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A Nosema ceranae isolate from the honeybee Apis mellifera*

Wei-Fone HUANG?, Jing-Hao JIANG?, Yue-Wen CHENP, Chung-Hsiung WANG?

4 Department of Entomology, National Taiwan University, Taipei 106, Taiwan
b Department of Animal Science, National I-Lan University, I-Lan 260, Taiwan

Received 19 December 2005 — Revised 18 April 2006 — Accepted 4 May 2006

Abstract — Microsporidiosis (nosema disease) of the honeybee, Apis mellifera, has spread worldwide and
caused heavy economic losses in apiculture. We obtained a spore isolate from worker ventriculi of A. mel-
lifera colonies kept on the campus of National Taiwan University and sequenced the ribosomal genes. The
entire length of the ribosomal DNA is about 3828 bp and the organization is similar to that of Nosema apis.
However, the SSUrRNA, ITS, and LSUrRNA sequences have comparatively low identities with those of N.
apis (92, 52, and 89%, respectively) and the SSUrRNA has a 99% identity with Nosema ceranae. These
results indicate that this isolate is not N. apis, but N. ceranae. Moreover, the morphological characteristics
are identical to those of N. ceranae. These results show that nosema disease of the honeybee, A. mellifera,

may not be caused solely by the infection of N. apis.

Nosema ceranae [ rRNA / nosema disease / Microsporidia

1. INTRODUCTION

Microsporidiosis (nosema disease) is a fre-
quently encountered and important honeybee
disease that has many negative effects on pro-
duction capacity, especially in temperate cli-
mates (Fries and Ekbom, 1984). The identi-
fied pathogen from the European honeybee,
Apis mellifera L., is Nosema apis Zander
which is found worldwide (Matheson, 1996)
and may also afflict the Asian honeybee, A.
cerana Fabricius (Singh, 1975). However, an-
other pathogen found in A. cerana, namely N.
ceranae, raised the questions about the accu-
racy of records that attribute the infection of
A. cerana exclusively to N. apis (Fries et al.,
1996). N. ceranae is still found exclusively
in A. cerana, although N. ceranae can artifi-
cially infect A. mellifera (Fries, 1997). N. apis
and N. ceranae have similar morphologies un-
der an optic microscope and SSUrRNA se-
quence identity is 92% (Fries et al., 1996).
However, the identity is low compared to other
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lepidopteran Nosema and Vairimorpha species
that infect the same or similar hosts (Canning
et al., 1999; Tsai et al., 2003, 2005). More-
over, by the analyses of SSUrRNA phyloge-
netic trees, N. ceranae turned out to be more
closely related to Vairimorpha species and
other Nosema species than to N. apis (Fries
et al.,, 1996; Keeling and Macfadden, 1998;
Slamovits et al., 2004).

The microsporidiosis of honeybee is not
considered a serious problem of apiculture in
Taiwan, maybe because Taiwan extends from
tropical into subtropical regions. However, this
disease spread widely throughout Taiwan af-
ter 1972 and was consistently detected each
spring and autumn (An and Ho, 1980). The
pathogen of microsporidiosis in Taiwanese
apiaries was assumed to be N. apis based on

optic microscopic observations'.

! Some preliminary data of our spore isolate from
A. mellifera colonies kept on the National Taiwan
University (NTU) campus were published as a note
in the 38th Annual Meeting of the Society of Inver-
tebrate Pathology (2005). The article dated 2005-
11-25, has been posted on the NTU website as an
informal record and is not cited here.

http://dx.doi.org/10.1051/apido:2006054
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Figure 1. Schematic diagram of the Nosema ceranae isolate rRNA gene. The rRNA domains are indicated
by boxes. The grey arrows represent primers used to amplify the major coding regions of rRNA while the
white arrows represent primers for the ITS and the SSP-PCR.

2. MATERIALS AND METHODS

2.1. Spore purification and nucleic acid
preparation

Microsporidian spores were isolated from dis-
eased workers of the honeybee, Apis mellifera, from
colonies kept on the NTU campus. The alimentary
tracts were removed by crushing the thorax with
tweezers and removing the terminal sclerites from
the abdomen. The hindguts and sclerites were also
removed and the remaining midguts were homoge-
nized with a pestle. This crude tissue homogenate
was filtered through nylon filters and centrifuged
(1000 g, 10 min, 4 °C). The pellets were then resus-
pened with TE buffer (10 mM Tris, 1 mM EDTA,
pH 7.5) and centrifuged again before being col-
lected and centrifuged in 90% Percoll (Amersham
Biosciences) at 30 000 g (30 min, 10 °C). The puri-
fied spores were then collected.

