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First Glimpses/Report

Sequence and Analysis of Chromosome |
of the Amitochondriate Intracellular Parasite
Encephalitozoon cuniculi (Microspora)

Pierre Peyret,'-> Michael D. Katinka,? Simone Duprat,? Francis Duffieux,'*
Valérie Barbe,®> Martin Barbazanges,' Jean Weissenbach,?> William Saurin,*>

and Christian P. Vivares'

"Equipe de Parasitologie Moléculaire et Cellulaire, LBP, UMR CNRS 6023, Université Blaise Pascal, 63177 Aubiére Cedex,
France; 2UMR CNRS 8030, CP 5706, 91057 Evry Cedex, France; >Genoscope, CP 5706, 91057 Evry Cedex, France

A DNA sequencing program was applied to the small (<3 Mb) genome of the microsporidian Encephalitozoon
cuniculi, an amitochondriate eukaryotic parasite of mammals, and the sequence of the smallest chromosome was
determined. The ~224-kb E. cuniculi chromosome | exhibits a dyad symmetry characterized by two identical
37-kb subtelomeric regions which are divergently oriented and extend just downstream of the inverted copies of
an 8-kb duplicated cluster of six genes. Each subtelomeric region comprises a single 165-23S rDNA transcription
unit, flanked by various tandemly repeated sequences, and ends with ~1 kb of heterogeneous telomeric repeats.
The central (or core) region of the chromosome harbors a highly compact arrangement of 132 potential
protein-coding genes plus two tRNA genes (one gene per 1.14 kb). Most genes occur as single copies with no
identified introns. Of these putative genes, only 53 could be assigned to known functions. A number of genes
from the transcription and translation machineries as well as from other cellular processes display characteristic

eukaryotic signatures or are clearly eukaryote-specific.

[The sequence data described in this paper have been submitted to the EMBL data library under accession no.

AL 391737]

The eukaryotic phylum termed Microspora is com-
posed of more than 1000 amitochondriate unicellular
species which are all obligate intracellular parasites
found throughout the entire animal world, including
humans. Many of the Microspora species exhibit a
wide host range, parasitizing a large number of mam-
malian species. The clinical importance of these oppor-
tunistic pathogens in man was discovered in immuno-
depressed patients with the emergence of AIDS and
through the evolution of surgical and medical tech-
nologies, mainly in transplantation and cancer chemo-
therapy involving immunosuppression. Recently, mi-
crosporidiosis also has been detected in immunocom-
petent patients (Sandfort et al. 1994; Raynaud et al.
1998). Evidence for waterborne transmission of several
species of microsporidia has been reported (Dowd et al.
1998) and the zoonotic potential of Encephalitozoon cu-
niculi genotypes in mammals has been demonstrated
(Mathis et al. 1997).
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Species of the Encephalitozoon genus were shown
to harbor the smallest known eukaryote nuclear ge-
nomes with a size of <3 Mb (Biderre et al. 1995, 1999b).
However, little is known about the organization of mi-
crosporidian DNA sequences, except for the rDNA
transcription unit, which was first claimed to have a
prokaryote-like organization because of the small size
of rRNAs (16S and 23S) and fusion of the 5.8S sequence
to the 5’ end of 23S coding region (Curgy et al. 1980;
Vossbrinck and Woese 1986). Models of secondary
structure clearly showed a strong reduction of several
domains within the microsporidian 23S rRNA but typi-
cal eukaryotic features of this molecule were retained
(De Rijk et al. 1998; Peyretaillade et al. 1998a; Van de
Peer et al. 2000). A few protein-coding genes also have
been sequenced. To the list published by Weiss and
Vossbrinck (1999), can be added genes encoding the
largest subunit of the RNA Pol II (Hirt et al. 1999), a
TATA box-binding protein (Fast et al. 1999), and a
spore wall protein (Bohne et al. 2000). Most sequenc-
ing data were used for phylogenetic purposes and led
to controversial hypotheses about the evolutionary ori-
gin of microsporidia. Using phylogenetic analyses
based on the sequences of small-subunit rRNA and two
translation elongation factors (Vossbrinck et al. 1987;
Kamaishi et al. 1996a,b), these amitochondriate organ-
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isms are viewed as early-diverging eukaryotes. How-
ever, the concept that microsporidia could represent
primitively amitochondriate eukaryotes was not sup-
ported by the finding of microsporidian genes encod-
ing a mitochondrial HSP70 homolog (Germot et al.
1996; Hirt et al. 1997; Peyretaillade et al. 1998b). In
addition, phylogenetic trees constructed with four dif-
ferent protein-coding genes were all suggestive of a late
origin and a relationship with fungi (Edlind et al. 1996;
Keeling and Doolitle 1996; Fast et al. 1999; Hirt et al.
1999). Only three genes encoding microsporidia-
specific structural proteins have been reported (Delbac
et al. 1998; Keohane et al. 1998; Bohne et al. 2000).

