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ABSTRACT. The microsporidian Nosema antheraeae is a pathogen that infects the Chinese oak silkworm, Antheraea pernyi. We
sequenced the complete small subunit (SSU) rRNA gene and the internal transcribed spacer (ITS) of N. antheraeae, and compared the
SSU rRNA sequences in other microsporidia. The results indicated that Nosema species, including N. antheraeae, formed two distinct
clades, consistent with previous observations. Furthermore, N. antheraeae is clustered with N. bombycis with high bootstrap support. The
organization of the rRNA gene of N. antheraeae is LSU–ITS1–SSU–ITS2-5S, also following a pattern similar to the Nosema type species,
N. bombycis. Thus, N. antheraeae is a Nosema species and has a close relationship to N. bombycis.
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OVER the past decade there has been increasing interest in
studying the phylogeny of microsporidia at the molecular

level because, as parasites, they have a broad range of hosts from
invertebrates to vertebrates, including insects, fishes, and mam-
mals (Baker et al. 1995; Hatakeyama et al. 1997, 2000; Keeling,
Luker, and Palmer 2000; Rao, Nath, and Saratchandra 2005; Rao
et al. 2004; Tsai et al. 2003). Microsporidia cause considerable
problems in industries such as fisheries and sericulture. Molecular
evidence has demonstrated that microsporidia are phylogenetic-
ally related to the fungi (Fast, Logsdon, and Doolittle 1999; Hirt
et al. 1999; Keeling and Doolittle 1996; Keeling et al. 2000;
Vossbrinck et al. 1987).

The microsporidian Nosema antheraeae is a pathogen that in-
fects the Chinese oak silkworm, Antheraea pernyi, causing pe-
brine disease (Ding et al. 1998). This disease is the key factor
obstructing the developmental progress of sericulture in China.
Much work has concentrated on the morphology, pathology, and
biology of N. antheraeae. However, molecular biological work is
limited. Therefore, we sequenced the small subunit (SSU) rRNA
gene and the internal transcribed spacer (ITS) of N. antheraeae.
By comparing the SSU rRNA of N. antheraeae with the corre-
sponding sequences of 35 other microsporidia, we present here the
molecular biological evidence of the taxonomy of N. antheraeae.

MATERIALS AND METHODS

Spore purification and sequencing. Infected Chinese oak
silkworms were collected from YunYang Sericultural Experimen-
tal Station, HeNan, China. The protocols for spore purification
and DNA extraction follow previous descriptions (Huang et al.
1998; Tsai et al. 2002). The PCR reactions and sequencing were
carried out as described previously (Huang et al. 2004).

Phylogenetic analysis. Thirty-six SSU rRNA nucleotide se-
quences were aligned using CLUSTALX version 1.8 (Thompson
et al. 1997). PAUP� version 4b.10 (Swofford 2003) was used to
search for the most-parsimonious tree. Maximum likelihood (ML)
analysis was performed by quartet puzzling using TREE-
PUZZLE 5.0 (Schmidt et al. 2002) under the default options.
Neighbor-joining tree was reconstructed using MEGA 3.0 (Ku-
mar, Tamura, and Nei 2004) under the two-parameter distance of
Kimura (1980).

RESULTS AND DISCUSSION

The sequence and organization of Nosema antheraeae
rRNA. The DNA sequence of N. antheraeae rRNA obtained in
the present study contains 2,108 bp and was submitted to Gen-
Bank (Accession number: DQ073396). Starting from the 50-end,
it includes part of the large subunit gene (LSU rRNA; 1–287 bp),
the ITS (ITS1; 288–479 bp), the SSU gene (SSU rRNA: 480–
1,716 bp), the ITS (ITS2; 1,717–1,993 bp), and the 5S rRNA gene
(1,994–2,108 bp).

The N. antheraeae SSU rRNA contains 1,235 bp and has
34.33% GC. It is 99.1% similarity to the Nosema type species,
N. bombycis (AY259631). The alignment of the two sequences
suggests that there are two indels, five transitions, and three trans-
versions.

The ITS region of N. antheraeae includes an ITS1 of 192 bp
and an ITS2 of 278 bp, having 16.67% and 21.94% GC, respec-
tively. The ITS1 is 57.8% similarity to ITS2.