DNA purification was carried out as described
previously (Huang et al., 1998; Tsai et al., 2002;
Huang et al., 2004). Briefly, a suspension of puri-
fied spores (2 x 107 spores in 0.25 mL TE buffer)
was mixed with an equal volume of zirconia/silica
beads (0.1 mm diameter) in a 10 X 75 mm glass tube
and shaken at maximum speed using a vortex mixer
for 1 min (Undeen and Cockburn, 1989). DNA was
extracted using the QIAamp DNA Mini Kit (Qia-
gen, Hilden, Germany) according to manufacturer’s
instructions. The DNA was eluted in TE buffer and
then stored at —20 °C. The DNA concentration was
then measured with a GeneQuant Il RNA/DNA Cal-
culator (Amersham Biosciences).

2.2. Amplification and sequencing
of rRNA genes

Figure 1 shows the primer annealing sites for
rRNA gene amplification. The coding region of
SSUrRNA was amplified using the primer set: 18f

and 1537r (Vossbrinck et al., 1993). Additionally,
the major coding region of LSUrRNA was ampli-
fied using the primer set: LS228F and ILSUR (Tsai
et al., 2002). The 3’ end region of LSUrRNA was
amplified using SSP-PCR (single-specific-primer
PCR, Shyamala and Ames, 1989). The internal
primers for sequencing are not shown.

For accurate sequencing and finding the varia-
tion in the rRNA sequences, Platinum Pfx DNA
polymerase (Invitrogen) with proofreading activity
was used. The PCR mixture was prepared accord-
ing to the manufacturer’s instructions. Amplifica-
tions were performed in an AG-9600 Thermal Sta-
tion (Biotronics Corp.). A 10 uL aliquot from each
reaction was run on a 1.0% agarose gel to visu-
alize the PCR products. The PCR products were
eluted using a DNA Clean/Extraction Kit (Gene-
mark) and then treated with Taq polymerase for an-
other 15 min to add a 3’ terminal thymidine. The
treated PCR products were eluted again as previ-
ously and then cloned into T&A cloning vector
(Real Biotech Corp.). The inserted DNA fragments
were sequenced on an automated DNA Sequencer
(DNA Sequencer 377, Applied Biosystems).

2.3. Fixation method and TEM analysis

The fixation procedure followed the protocol
described by Larsson (2005). The isolated spores
were prefixed in 4% paraformaldehyde at 60 °C
for 2 h, followed by washing in 0.1M phosphate
buffer (pH 7.2). The fixed spores were then post-
fixed in 1% osmium tetroxide in 0.1M phosphate
buffer for 2 h at 4 °C and washed in the same
buffer. After dehydration in a gradated series of
ethanol, the specimens were transferred to propy-
lene oxide. The specimens were then infiltrated and
embedded in Epon. Ultra-thin sections were taken
and stained with uranyl acetate and lead citrate
(Reynolds, 1963).
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2.4. Phylogenic tree construction

Tree construction for seven complete LSUrRNA
sequences followed the method of Slamovits et al.
(2004). Sequences were aligned using ClustalX
(Thompson, 1997). Poorly aligned regions were ex-
cluded manually. Phylogenetic analyses were con-
ducted based on maximum likelihood (ML) with
PAUP 4.0 b10 (Swofford, 2003). ML analyses fol-
lowed the GTR model with site-to-site rate variation
modeled on a discrete gamma distribution with four
variable rate categories plus invariable sites. The
shape parameter alpha and proportion of invariable
sites were estimated based on maximum likelihood
via a distance tree topology using PAUP 4.0 b10.
Node support was assessed with 100 replicates for
the ML analysis.