The analysis of a 4.3-kb sequence contig from
chromosome I provided preliminary information on
the chromosomal arrangement of protein-coding
genes, revealing a strong reduction of intergenic spac-
ers (Duffieux et al. 1998). The occurrence of gene
length variability has also been documented through
the interspecific comparison of microsporidian rRNA
sequences (Weiss and Vossbrinck 1999) and suggests
that strong selection pressures may have driven the E.
cuniculi into nuclear genome close to the minimal gene
complement for a “selfish” eukaryote dependent on a
host organism. To test this concept and to obtain new
insights into microsporidian biology and evolution, a
whole genome sequencing project was initiated in
1998. Here, we report the complete sequence of E. cu-
niculi chromosome I and highlight some features of its
organization and gene content.

A
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b

RESULTS

General Features

The complete sequence of E. cuniculi chromosome I
was determined using a whole shotgun strategy fol-
lowed by targeted gap closure and polishing. The pro-
posed numbering in nucleotides of the chromosome
for a precise analysis, 199,956 base-pairs (bp), extends
from the 3’ end of the large subunit (LSU) rDNA gene
at one extremity to the 3’ end of the second LSU rDNA
associated with the other extremity. The analyzed part
of the chromosome does not take into account either
the telomeric repeats nor the multiple subtelomeric re-
peats in proximal ends.

Because the highly repeated sequences are very
short, their assembly cannot be considered to reflect
the exact full sequence organization. The telomeric re-
peats characterized in this study were estimated to be
situated between 8.5 kb and 9.5 kb from the end of the
23S rDNA gene (Fig. 1A) as deduced by physical map-
ping (Brugére et al. 2000a). As shown in Figure 1A, the
chromosome is composed of two distinct regions: an
~150-kb central region composed essentially of unique
sequences and comprising most, if not all, protein en-
coding sequences (CDS1-CDS132), and two ~37-kb
subtelomeric divergent regions, each including one
rDNA transcription unit composed of a small and a
large rDNA gene, the 5' of the latter being fused to 3’ of
the 5.8S gene. The G + C content is 47.30% for the
coding region, slightly lower (43%) in the intergenic
regions and higher (52.85%) in the overall
telomeric and subtelomeric regions (Fig.
1B). Analysis using the motif discovery pro-
gram MEME revealed A + T rich consensus

14 kb

transcription promoting sequences (AAAT-
GACA; ATAAAAAA) located in the 50 bp
region upstream of the putative ATG in the
53 genes encoding proteins with known
functions (see below). The presence at the
junction of the subtelomeric region and

3s

25'1
|!

Iy

? Tth

,'1] r' lu'*'"‘u' l"‘r n""‘i‘ij Wy hllf

a"“

f

ml“ u' %'l_r'

the core region of a strict duplication of an
8-kb cluster comprising six potential genes
including aminopeptidase, dihydrofolate
reductase, thymidylate synthase, serine hy-
droxymethyl transferase, an ABC trans-
porter, and a yet unknown protein is also
observed. This gene duplication extends
" the dyad symmetry of the chromosome ex-

tremities to over >45 kb.

Figure 1 Scheme of Encephalitozoon cuniculi chromosome | organization. (A)
The symmetrical organization of chromosome extremities, the location of the two

rDNA transcription units in the subtelomeric region (gray), and the presence of a
six putative CDSs duplication at the junction of the core and subtelomeric region
(see Results) are illustrated. The central black trait depicts the core region com-
posed mostly of unique genes. B represents BssHII restriction sites used for physical
mapping and sequence confirmation in this study. (B) G + C percentage along the
chromosome calculated in a 500-nt window with 100-nt progression increments.
The highest and lowest G + C percentage are shown on the right of the panel.

