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Abstract

The complete DNA sequences data of the ribosomal RNA (rRNA) genes of the microsporidian type
species, Nosema spodopterae, and N. bombycis. Sequences for the N. bombycis rRNA large subunit
gene (LSUrRNA: 2497bp, GenBank Accession No. AY211393), the internal transcribed spacer (ITS:
179bp, GenBank Accession No. AY211394), the small subunit gene (SSUrRNA: 1232bp), intergenic
spacer (IGS: 279bp), and 5S region (114bp) are also given, and the secondary structure of the large
subunit is discussed. The unusual organization of the N. bombycis rRNA genes, LSURNA- ITS-
SSUrRNA- IGS -5S, is the first found in microsporidia. This novel arrangement, in which the LSU is
located at 5 end of the SSU, is the reverse of the organizational sequence (i.e., SSU-ITS-LSU) found
in all previously reported microsporidian rRNAs, including NMosema apis. This unique character in the
type species may have taxonomic implications for the members of the genus NMosema. This result has
been published in the journal, Fungal Genetic and Biology 41, 473-481 pp.
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I ntroduction

Microsporidia are intimate parasites of animals, well adapted in pathogenicity transmission, ecology,
and resistance to the immunity of their host. They are small unicelular protists and obligate intracellular
parasites. Insects in nearly all taxonomic orders are susceptible to this pathogen, but over half of the
susceptible insect hosts occur in two orders, Lepidoptera and Diptera. Most of the entomopathogenic
microsporidia occur in the genus Nosema. N. bombycis is a type species of genus Nosema (Sparague et al.,
1992). This microsporidium has caused a heavy loss of sericulture in Europe, especially at as well as in
Asiaand America, especially in the meddie of 19" century (Steinhaus, 1963).

Microsporidia are extremely ancient eukaryotes and unusua in lacking mitochondria. Accumulating
molecular data and phylogenic anayses by computer seem to suggest that mitochondrial endosymbiosis
occurred before the emergence of microsporidia (Germot et al., 1997) and aso microsporidia share a
common origin with fungi. They are, therefore, most probably just a curious type of fungi (Van de Peer,
2000). They present prokaryote-like features in their rRNA gene organization and sequence (Vossbrink et
a., 1987; Gatier & Gouy, 1995). No digtinct 5.86 rRNA gene has been found in the reported
microsporidian rRNA gene (Vossbrinck & Woese, 1986; Gatehouse & Malone, 1998), and the sequences
of microsporidian rRNA are shorter than the known sequences of eukaryotic or prokaryotic rRNA (De
Rijk et al., 1998; Tsal et al., 2002). In contrast to the SSUrRNA sequences of microsporidiain GenBank,
only four complete LSUrRNA gene sequences of microsporidia— Encephalitozoon cuniculi
(Peyretaillade et al., 1998), Microsporidium 57864 (GenBank Accession No. U90885), N. apis
(Gatehouse & Malone, 1998), and Heterosporis anguillarum (Tsai et al., 2002) — are published and
registered in GenBank. With such limited available data of the complete sequences of microsporidian
rRNA, it implies that microsporidia have a high diversity in LSUrRNA sequence and also rRNA gene
organization.

N. bombycis was the first known microsporidium discovered in the early 19" century when an
epidemic microsporidiosis ravaged the silkworm industry of Europe. This microsporidium was named
and classified as a type species of genus Nosema by Néageli (1857) (Sparague, 1992). Much research
concerning aspects of this microspodium have been published, but only uncompleted sequences of N.
bombycis rRNA genes were found in the literature, SSUrRNA sequence (1,232 bp) and a partid
LSUrRNA (292 bp) of N. bombycis are found in GenBank (Accession No. D85503 and L28962)
(Hatakeyama et al., 1997; Baker et al., 1994). As part of an effort to carry out the complete sequence of N.
bombycis rRNA gene for the study of the member of genus Nosema, we present the complete rDNA
sequence and gene organization of N. bombycis rRNA genes, including LSUrRNA gene, interna
transcribed spacer (ITS), SSUrRNA gene, IGS | and 5S gene. In addition to the seguences and
organization, the secondary structures of the N. bombycis rRNA genes are also constructed and discussed.