3. RESULTS
3.1. rDNA sequence

The entire rDNA length of the isolate
(Fig. 1) from A. mellifera varied between 3828
and 3834 bp due to variation in the SSUrRNA
region. The overall organization of the rDNA
(5’-SSUrRNA-ITS-LSUrRNA-3") was similar
to that of N. apis (Gatehouse and Malone,
1998). This sequence has been deposited in
the GenBank database (GenBank accession
number DQ486027). In the process of SSUr-
RNA sequencing we found several interest-
ing variations. Thirteen clones of SSUrRNA
were sequenced to verify the variable sites.
The most obvious variation was an insertion
after the 116th bp of the SSUrRNA sequence.
The length of the SSUrRNA sequence is 1259
to 1265 bp, and the GC content is about 36%,
which is similar to that of N. ceranae (Gen-
Bank accession number U26533) and in the
range of the GC content of SSUrRNAs de-
termined for Nosema spp. (33.9 to 38.6%,
Fries et al., 1996). The SSUrRNA sequences
of the clones share more than 99% (99.1 to
99.6%) nucleotides with N. ceranae, but have
only about 92% identity with N. apis (Gen-
Bank accession number U97150, Gatehouse
and Malone, 1998). The 1265 bp SSUrRNA
sequence, which contains all the insertions,
has also been deposited in GenBank (GenBank
accession number DQ486028).

The sequence of the ITS (internal tran-
scribed spacer) region is 39 bp (Fig. 1), and
no variation has been found within it. The
GC content of the ITS is 5.1%, which is
much lower than that of other Nosema species
(18.2 to 20%) and probably the lowest in mi-
crosporidia. The ITS region shows only 52%
identity with that of N. apis (Gatehouse and
Malone, 1998). The LSUrRNA sequence is
2530 bp long (Fig. 1) and the GC content is
32.9%, similar to that of Nosema spp. (31.8 to
35.8%). Very little single base variation was
found in this sequence. The putative start and
termination points were determined by com-
parison to the N. apis LSUrRNA sequence
(Gatehouse and Malone, 1998). The LSUr-
RNA sequence shares 89% and 75% identity,
respectively, with that of N. apis (GenBank
accession No. U97150) and the type species
of Nosema, N. bombycis (GenBank accession
No. AY259631). The LSUrRNA sequence of
our isolate is 49 bp longer than that of N. apis
LSUrRNA, and this is due to several insertions
(Fig. 2). The sequence of the 3" end was also
obtained by SSP-PCR and we also sequenced
a 646 bp stretch after the LSUrRNA putative
terminal end. Three domains of the 3’ untran-
scribed region share 84, 85, and 87% identi-
ties with those of the N. apis 3’ untranscribed
region (Gatehouse and Malone, 1998).

3.2. The morphological characters

The living spore size was 4.5 X 2.4 um
on average when measured under a light mi-
croscope (400 x). The TEM observations re-
vealed that the number of polar filament coils
was between 20 to 23, and most spores con-
tained 22 polar filament coils and showed a
two-layer arrangements of polar filament coils
in the posterior part. Transversal sections of
polar filaments showed four layers and we
also observed a posterosome (posterior body)
(Fig. 3).

3.3. Phylogenic tree constructed
from LSUrRNA sequences

The maximum likelihood phylogenetic tree
(Fig. 4) obtained from the complete LSUrRNA
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Nosema apis TTTGCCCACACATGGGATCAATAGGGTACCATAACGAGGAAGATCGTAGCGGAATACGAAAG-—————. ATTATTGATCGAAT--ATATT- : 81
Nosema ceranae TTTGCCCACACATGGGATCAATAGGATACCATAACGATGAAGGTCGTAATAGAATACGAAAGTATTTTAATATTTACCGAATTAATATTT : 90
Nosema apis AGAAACAACCCTTGATTGTAATCCTTA--TGGAGCTGTARATCA----TATATTTTATTTCTTATTTCGTAGAGGATGTATATCCGTTAT : 255

Nosema ceranae AGAAATAACCCTTGATTGTAATCCTTAATTGGAGATGTARATCAATTTTATTTTTATTTAATTATATCATAGAGAATATTTATTATTCGT @ 270

Nosema apis ACGGACCAAGGAGATTATAATTATAGCGAGATAAC-——————. AATGTAGTCGTTATTAGCTTGATAAGTTATAATTATAAGACCCGARAACA : 514
Nosema ceranae ——-CGACCA-GGAGATTATATTTA-ACCGAGATAATTTTTTTATTTTAGCCGTTATTAATTTG-TAAGTTATA-TTATARGACCCGARRACA : 533
Nosema apis TGTATAGTGGCGAAAGACCAATCGAACTGTGTGGTAGCTGGTTCACAGCGARATGTCTCTCAGGACAGCAGTCATTTTTT————————— A : 685
Nosema ceranae TGTATAGTGGCGAAAGACCAATCGAACTGTGTGGTAGCTGGTTCACAGCGAAATGTCTCTCAGGACAGCAGTCATTATTTTTTTTATATA = /13
Nosema apis ACCTACCGAATGTATTATTGTATAAARATGGARGAAGATTACTACTTTT-ATGAGATG-TTTCTGTATAGTAT ————-' TCAGGTAGCTGTG : 1035
Nosema ceranae ATCTACCGAATGTATTATTGTATARAATGGAAGAAGATTACTACTTTTTATGAGATGGTTTCTGTTNTATTTATTTATCAGGTAGCTGTG : 1073
Nosema apis CAAGGCGACTTAATTATGACGGTATATTTTTTG-CATAAGAAAAATGAATTATGTGATGT ————— TTAGCTATGGATTGTCATGATAAGA : 1297
Nosema ceranae TAAGGCGACTTGATGATGACAGTATATTTATTAATCTAAGATAARATGAATTAGATTATTTATTTATTAACTATGGATTGTCATGATAAGA : 1343