Telomere Repeats, Telomere Associated
Sequences, and Tandem Repeats
Telomeric sequences were identified in a
telomere-enriched library constructed as
described in Methods. The insert extremi-

Genome Research 199

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

Peyret et al.

ties were sequenced and in ~12% of the clones, repeti-
tive sequences were detected next to the Notl adapter
used for cloning. The repetitive elements are composed
of alternate G(A or G)GCCT(C or T)CT, GAGCCTT-
GTTT, and GAGACGCAGTGTTGCCAGGATG. In the
PBAM recombinant library (genomic DNA digested by
Cvi]l, see Methods), ~0.1% of the clones exhibited the
same repeats but none were found in the pBAC library
(genomic DNA digested by Sau3A, see Methods). This
could be explained by the fact that the CviJl cuts in
PuGCPy, i.e., in sequences within telomeric repeats. To
verify that these repeats were indeed telomeric, they
were used as probes in Southern blot hybridization ex-
periments, following Bal31 digestion kinetics experi-
ments (see Methods). As shown in Figure 2, the ge-
nomic DNA that hybridizes with the repeats probe was
completely degraded by the Bal31 exonuclease in 7.5-8
min at digestion rates of ~155 bp/min. This demon-
strates both that the repeats are telomeric and that the
size of the region is between 1100 bp and 1200 bp.

It should be emphasized that our study of the telo-
meric repeats was not restricted to chromosome I
alone. The organization of chromosome ends was ana-
lyzed through both physical mapping (Brugere et al.
2000a) and sequencing of other chromosome ends.
This demonstrated very limited if any variation in the
subtelomeric sequences with an identical distance be-
tween the BssHII site and the chromosome end. Thus,
the telomere repeat probes hybridized to all 11 chro-
mosomes in Southern blot experiments (data not
shown) and the compact size of the bands revealed in
the blots after Bal31 digestion of all 22 chromosome

0 25 5 6 75 85

— e 9162 bp

- = 8144 bp

Figure 2 Bal-31 digestion blot analysis of telomere repeats.
Encephalitozoon cuniculi total genomic DNA was digested by Bal-
31 nuclease for 0, 2.5, 5, 6, 7.5, 8.5 min (lanes 16, respectively)
and subsequently digested with BssHII. This was followed by size-
fractionation on agarose gel electrophoresis and Southern blot-
ting onto a nylon membrane. The blot was then hybridized with
32p_Jabeled telomere repeat oligonucleotides as probes and au-
toradiographed for 5 h.
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Table 1. Tandem Repeat Organization of the Internal
Subtelomeric Region of Chromosome 1 of E. cuniculi

Period Copy Percent

Indices size number matches
4051-4121 30 2.4 97
4493-4519 7 3.9 100
5112-5225 14 8.1 96
5265-5291 10 2.7 100
5489-5516 14 2.0 100
6763-6798 12 3.0 91
7881-7921 20 2.0 100
8255-8291 19 1.9 100
16,002-16,050 9 5.4 95
16,002-16,050 18 2.7 93
18,599-18,659 18 3.4 93

See text (Results) for details.

extremities indicates a low variability of repeat length
(=50 bp).

The search for tandem repeats in the subtelomeric
region situated between the rDNA cluster and the core
[to the first coding DNA sequence (CDS) encoding ami-
nopeptidase] was performed using the Tandem Repeats
Finder Program and reveals a highly structured region
with 11 repeat types shown in Table 1. The largest re-
peat is 30-bp long and is present in 2.4 copies; the
smaller one is the ACACACC present in 3.9 copies.
Two regions devoid of tandem repeats (8291-16002;
16050-18599) could be potentially transcribed and
eight putative open reading frames (ORFs) without sig-
nificant identities to known proteins were detected by
Glimmer. A strict conservation of this organization is
shown in the other extremity. Only five single nucleo-
tide polymorphisms (position 10193, 10233, 10372,
10620, 10630) were found. The size of the subtelomeric
region between the telomere repeats and the rDNA
cluster obtained after sequence assembly was of only
3.5 kb instead of ~9.5 kb deduced by physical mapping
(Brugere et al. 2000a). This underestimation is attribut-
able to the presence of short highly repetitive se-
quences, preventing proper assembly and limiting the
interest of a precise description.

Gene Content

Using Glimmer as a tool for gene detection, 131 puta-
tive ORFs were identified as schematized in Figure 3.
An additional ORF (CDS 95) was identified by the pPro-
dom BLAST and Wise2 programs and encodes for a
putative ring-box-like protein. The size of this CDS (99
amino acids) was below the detection threshold of
Glimmer fixed at 100 amino acids. Other small ORFs
with no homologies or characteristic signatures will
remain undetected under these conditions. Genome
analysis depicts a highly compact organization with a
mean gene density of one gene per 1.14 kb. Intergenic
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Translation,ribosomal structure and bicgenesis [ Cell motility and secretion

Inorganic ion transport and metabolism
— Signal transduction mechanismss
[ Energy metabolism and conversion
B Carbohydrate transport and metabolism