M aterials and methods

Spore purification and nucleic acid preparation.

Microsporidian spores of N. bombycis were a gift from Dr. R. Sugimoto the MAFF GENE Bank of
the National Institute of Agrobiological Science, Japan. The purification of spores was carried out as
described previously (Huang et al., 1998; Tsai et al., 2002).

Amplification and sequencing strategy of rRNA genes

The primer sets used for rRNA gene amplification and the amplicon’s sizes with primer sets are
shown in Table 1 and Fig. 1. The coding region of SSU rDNA of N. bombycis was amplified by using a
primer set: 18f and 1537r (Vossbrinck et al., 1993). The major coding region of LSU rDNA was amplified
by a primer set: LS228F and ILSUR (Vossbrinck et al., 1993). The 5" end of LSU rDNA was achieved by
aprimer set: LSUF and HG4R (Gatehouse & Malone, 1998). The 3' end of LSU rDNA and ITS (internal
transcribed spacer) were amplified by a primer set: ILSUF and S33R. The ILSUF primer is the
complement sequence of ILSUR (Tsai et al., 2002). The 5S and IGS were amplified by a primer set:
HGAF (Gatehouse & Malone, 1998) and 5SR. The primer 5SR was designed by the conserved region of
5S.
PCR amplification, cloning and sequencing of rRNA gene

The genomic DNA (80 ng) of N. bombycis was mixed in @100 pl PCR reaction mixture containing 10
mM Tris-HCI, pH 9.0, 50 mM KCI, 1.5 mM MgCl,, 100 mM of each dNTP, 100 pmol of each primer
(Table 1), and 2.5 units Tag DNA polymerase (Promega). The amplification was performed in an
AG-9600 Therma Station (Biotronics Corp.) for 40 cycles, each with the following profile: 94 °C for 0.5



min, 50 °C for 0.5 min, and 72 °C for 2 min. A 10 pl aliquot from each reaction was run on a 1.0%
agarose gel to visuaize the PCR products. The gel was photographed using the Eagle-Eye I
photo-documentation system (Stratagene). The PCR products were eluted by an E.Z.N.A. Gel Extraction
Kit (Omega Bio-tek). The eluted DNAs were then sequenced directly on an automated DNA Sequencer
(DNA Sequencer 377, Applied Biosystems).

Confirmation of the rRNA gene organization of N. bombycis

The total length of rRNA of N. bombycis was amplified by a primer set: L SU/SSR with Platinum Pfx
DNA polymerase (Invitrogen). The amplicon was then eluted and used as a template to amplify fragments
with several primer sets, HGAR-c/HG4F-c and IL SUF/HG4F-c for partial LSUrRNA-ITS-partial
SSUrRNA; ILSUF/1537R for partial LSUrRNA-ITS-SSUrRNA; and ILSUF/5SR for partia
LSUrRNA-ITS-SSUrRNA-IGS-5S. The amplification method was similar to previous description.

Secondary structure construction

The secondary structures of N. bombycis LSUrRNA were constructed by a manual and automatic
method starting from DCSE alignment files (De Rijk & De Wachter, 1993) and drawn by the RnaViz
program (De Rijk & De Wachter, 1997, De Rijk & De Wachter, 2003). The secondary structures of N.
bombycis SSUrRNA can be found in the European sallsubunit ribosomal RNA database (Van de Peer et
al., 2000). The N. bombycis LSUrRNA were aligned to the rRNA database. The helices in the rRNA
secondary structure elements were localized and given a number named in al known eukaryotic
LSUrRNA (V1-12 in eukaryotic LSUrRNA).

Results

The complete sequence and or ganization of Nosema. bombycis r RNA

The complete DNA sequence of N. bombycis rRNA gene was carried out and the organization was
analyzed (Fig. 1). The complete DNA sequence of N. bombycis rRNA gene contained 4,301 bp (GenBank
Accession No. AY259631), and the organization of N. bombycis rRNA gene from 5 end consisted of the
large subunit gene (LSUrRNA: 2,497 bp) (GenBank Accession No. AY 211393), the internal transcribed
spacer (ITS: 179 bp) (GenBank Accession No. AY 211394), the small subunit gene (SSUrRNA: 1,232 bp),
intergenic spacer (IGS: 279 bp), and 5S (114bp). The PCR results with primer sets (Table 1) are shown in
Fig. 1.