The organization of the rRNA genes of N. antheraeae is LSU–
ITS1–SSU–ITS2–5S, a pattern similar to those of N. bombycis
(Huang et al. 2004) and of N. spodopterae (Tsai, Huang, and
Wang 2005). The organization differs from that of other Nosema
species and other genera of microsporidia. For example, the or-
ganization of the rRNA gene of Nosema species (AY383655) is
SSU–ITS–LSU. However, the organization of most microspori-
dial rRNA genes is also SSU–ITS–LSU, e.g. Encephalitozoon
cuniculi (Peyretaillade et al. 1998), Encephalitozoon hellem
(Franzen et al. 1998), Encephalitozoon intestinalis (Zhu et al.
1994), and Pleistophora ehrenbaumi (Nilsen, Endresen, and
Hordvik 1998), Pleistophora typicalis (Nilsen et al. 1998), Pleis-
tophora mulleri (Terry et al. 2003), Pleistophora sp. (Nilsen et al.
1998). As the organization of these three Nosema species differs
from that of most prokaryotes as well as eukaryotes, it is quite
unusual.

Phylogenetic analysis by using the SSU rRNA gene
sequences. Since a previous phylogenetic analysis used Am-
blyospora connecticus and Culicosporella lunata as the outgroup
taxa for the microsporidia (Rao et al. 2004), the same taxa were
used as outgroups in the present study. The alignment of 36 se-
quences was 1,169 bp in length with some indels. The data matrix
for the 36 taxa, including the two outgroup taxa, contained 747
variable sites, of which 642 were phylogenetically informative.
Parsimony analysis produced 20,894 maximum parsimony (MP)
trees of 2,262 steps. The strict consensus MP tree had a consist-
ency index of 0.5752, a retention index of 0.8464.

We also used ML and neighbor-joining methods to reconstruct
the phylogenetic trees for the same sequence data. The topologies
of the resultant phylogenetic trees are essentially the same as that
of the MP phylogenetic tree, and the topologies are quite robust as
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Fig. 1. Strict consensus tree of the 20,894 most-parsimonious trees of 2,262 steps derived from an equally weighted maximum parsimony analysis of
the small subunit rRNA nucleotide sequences of 34 ingroup taxa and two outgroup (OG) taxa (Consistency Index 5 0.5752; Retention Index 5 0.8464).
Bootstrap percentages with 100 resamplings appear above the branches; the values o50% are not indicated. N., Nosema; V., Vittaforma; Pl.,
Pleistophora; Pa., Paranosema; I., Ichthyosporidium; E., Encephalitozoon; B., Brachiola; A., Amblyspora; C., Culicosporella. GenBank Accession
number for each sequence is shown behind the corresponding species name.
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indicated by the bootstrap support (Fig. 1). Nosema forms two
distinct clades D and E with high bootstrap support (Fig. 1). Clade
E includes N. bombycis and was formed by Nosema species that
parasitize lepidopterans, except for N. granulosis, which
parasitizes Amphipoda. Clade D includes Nosema species that
parasitize Lepidoptera, Diptera, Coleoptera, and Hymenoptera
(see also Rao et al. 2004). In addition, microsporidia that para-
sitize primates, fish, and Orthoptera also form three tight clusters
(A, B, C in Fig. 1), all with 100% bootstrap value.

To examine more closely the relationships among Nosema spe-
cies, we constructed a phylogenetic tree using the SSU rRNA
sequences from 17 Nosema (i.e. cluster F in Fig. 1). The branching
pattern is basically the same as that of the Clade F (cf. Fig. 1, 2).
However, N. antheraeae, N. bombycis, N. tyriae, N. spodoptera,
N. pyrausta, and N. trichoplusiae together formed a cluster within
Clade E with 99% bootstrap support, indicating that N. antheraeae
is closely related to N. bombycis.

We observed huge variation in the lengths of available ITS
sequences for the microsporidia. The sizes of the ITS region
between the LSU rRNA and SSU rRNA range from 27 to 36 bp
among Encephalitozoon species, from 32 to 45 bp among Pleis-
tophora species, and from 33 to 192 bp among Nosema species.
The sizes may be more variable among Nosema species due to
different organization of the rRNA genes. Because the lengths of

the ITS of most microsporidia range from 27 to 45 bp, the align-
ment of ITS sequences is too short to be phylogenetically useful.
However, N. antheraeae, N. bombycis, and N. spodoptera have
ITS regions of similar lengths with 192, 179, and 185 bp, respec-
tively, greatly differing from other microsporidia. This, together
with their placement in the same SSU rRNA clade (Fig. 2), sug-
gests that these three species are closely related to each other.

Nosema antheraeae has a life cycle substantially similar to the
type species, N. bombycis (Ding et al. 1998; Su and Ding 2003;
Zhang et al. 1996). Therefore, based on the evidence from the life
cycle, our phylogenetic analyses, and the organization of the
rRNA gene, we can conclude that N. antheraeae is a Nosema
species, closely related to N. bombycis.
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Fig. 2. A neighbor-joining tree for 17 Nosema species. The tree was generated by the MEGA 3 software with Kimura 2-parameter distances and
1,000 bootstrap replicates. Bootstrap values o50% are not indicated.
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