ncRNAs (15 out of 18) that is shared with Nosema
species may very well represent the minimal set of ncRNA genes that
is viable for any spliceosome-dependent eukaryote. The reductionist
pressure exerted on the Encephalitozoon genomes resulted in a dras-
tic genes loss during microsporidian evolution, in the shortening of
the protein coding sequences and rRNA-coding regions but also in a
general reduction in ncRNA size. A careful analysis of the secondary
structure of each ncRNA revealed that their cores were reduced to
the structural features that are preserved in all living cells, and that
further reduction is unlikely without disrupting the underlying bio-
logical function(s). For example, the highly derived P3 helix and 3’
domains of the RNase P and MRP RNAs, which are not critical for
RNA processing,* are highly reduced in Encephbalitozoon spp. and
compatible with the absence of the interacting protein Rpp20 from
these organisms.*® Another example of high reduction is the SRP
RNA, which lacks a canonical Alu domain in Encephalitozoon spe-
cies. Encephalitozoon spp. lacks apparently the protein heterodimers
that interact with this domain, i.e. SRP9/SRP14 and SRP68/SRP72,
and while these heterodimers could potentially be replaced by struc-
turally related proteins, the reduced size of the microsporidian SRP
RNA strongly argues against this.

With a total number of snoRNAs that is but a fifth of that en-
countered in the budding yeast S. cerevisiae,*” the Encephalitozoon
and Nosema genomes are pushing our understanding of how far ri-
bosomes can devolve to yet remain functional. Here, all of the con-
served microsporidian snoRNAs targeted modifications are realized
in key regions of rRNAs, which argues in favor of an essential role
for ribosome function.*®** In the snoRNAs we identified here, even
those with reduced structures have retained their characteristic
target-binding pattern and sequence motifs, suggesting that very little
is left to prune. Remarkably, we did not find any snoRNA involved
in the modification of SSU rRNA or snRNA. The only H/ACA box

snoRNA ortholog able to modify SSU rRNAs in human and S. cere-
visiae lacks the necessary 3’ pocket in Microsporidia, which begs the
question: are SSU-modifying snoRNAs
Microsporidia? We cannot exclude the possibility that highly diver-
gent specimens are left to be discovered, but in light of the highly re-
duced microsporidian ribosomal rRNAs, they may be no longer

present at all in

necessary.

4.3. Asimplified RNA polymerase Il recruitment?
Non-coding RNAs in eukaryotes are transcribed by one of the three
RNA polymerases known as RNA Pol I, IT and III, with transcription
initiation signals specific to each polymerase. Most genes transcribed
by RNA Pol III fall into well-defined groups depending on the loca-
tion or type of cis-acting elements, which constitute their pro-
moters.'”*°! In a significant subset of genes under control of the
RNA Pol III, two regions known as A and B boxes are involved in
the binding of the transcriptional factor TFIIIC.'® As expected, we
identified these cis-acting A and B boxes—harboring the canonical
consensuses TRGYNNANNNG and GWTCRANNC—for all
tRNA genes in E. cuniculi and N. ceranae genomes (Supplementary
Table S2). However, we could not locate these signals or any other
putative Pol Ill-related signal in others microsporidian ncRNA genes
known to be transcribed in eukaryotes by RNA Pol III (U6 snRNA,
RNase P and MRP RNA). Because they play an important role in the
formation of the L-shaped tertiary structure of the tRNA molecule,
the A and B boxes could be subjected to more selection pressure
when associated with tRNA genes, limiting consequently their
variation.'”

Given these results, two major assumptions can be formulated.
The first hypothesis is that although identifiable in tRNA genes, the
A and B boxes used for the recruitment of the RNA Pol III in micro-
sporidian ncRNAs are probably too degenerated to be detected by a
homology-based method. This is consistent with the fact that these
genomes display some of the highest rates of sequence evolution in
eukaryotes.!® The high rate of sequence divergence could also ex-
plain why the 5S rRNA internal control region (ICR) C-box required
for transcription and relatively well conserved between S. cerevisiae
and Xenopus borealis rRNA 5 genes,’” could not be characterized
in microsporidia despite their phylogenetic proximity with S. cerevi-
siae. The second hypothesis is based on an in vitro observation show-
ing that in S. cerevisiae, TFIIIB can recruit RNA Pol III without the
help of TFIIIC.>® Thus, a TATA box, without the need of any other
transcriptional signal, could directly ensure TFIIIB and ultimately
RNA Pol III recruitment for multiple rounds of accurately initiated
transcription. In this scenario, the A and B boxes would not be re-
quired at all, and could be missing entirely from the Encephalitozoon
ncRNAs.

Interestingly, the systematic presence of a perfect CCC or GGG
motif in 5 of all ncRNA and mRNA gene transcripts in E.
cuniculi,®*>* regardless of the RNA polymerase involved (I, II or
1), suggests that the
Encephalitozoon species could perhaps use common factors, in

RNA polymerase machinery in
agreement with the apparent overall simplification of transcriptional
processes in Microsporidia.

In any case, novel experimental strategies will be required to un-
derstand more accurately the transcriptional regulation of coding
and non-coding genes in Microsporidia. Notably, a better characteri-
zation of their general and specific transcription factors will further
help identify which components of the transcriptional machinery are
essential in these ultra-compact genome.
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