[ Transcription

1 DMA replication, recombination and repair

[ Cell division and chromosome partitioning

[ Posttranslational modification, protein turnover,
chaperones

B Cell envelope biogenesis, outer membrane

>>>Telomeric repeat

Amino acid transport and metabolism
B Mucleotide transport and metabolism
=] Coenzyme metabolism
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Figure 3 Putative gene map of Encephalitozoon cuniculi chromosome |. Predicted coding regions are shown with the arrows indicating
the transcription orientation; the black box depicts the rDNA transcription unit; the chevrons depict the telomeres. Genes are color coded

according to broad role categories as shown in the key.

regions are very small with a maximum of 639 bp be-
tween CDSs 40 and 41 and a mean distance of 116 bp.
Some ORFs seem to overlap each other but in all such
cases at least one of the ORFs remains ill-defined and
potentially encodes a hypothetical protein with an un-
determined function. Examples of possible overlaps
were observed between a serine hydroxy methyl trans-

ferase gene (CDSs 4 and 129) and thymidylate synthase
(CDSs 3 and 130). However, even this possibility seems
remote because multiple alignments using CLUSTAL W
applied to the putative serine hydroxy methyl trans-
ferase gene indicate that the most probable initiation
codon is located 196 amino acids downstream of the
putative start codon determined by Glimmer. This un-
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likely overlap was therefore not presented in Figure 3.
The number of ORFs is in the same range on both DNA
strands with 44% (58 CDSs representing 66,876 bp) on
the Watson strand (upper strand) and 56% (74 CDSs
representing 73,541 bp) on the Crick strand (lower
strand). The largest CDS (CDS 20, 3752 bp) encodes a
putative helicase with a molecular weight of 144,575
Da. CDS 84 likewise encodes a large protein (141,454
Da) with an unknown function but containing five
putative transmembrane domains. A total of 11 puta-
tive proteins harbor transmembrane domains. Among
them, is chitin synthase (CDS 126), which must play a

major role in spore wall formation in microsporidia.
Analysis of the third largest protein (115,974 Da) en-
coded by CDS 112 reveals the presence of a calcium-
binding site suggesting a role in an as yet undeter-
mined regulatory process. The CDSs coding for pro-
teins with either putative or unknown functions
represent ~60% of the total ORFs identified. Table 2
presents a functional classification of the proteins en-
coded on chromosome I. We note a high proportion
(~20%) of genes implicated in replication, transcrip-
tion, and translation processes. Ten putative proteins
with zinc-finger (CDSs 22, 28, 42, 59, 60, 62, 67, 95,

Table 2. Classification of E. cuniculi Genes According to Clusters of Orthologous Groups of Proteins (COGs)

CDS# Gene description %ID
Translation, ribosomal structure and biogenesis
0016 Ribosomal protein L8 68
0054 Elongation factor 2 72
0076 Ribosomal protein S12 47
0093 Nucleolar protein p120 51
0123 snoRNP 51
Transcription
0028 Clipper/cleavage and
polyadenylation factor 71
0032 Transcription factor 69
0035 RNA polymerase I
mediator 54
0039 RNA binding protein 57
0045 DNA-directed RNA pol | 58
0051 Transcription factor IIH 47
0068 RNA binding protein 49
0080 TBP-1 48
0120 TFID subunit 61

DNA replication, recombination
and repair

0020 Helicase 60
0030 DNA repair protein 41
0091 DNA repair helicase 68
0103 Chromosome assembly 41
protein
0105 Replication factor C 47
Cell division and chromosome partitioning
0022 Putative cell division 50
0088 Putative microtubule
associated protein 42
0110 Cell division cycle
protein 48 homolog 77
0119 Cell division cycle 42 52
0124 Septin homolog protein 47
Posttranslational modification, protein turnover,
chaperones
0001 Aminopeptidase 47
0042 DNA] like-protein 52
0078 Ubiquitin-conjugating
enzyme 56
0086 Ubiquitin-conjugating
enzyme 59
0100 Serine protease 49
0132 Aminopeptidase 47
Cell envelope biogenesis, outer membrane
0126 Chitin synthase 65