L SUrRNA gene sequence

The main part of the LSUrRNA gene was amplified with a primer set (L S228F and ILSUR), and six
internal sequencing primers were used for the sequencing of the amplicon, the size of the amplicon was
2,108 bp. For sequencing 5' end of LSUrRNA, we used a primer set (LSUF and HG4R). The putative
start and terminal regions were determined by comparison to N. apis LSUrRNA sequence and the
secondary structure construction of N. bombycis LSUrRNA gene (Fig 2). The LSUrRNA gene contains
2,497 bp, and the base composition of the LSUrRNA sequence is 31.9% G + C. It isthe lowest G + C
content of all known microsporidian LSUrRNA genes. The sequence identities of LSUrRNA sequences
between N. bombycis and N. apis (GenBank Accession No. U97150) (Gatehouse & Malone, 1998), or
Microsporidium 57864 (GenBank Accession No. U90885), H. anguillarum (GenBank Accession No.
AF402839) (Tsai et al., 2002), and Encephalitozoon cuniculi (GenBank Accession No. AJO05581)
(Peyretaillade et al., 1998) were 71%, 69%, 46%, and 53%, respectively. This sequence was compared
with the reported incomplete sequences of LSUrRNA genes, especialy with the partial sequence of N.
bombycis LSUrRNA gene reported by Baker et al. (1994) (GenBank Accessory No. L28962). Those
sequences are located at 132 to 423bp from the 5' end of our sequence (100% identity), and their 580R
primer is partialy identified with HG4R primer. The DNA sequence of LSUrRNA gene of N. bombycis
has been submitted to GenBank with an accessory number isAY 211393.

Theinterna spacer of N. bombyc lacks the 5.8S rRNA gene. The sequence of the LSUrRNA gene,
located at 1 to 160 nucleotide from the 5 end, corresponds to the known fungal 5.8S rRNA sequences,
Cystofilobasidium bisporidii (Accessory No. M94511), Lactarius acerrimus (AJ278139), Thanatephorus
cucumeris (AB019008), Trichoderma reesei (L27800), and Tuber cf. rapedorum (AJ278140). The
homol ogies are 34%, 44%, 44%, 44%, and 42%, respectively by Clustal X and GeneDaoc.

The secondary structure of the LSUrRNA of N. bombycis (Fig. 2) is basically similar to that of N.
apisand H. anguillarum (Tsai et al., 2002; De Rijk et al., 1998). Based on the secondary structures of the
eukaryotic LSUrRNA of Xenopus laevis (De Rijk & De Wachter, 1997), seven groups (B to I) can be
distinguished clockwise from a core area. Fifteen hypervariable areas (V1-12) are also shown in Fig. 2.



Nine helices (B6, B7, B8, B14, B21, D5, E9, E15, and G5) are missing. Four areas of the hypervariable
areas are also amost entirely missing (V2, V8, V10 and V12), and four areas are extremely reduced (V 1,
V3, V5 and V6). Comparing the secondary structure of N. bombycis L SUrRNA with those of other known
species, N. apis, Microsporidium 57864, E. cuniculi, and H. anguillarum, the most divergence occursin
the V4 area. N. bombycis and E. cuniculi LSUrRNASs contain specific conformations in the V3 area while
four added areas (V5-9) in H. anguillarum L SUrRNA show their specific conformations.
I TS sequence

In contrast to al the known rRNA genes, the ITS region of N. bombycis is localized between LSU
and SSUrRNA. It contains 179 bp located 2498 to 2576 nucleotides from the 5 end of the rRNA gene
(Fig. 1). The G + C content of the ITS sequence is 19.6%. The DNA sequence has been submitted to
GenBank, with the accessory number AY 211394,
SSUrRNA gene sequence

The SSUrRNA gene contains 1232 bp located 2677 to 3908 nucleotides from the 5’ end of the rRNA
gene (Fig.1). The G + C content of SSUrRNA gene is 34.2%. The complete DNA sequence of the
SSUrRNA gene of N. bombycis had a 99% homology to that of N. bombycis in GenBank (Accessory No.
D85503) but aso to the other isolate (D85504) (Hatakeyama et al., 1997). Only two nucleotides are
different from D85503, |ocated at 3497 and 3874.