CDS# Gene description %ID
Cell motility and secretion
0031 Actin 79
0041 Myosin heavy chain 43
0108 Dynamin 52
Inorganic ion transport and metabolism
0118 Putative frataxin 59
Signal transduction mechanisms
0048 Serine/threonine kinase 61
Energy metabolism and conversion
0009 Fructose bi-phosphate
aldolase 54
0064 Alpha, alpha-trehalose- 65
phosphate synthase
0071 Trehalose-6-P phosphatase 39
0081 Aldose reductase 55
Carbohydrate transport and metabolism
0050 N-acetylglucosamine-
phosphate mutase 55
Amino acid transport and metabolism
0004 Serine hydroxy methyl
transferase 67
0129 Serine hydroxy methyl transferase 67
Nucleotide transport and metabolism
0002 Dihydrofolate reductase 52
0003 Thymidylate synthase 73
0058 Thymidine kinase 52
0109 Guanylate kinase 60
0130 Thymidylate synthase 73
0131 Dihydrofolate reductase 52
Coenzyme metabolism
0036 NIFU protein 83
Lipid metabolism
0085 CDP-diacylglycerol-
inositol 3 phosphatidyl
transferase 48
General function prediction only
0005 ABC transporter 46
0023 Cell differentiation 51
0038 Golgi protein 57
0059 Zinc finger protein 46
0062 Zinc finger protein 44
0067 Zinc finger protein 72
0116 Coatomer protein 48
0117 WD-repeat protein 45
0128 ABC transporter 46

Gene numerotation is identical to that shown in Fig. 3.

ID represents the percentage of identity relative to the most relevant database find.
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101, 106) or s-antigen (SWI3, ADA2, N-COR, and
TFIIIB) domains are observed and probably function in
regulatory mechanisms of nucleic acids synthesis.
Contractile domains were identified in three putative
proteins (CDSs 26, 41, 107) and could be related to the
myosin family. Of the three sugar metabolism genes
identified, two belong to the trehalose pathway (CDS
64 alpha, alpha-trehalose-phosphate synthase, and
CDS 71 trehalose-6P phosphatase). Codon usage was
studied in individual genes (putatively high and low
expression rates) as well as for the whole ORF popula-
tion. On the whole, the codon usage resembles that of
a standard unicellular eukaryote (results not shown).
Fifteen additional ORFs with no known homology
were detected in the subtelomeric region by Glimmer
and of these only eight CDSs that are not part of the
tandem repeat sequences are shown in Figure 3. Two
probable tRNA genes (Gly, Ser) were detected by the
tRNAscan-SE program and are located at nucleotide po-
sitions 50,585 and 88,026, respectively. The tRNAS*
gene contains an extra U residue between the acceptor
and the D-loop stems, in position 10 of the classical
cloverleaf model. No intron was detected in these two
tRNA genes.

DISCUSSION

Large-scale sequencing in genomes from eukaryotic
parasites to date is limited to two complete chromo-
somes from Plasmodium falciparum (Bowman et al.
1998; Gardner et al. 1998) and one from Leishmania
major (Myler et al. 1999), and to a large contig from
Trypanosoma cruzi (Andersson et al. 1998) and a high
throughput EST project in Toxoplasma gondii (Ajioka et
al. 1998). The characteristic feature of the chromosome
structure of E. cuniculi is the highly symmetrical orga-
nization of the two subtelomeric regions that occupy
almost one third of the chromosome length and con-
sist of one rDNA unit with a closely associated cluster
of six genes each. A similar organization has been de-
scribed in the vestigial genome of a cryptomonad
nucleomorph (Zauner et al. 2000) and of a chlorarach-
niophyte nucleomorph, with a centripetal orientation
of the rDNA unit in the latter organism (Gilson and
McFadden 1997). The telomeric repeats of the nucleo-
morph chromosomes of Guillardia theta [(AG),AAGGA,
Zauner et al. 2000] like those of a number of fungi
(C,_3ACA,_¢ in Saccharomyces; ACAC,ACATAC,
TA,TCA;TC,GA in Kluyveromyces; and C,_sGq_;
Ty 1GTA,_, in Schizosaccharomyces) differ from the
standard 5-8 nucleotide repeats of other eukaryotes. In
E. cuniculi, the telomeric repeats are also relatively
complex but it would be premature to conclude some
close phylogenetic relationship with the previous or-
ganisms.

The understanding of the sequence organization
in the subtelomeric region around the rDNA unit will

be of interest for precise localization of the sites of
chromosomal rearrangement that have been predicted
from studies on intraspecies karyotype variability
(Biderre et al. 1999a; Brugere et al. 2000b). Moreover,
the phenotype of some parasitic protozoans can be af-
fected by subtelomeric rearrangements as demon-
strated for knob formation and gametocyte production
in P. falciparum (Pologe and Ravetech 1986; Day et al.
1993). As in P. falciparum and P. berghei, the E. cuniculi
chromosome structure is characterized by the conser-
vation of the two subtelomeric regions. Antigenic
variation in Trypanosoma brucei is also linked to chro-
mosome end reorganization by gene conversion (for
review, see Pays and Nolan 1998). In Microsporidia,
however, programmed rearrangements inducing phe-
notype variability have not yet been reported and ex-
tensive studies will be needed to understand their
physiological functions (centromeres? replication ori-
gins? recombination hot-spots, etc.).

The genes in chromosome I of E. cuniculi are
highly packed with a density of one gene per 1.14 kb
which is higher than Saccharomyces cerevisiae (one per 2
kb; Goffeau et al. 1996), L. major (one per 3.26 kb;
Myler et al. 1999), P. falciparum (one per 4 kb; Gardner
et al. 1998; Bowman et al. 1998), T. cruzi (one per 4.5
kb; Andersson et al. 1998) and C. elegans (one per 5 kb;
The C. elegans Sequencing Consortium 1998). This de-
notes, at least in part, the scarcity of E. cuniculi introns.
The CDS mean size, estimated at 1070 bp, partly re-
flects a reduction in the mean protein size. Proteins
such as actin and ribosomal proteins remain highly
conserved in length but some enzymes of intermediary
metabolism appear to be greatly shortened, such as
those involved in trehalose biosynthesis. The molecu-
lar weight for the trehalose-6-phosphate phosphatase
of S. cerevisiae is 103 kDa compared to 82 Da for E.
cuniculi. This is reminiscent of the previously described
reduction in the 16S and 23S rRNA sequences (Curgy et
al. 1980).

The gene content of chromosome I suggests some
interesting physiological features. Two genes coding
for enzymes implicated in trehalose biosynthesis (al-
pha, alpha-trehalose phosphate synthase, and treha-
lose-6P phosphatase) were found. Trehalose is known
to represent a large fraction of stored carbohydrates in
fungi. Increased osmolyte concentration through the
cleavage of trehalose into two glucose molecules was
proposed as responsible for the pressure increase re-
quired for initiating microsporidian spore germina-
tion, a crucial step for the entry of the parasite into a
new host cell (Undeen 1990). It seems likely that this
disaccharide also plays a role as a glucose energy re-
serve for possible degradation through a glycolysis
pathway in this amitochondriate organism (Weidner
et al. 1999). High concentrations of trehalose in spores
of both aquatic and terrestrial microsporidian species
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(Undeen and Vander Meer 1999) may indicate a long-
term energy storage facility due to its protective prop-
erties, which have been described by Singer and
Lindquist (1998). Recently, Yfh1, a yeast homolog of
mammalian frataxin, was found to be important in the
efflux of iron from mitochondria (Radisky et al. 1999)
and two other yeast proteins (NFU1 and ISU1) related
to NifU protein play a role in iron homeostasis in as-
sembly, insertion, and/or repair of mitochondrial Fe-S
clusters (Schilke et al. 1999). Putative frataxin and
NIFU protein identified on chromosome I would be
valuable for studies on the evolution of iron homeo-
stasis in amitochondriate organisms. Because of their
involvement in the various microsporidian life stages,
the presence of myosin, dynamin and actin, which are
typical eukaryote genes on chromosome I is also of
significant interest. In a recent electron microscope im-
munocytochemical study, actin was demonstrated to
be located mainly at the periphery of the developmen-
tal cell stages including mature spores (Bigliardi et al.
1999). A possible involvement of actin in the biogen-
esis of the complex invasive apparatus, especially the
long extrusome-like structure known as the polar tube,
has been suggested.

Very little is known about microsporidian tran-
scriptional processes. Only a single mRNA encoding a
spore wall protein with 5’ and 3’ UTRs 9 and 165
nucleotides long, respectively, has been described in
microsporidia (Bohne et al. 2000). Identification of a
gene encoding a TATA binding protein and an A+ T
rich consensus sequence in intergenic regions empha-
sizes the probable transcriptional regulatory implica-
tions of TATA box recognition. No polycistronic gene
organization like that of trypanosomatid and kineto-
plastid protein-coding genes (Andersson et al. 1998;
Myler et al. 1999) has been found and E. cuniculi chro-
mosome I encodes mostly monocistronic transcription
units. Only one gene cluster is observed, the two adja-
cent putative thymidylate synthase and dihydrofolate
reductase genes. These two genes, which encode a
monofunctional peptide, are independent in both
fungi and animals but are fused in plants and protozoa
(Beverly et al. 1986; Cella et al. 1988). One spliceo-
somal-type intron has been described in a ribosomal
protein gene located on E. cuniculi chromosome X
(Biderre et al. 1998) but no possible intron was de-
tected in the chromosome I sequence. Indirect evi-
dence that microsporidia harbor genes with introns
was previously suggested by the discovery of divergent
U2 snRNA in Vairimorpha necatrix (DiMaria et al. 1996)
and more recently with U2 and U6 snRNA gene de-
scriptions in Nosema locustae (Fast et al. 1998). How-
ever, cis-splicing does not seem a common phenom-
enon in microsporidia unlike P. falciparum chromo-
somes 2 and 3 in which half of the genes have been
predicted to contain at least one intron. Other proto-
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zoans such as Paramecium aurelia or Tetrahymena ther-
mophila contain a small number of genes with introns
(<1 %). We cannot exclude however, the presence of
short introns in-frame in 5’ and 3’ gene regions and
characterization of cDNA will be of great help. A su-
pernumerary U base is observed in the D stem of the
tRNAS®" gene. Surprisingly, a tRNAS®" of the cryptomo-
nad nucleomorph bears two introns, the first of which
(intron 1, 10 nucleotides) occupies a unique position
in the D loop whereas intron 2 typically resides in the
anticodon loop as observed in other eukaryotic tRNAs
(Zauner et al. 2000). The first base of intron 1 of the
nucleomorph tRNA is a U residue and could corre-
spond to the supernumerary U residue of E. cuniculi
tRNA>** which would hence be a remnant of an intron
eliminated incompletely during evolution.