IGS

A 279 bp sequence located between SSU and 5S rRNA genes, this fragment was named the IGS
region. It contains 30% G + C and is located at nucleotides 3909 to 4187. Homology is not high (only 20
nucleotides overlapping) with other known microsporidian ITS or IGS sequences by standard
nucleotide-nucleotide BLAST [blastn], Nucleotide BLAST, NCBI.

5SrRNA gene

The 5S rRNA of N. bombycis complete sequence has 114 bp (with putative end), located at 4188 to
4301 nucleotides from the 5’ end of the N. bombycis rRNA. The G + C content of 5SrRNA is47.3%. The
sequence was compared with two other N. bombycis 5S rRNASs (Accession No. D14631 and AB097401)
(Kawakami et al., 1992) and showed homologies of 91% (only 10 nucleotides difference) and 92% (only
9 nucleotides difference), respectively, but compared with Microsporidium 57864 (Accession No.
U90885) homology was only 77%.

Confirmation of the rRNA gene organization of N. bombycis

To confirm the organization of N. bombycis rRNA gene as shown in Fig. 1, the whole rRNA gene
was amplified with LSUF/ 5SR primer set; the amplicon size was matched to the sequenced length (4,442
bp) (Fig. 3A), and the other four primer sets were used to amplify the internal fragments of rRNA. The
amplicon with a primer set HG4F-¢/ HG4R-c, complementary sequences of HG4F and HG4R, is 3,031 bp
(Fig. 3B, lane 1), and the other three primer sets, ILSUF/HG4F-c, ILSUF /1537r, and ILSUF/5SR yield
1,261 bp, 1,700 bp, and 2,093 bp, respectively (Fig. 3 B, lane 2-4). These PCR products are matched to
the size of the sequenced data. These products were sequenced, and the results were similar to previous
data. In addition, we tried to amplify the supposed |GS region between SSU and LSU by PCR, but no
product was found.

Discussion

Microsporidia are tiny eukaryotic organisms and infect all maor anima groups. The phylum
Microsporia contains 143 genera, more than 1200 species. The small genomic size (2.9-19.5 Mb) of these
organisms indicates that they may have developed strategies of packing genetic information tightly into
the genome or they may have lost genetic information for a metabolic pathway and depend on host cell
sources for these compounds (Weiss & Vosdbrinck, 1999). The genomic study of microsporidia is
currently a highly attractive topic. In fact, molecular knowledge of the microsporidiais still rather limited,
but several findings evoked an evolutional concept of microsporidia, i.e., a mitochondria-type hsp 70
found in microsporidia implies that they are derived from a mitochondriate eukaryote and close fungal
relationship (Hirt et al., 1997; Williams et al., 2002). Two separate proteins of thymidylate synthase and
dihydrofolic acid reductase and the sequence of tubulin genes of microsporidia confirmed a close fungal
relationship (Edlined et al., 1996). Otherwise, the high variation of microsporidian genomic size leads us
to believe a high divergence of gene structure and organization may occur among the member of
microsporidia, during evolution.

The rRNA genes (SSU- and LSUrRNA genes) are evolutionarily very highly conserved, but the



spacer regions (ITS and 1GS) around them are highly variable, even between closely related species.
These highly variable and conserved rRNA gene regions provide a means for analyzing phylogenetic
relationships over a wide range of taxonomic levels. The rRNA components of eukaryotes and
prokaryotes differ in gene organization and size. Microsporidia present prokaryote-like features in their
rRNA gene organization and sequence (Vossbrinck et al., 1987; Galtier & Gouy, 1995), but the sequences
of microsporidian rRNAs are shorter than the known sequences of eukaryotic or prokaryotic rRNA (De
Rijk et al., 1998). No distinct 5.8S rRNA gene is found in any reported microsporidian rRNA gene, but
the homology sequences were found at the 5’ end of LSUrRNA (Vossbrinck & Woese, 1986; Gatehouse &
Malone, 1998). These findings imply that microsporidia contain a special rRNA gene not found in other
organisms and the variation in microspridian rRNA gene may even occur.