A better understanding of the microsporidian tran-
scriptional and translational machineries as well as
that of its metabolic pathways should greatly progress
with the determination of the complete genome se-
quence and should accelerate drug discovery based on
new therapeutic targets. Microsporidia infection is
treated today by two drugs, albendazole and fumagil-
lin, with limited success (Didier 1997). TNP-470, a
semisynthetic analog of fumagillin of lesser toxicity,
seems a promising treatment of some types of micro-
sporidiosis (Coyle et al. 1998). Recently, methionine
aminopeptidase-2 was identified in yeast as the cellular
target of fumagillin (Sin et al. 1997) and the three-
dimensional structure of the protein complexed to its
fumagillin ligand determined (Liu et al. 1998). A me-
thionine aminopeptidase is found on chromosome X
of E. cuniculi and may contribute to structure-based
microsporidiosis drug design. Genomics may lead to
the revelation of new genes implicated in pathogenesis
and relationships with host cells as well as to the de-
velopment of better diagnostic tools and new treat-
ments.

E. cuniculi has been presumed to be a diploid or-
ganism and some evidence for allelic chromosomes of
different size was derived from hybridization data with
different isolates (Biderre et al. 1999a; Brugere et al.
2000b). In the strain I mouse isolate used for the sys-
tematic sequencing project, only chromosome III ex-
hibits potential allelism deduced from differential mi-
gration in agarose gels. The absence of flagrant allelic
variation and the minimal amount of sequence poly-
morphism within the chromosome I could be ex-
plained by frequent recombination between homolo-
gous chromosomes in the context of asexual reproduc-
tion. An identical situation has been described for
chromosome I of L. major (Myler et al. 1999). No char-
acteristic sequence or (A + T) rich region correspond-
ing to a putative centromere has been identified on
chromosome I. The sequencing of the whole E. cuniculi
genome should in the near future clarify whether the
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low degree of gene redundancy on chromosome I also
prevails in the 10 larger chromosomes. The identifica-
tion of major potential metabolic pathways is expected
and the extent of a possible loss of genetic information
related to the parasitic life style will be evaluated.

METHODS

Genome DNA Cloning, Nucleotide Sequencing and
Sequence Validation

The reference mouse isolate of E. cuniculi (GB-M1; Biderre et
al. 1994, 1999a) used throughout this work was provided by
Professor E.U. Canning (Imperial College of Science, Technol-
ogy and Medicine, London, UK). Parasite cells were grown on
Madin Darby Canine Kidney (MDCK) cells as described (Beau-
vais et al. 1994). E. cuniculi spores were isolated from infected
cultures and DNA purified as described previously (Duffieux
et al. 1998). Two libraries were constructed: (1) a 2.3 x 10*
clone library in the plasmid vector BAM3 (Dr. Roland Heilig,
unpubl. construction derived from pBluescript II KS*, Strata-
gene) harboring total genome DNA which was restricted ran-
domly by CviJl into 3-kb fragments that were inserted into the
unique Smal site, and (2) a 2 X 10° clone library using a
slightly modified Bacterial Artificial Chromosome (BAC) vec-
tor, pBeloBAC11, in which randomly restricted Sau3A 20-30
kb fragments were inserted into the unique BamHI site. For
the latter library, spores were embedded in agarose and fol-
lowing proteinase K lysis, DNA was purified by AFIGE (Asym-
metric Field Inversion Gel Electrophoresis) pulsed field elec-
trophoresis using a Fige Mapper (BioRad) apparatus. For both
libraries recombinant material was electroporated into Esch-
erichia coli K-12 DH10B electro-competent bacteria (GIBCO-
BRL, Life Technologies) in 0.1 cm cuvettes using a Micro-
pulser apparatus (BioRad). Electroporation conditions were
17.5 kV/cm, 25 pF, and 200 €. Extraction of plasmid or BAC
DNA and sequencing of the recombinant material ends were
performed according to standard procedures. Sequences were
established using both ABI 377 (PE-Applied Biosystems; dye
terminators) and LICOR 4200 (LICOR; dye primers) sequenc-
ers. Sequences were assembled using Phred, Phrap (Ewing
and Green 1998; Ewing et al. 1998), and Consed (Gordon et
al. 1998) software. Finishing, mainly gap filling, and rese-
quencing regions of poor quality (polishing) were performed
according to standard methods. Each nucleotide was se-
quenced at least three times either on both strands or using
both dye primer and terminator chemistries.