The SSUrRNA gene sequences of microsporidian rRNA are highly conserved, and therefore sequence
data for the SSUrRNA gene for a number of speciesis available, and it is often chosen to investigate the
taxonomic position and phylogeny of microsporidia species (Vossbrinck et al., 1987; Vossbrinck et al.,
1993; Visvesvara et al., 1994; Baker et al., 1995; Malone & Mclvor, 1996; Pieniazek et al., 1996; Nilson
et al., 1998; Gresoviac et al., 2000). Despite this, the results give rise to several questions about whether
the taxonomic positions of several species are ambiguous (Tsai et al., 2002; Hirt et al., 1997) and whether
SSUrRNA can be accurately used as an available marker for distinguishing microsporidian species. In
fact, the sequence of SSUrRNA is useless in distinguishing between very closely related species, even
those that can be distinguished on morphologica criteria (Canning et al. 1999). Indeed, our previous
papers showed that the similarity of the SSUrRNA framework in each group of microsporidiais very high,
and it can work on determination of an unknown species in a high taxon and yet not work on
identification of aclosely related species (Tsai et a., 2002; Tsai, 2003, in press).

Only limited data of the 3'-end of SSUrRNA-ITS and partial 5 -end of the LSUrRNA genes has been
published (Baker et al., 1994; Hirt et al., 1997), especially the complete sequence of LSUrRNA gene and
aso 5S rRNA. We have found the sequences containing internal transcribed space (ITS) and partia
sequence of the 5'-end large subunit rDNA (LSUrDNA) from the Vairimorpha group (Accession No.
AF141129, AF141130, AF033315, AF033316, and V. necatrix) (Vossbrinck et al., 1993) but not from the
Nosema group, except N. apis. Although a partial LSUrRNA gene sequence of N. bombycis (Accession
No. L28962) and other microsporidian species (Baker et al., 1994) has been published, the similar
sequence was found in our data too (nucleotide site located from 132 to 423), but we could not find any
ITS sequences of the Nosema group in the literature (except N. apis), therefore we tried to design the
primer sets, based on the sequence of N. apis, for amplification of N. bombycis ITS and the 5 end or
3'end of LSUrRNA, but we failed. There is only one reason that N. apis rRNA is high divergent from N.
bombycis rRNA, except SSUrRNA gene. Indeed, N. apis has been shown to be more like some
Vairimorpha species than some other Nosema species (Steinhuas, 1963; Baker et al., 1994; Kawakami et
a., 1992). Furthermore, only four microsporidian complete rRNA gene sequences have been published—
Encephalitozoon cuniculi (Peyretaillade et al., 1998), Microsporidium 57864 (GenBank Accession No.
U90885), N. apis (Gatehouse & Malone, 1998), and Heterosporis anguillarum (Tsai et al., 2002). This
implies again that a vast difference in rRNA gene, especialy ITS and LSUrRNA gene, existsin the course
of a high reduction of their genome and gene structure during evolution. Therefore, efforts to complete
the rRNA gene sequences of microsporidia will be a great contribution to understanding interspecies
phylogenetic relationships. A 5.8S correspondent sequence was found from the 5’ end of LSUrRNA in our
datum, which is coincident with Vairimorpha necatrix (Vossbrinck & Woese, 1986; Gatehouse & Malone,
1998).

Insects in nearly all taxonomic orders are susceptible to this pathogen, and over half of the susceptible
insect hosts belong to one of two orders, Lepidoptera and Diptera. Severa species of microsporidia play
an important role in regulating insect populations (Tanada, 1993). The members of genus Nosema are
often considered the most important and widely distributed group of microsporidia. N. bombycisis atype
species of the genus Nosema. Therefore, it's characteristics are criteria for members of this genus, not
only in their life cycle, development, and morphological characteristics but aso in their biochemical and
molecular characteristics. In this paper, we published the complete sequence of N. bombycis rRNA. Its
gene organization is unique and obvioudy different from that of N. apis and other known species, and
even from all known rRNAs. This result was confirmed again (Fig. 3A, B) and our other works on the
complete sequence of N. spodopterae rRNA gene sequences (AY 211390 to AY 211392; unpublished data)
showed the similar results. This wunusual organization of N. bombycis rRNA,



LSUrRNA-ITS-SSUrRNA-IGS I-5S, will be an important characteristic of the Nosema group and aso
will be agreat help in the Nosema species clarification through molecular markers. Furthermore, ITS and
IGS share no homology with other known microsporidan sequences.