The assembly of the contigs and their integrity were veri-
fied after in silico construction of the “minimum tiling path.”
Relevant recombinant BACs were analyzed by four restriction
endonucleases (BamHI, Bglll, HindIll, and Xhol) to confirm
their integrity. Also, the restriction map for BssHII and Mlul
sites was compared to that published by Brugere et al. (2000a).
Assignment of contigs to chromosome I was based on known
genetic markers (Biderre et al. 1997) and/or by hybridization
of Southern blots of E. cuniculi chromosomes separated by
pulsed field gel electrophoresis. Blots were hybridized using
standard procedures with specific 35-residue-long oligo-
nucleotides labeled with [a-*P]dCTP using terminal transfer-
ase (Amersham Pharmacia Biotech).

Sequence Analysis

The chromosome I consensus sequence was examined for pu-
tative ORF using the Glimmer program (Salzberg et al. 1998).

The predicted amino acid sequence (CDS) from each putative
ORF was used for BLASTP and PSI-BLAST searches in nonre-
dundant protein databases (www.ncbi.nlm.nih.gov/cgi-bin/
BLAST). Protein domains were determined using Prodom
BLAST with graphical output (http://protein.toulouse.inra.fr/
prodom/blast_form.html) and wise2 (DNA versus Pfam)
(http://www.sanger.ac.uk/Software/Wise2/pfamsearch.
shtml). Protein structural features were delineated with the
SMART program (http://smart.embl-heidelberg.de/) and the
PredictProtein server (http://www.embl-heidelberg.de/
predictprotein/). Tandem repeats were identified by Tandem
Repeats Finder Program (Benson 1999; http://
c3.biomath.mssm.edu/trf.html) and repeats were screened
against a library of repetitive elements using RepeatMasker
(http://ftp.genome.washington.edu:80/cgi-bin/
RepeatMasker). Multiple sequence alignments were con-
structed with CLUSTAL-w (Thompson et al. 1994). Transfer
RNAs were identified with tRNAscan-SE (Lowe and Eddy
1997). Motifs discovery was done by the MEME program
(http://meme.sdsc.edu/meme/website/). The 199956-bp se-
quence of chromosome I was submitted to EMBL under the
accession no. AL391737.

Telomere-Repeat Determination and
Telomere-Associated Sequence Analysis

Total genomic DNA was treated by Mung Bean nuclease, li-
gated to a Notl adapter, digested by EcoRI, dephosphorylated
and inserted into pGEM-11Zf(*) vector (Promega), restricted
by Notl and EcoRl, and gel purified. The recombinant plas-
mids were sequenced as described. Total E. cuniculi genomic
DNA was digested by Bal31 nuclease (New England BioLabs)
in a controlled kinetics experiment, restricted by BssHII, elec-
trophoresed on a 0.4 % agarose gel and blotted following acid
depurination onto Hybond-N* nylon membranes (Amersham
Pharmacia Biotech) in 0.5 M NaOH. The blots were then hy-
bridized with oligonucleotides labeled with [y-*?ATP] by T,
polynucleotide kinase, washed, and submitted to autoradiog-
raphy against Kodak X-Omat AR films at —80°C with inten-
sifying screens. Oligonucleotides (5'GGGTCTTCTGGG
TCTTCTGGGCCTCCT3', GGGCCTCCGAGCCTTCTGAG
CCTTCT, GGGCTTCCTGAGCCTTCTGGGCCTTCT, GAGCC
TTGTTTGAGACAGTGTTGCCAGGATGT, and GAGACGCAG
TGTTGCCAGGATGTGGG) were designed according to the
sequence of the repeats determined in pGEM-11Zf(*) recom-
binant plasmids.
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