The secondary structures of N. bombycis SSUrRNA and L SUrRNA were constructed and compared
their structures compared with the published data (De Rijk & De Wachter, 1997; Wuyts et al., 2001).
Because the difference from the known sequence of N. bombycis SSUrRNA molecules is only two
nucleotides, the whole view of secondary structure (data not shown) is similar to the structure got from
the database (De Rijk et al., 1998). Severa clues for criteria of microsporidian species or genera based
on the LSUrRNA secondary structures of known species could be found. Due to limited available data,
no solid conclusions can yet be made about the difference between L SUrRNA secondary structures within
the genera or even species.
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Fig. 1. Schematic diagram of Nosema bombycis rRNA gene. Mature rRNA gene domains are boxed.
Locations of Primers on rRNA are givenin Table 1. The arrows represent the 3'-end of each primer, the
main parts of rRNA are produced by the gray-shaded primer sets. HG4R-c and HG4F-c are the
complementary sequences of HG4R and HG4F, respectively.
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Fig. 2 The secondary structure model of Nosema bombycis for large subunit (LSU) rRNA. Helix
numbering is according to de Rijk et a. (1998). The regions of the structure, where large variations
between eukaryotic rRNAs are found, are boxed and labeled V1 to V12.
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Fig. 3 The confirmation of Nosema bombycis rRNA organization. (A) Total length of rRNA was
amplified with primer set, the amplicon (4,401 BP) containing all the rRNA sequence was yielded with a
primer set, LSUF and 5SR. M: 1kb DNA ladder (Promega). (B) Amplification of internal fragments of
rRNA. Lane 1: 3'end of LSUrRNA- ITS-main part of SSUrRNA (1,261 bp) by a primer set, ILSUF and
HGA4F-c. Lane 2: 3'end of LSUrRNA- ITS SSUrRNA (1,700 bp) by a primer set, ILSUF and 1537R.
Lane 3: 3'end of LSUrRNA- ITS- SSUrRNA-IGS-5S (2,093 bp) by a primer set, ILSUF and 5SR. Lane 4:
main part of LSUrRNA-ITS-main part of SSUrRNA (3,031 bp) by a primer set, HG4R-c and HG4F-c. M:
1kb DNA ladder (Promega).

Table 1 Primers used for amplification and sequencing of Nosema bombycis rRNA.

Primer Sequence Amplicon  Reference
size (bp)

Large subunit rRNA (LSU) 2,108

LS228F 5'-GGA GGAAAA GAAACT AAC-3 Vossbrinck

ILSUR 5-ACCTGT CTCACGACGGTCTAAAC-3 et al. 1993

5 end of LSU

LSUF 5-ACT CTCCTCTTT GCCTCAATCA-3

Internal transcribed spacer (ITS) 501
ILSUF 5-TGG GTT TAGACCGTCGTGAG-3
S33R 5'-ATA GCG TCT ACG TCA GGCAG-3

Small subunit rRNA (SSU) 1,232

18f 5-CAC CAG GTT GAT TCT GCC-3

1537r 5-TTATGATCCTGC TAATGGTTC-3

Intergenic spacer (IGS) and 5S rRNA 852

HG4F 5-GCG GCT TAATTT GACTCAAC-3 Gatehouse and
Malone, 1998

5SR 5-TACAGCACC CAA CGT TCC CAAG-3

Nosema bombycis putative pseudogene

KAIOIN 5-GTA GTA GAGACC CAAATATC-3 Kawakami etal.,

KAIO2N 5-ACT GTT CAGATATGG TCCTTATCG-3 1994

(modified from KAIO1 and KAI02, take the restrict enzyme site off)
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