Figure 2. Discontinuous alignment of the LSUrRNA fragment. The upper sequence is the N. apis LSUrRNA
sequence and below is the N. ceranae LSUrRNA sequence. Underlined are insertions that are longer than
3 bp.

Figure 3. TEM sections of mature spores. The polar filament appears as a four layered structure. The single
white arrow indicates layer 1, the double white arrow indicates layer 2, the single black arrow indicates
layer 3 and the double black arrow indicates layer 4 of the longitudinally sectioned polar tube. Posterosome
(P). Scale bar = 50 nm.

Nc spodoptera

Nosema bombycis

Nosema apis

88

—— Microsporidium 57864
84

100 L Nosema ceranae isolate

Encephalitozoon cuniculi
100
I Heterosporis anguillarum

Figure 4. Phylogenetic tree based on LSUrRNA sequences. Seven microsporidian species were analyzed
based on a maximum likelihood approach using PAUP 4.0 b10 (Swofford, 2003), run with 100 bootstrap
replications. Numbers indicate branch support statistics.
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sequences shows that N. apis (Gatehouse and
Malone, 1998), this isolate and Microsporid-
ium 57864 (GenBank accession number
U90885) form a clade wherein this isolate
is more closely related to the species Mi-
crosporidium 57864 than to N. apis. In ad-
dition, the Nosema type species, N. bomby-
cis (Huang et al., 2004), and N. spodopterae
(Tsai et al., 2003) are located in another clade.
The topology of the LSUrRNA tree (Fig. 4) is
congruent with that of the SSUrRNA phylo-
genetic trees (Keeling and Macfadden, 1998;
Slamovits et al., 2004), but it shows a greater
distance when the tree is presented in a phylo-
gram. Although the Vairimorpha and Nosema
species were grouped in the same clade in
the SSURNA phylogenetic tree, no complete
LSUrRNA sequences of Vairimorpha species
are available so far, and thus, the LSUrRNA
tree shown in this present study does not in-
clude a Vairimorpha species.

4. DISCUSSION

This isolate from Apis mellifera colonies
kept in the NTU campus was assumed to be N.
apis (An and Ho, 1980). However, the SSUr-
RNA sequence of this isolate showed higher
identity with that of N. ceranae than with
that of N. apis. Since comparison of rRNA
sequence data should have greater reliabil-
ity than comparison based on electron micro-
graphs (Weiss and Vossbrinck, 1999), our iso-
late from A. mellifera colonies in Taiwan was
therefore considered to be N. ceranae or a
subspecies of it. In the morphological obser-
vations, the living spores were shorter than
those of N. apis and similar to those of N. cer-
anae. They have 20 to 23 polar filament coils,
which is the same number as that for N. cer-
anae (Fries et al., 1996) and fewer than N.
apis, which usually contains 30 to 44 polar
filament coils (Lui, 1973; Lui and Lui, 1974,
Fries, 1989). The number of polar filament
coils is one criterion used in discriminating
Nosema species (Burges et al., 1974). In addi-
tion, the four-layer structure of the polar fila-
ment and posterosome in the longitudinal sec-
tions of spores (Fig. 3) are both characteristics

of mature spores of N. ceranae (Fries et al.,
1996).

The rDNA organization (Fig. 1) of this iso-
late was the same as that of N. apis (Gatehouse
and Malone, 1998) and of other microsporid-
ian species for which complete rDNA gene
sequences are available (Tsai et al., 2002;
Peyretaillade et al., 1998), but differs from
that of N. bombycis (Huang et al., 2004) and
closely related species (Tsai et al., 2005). The
rDNA organization of Nosema species turned
out to be heterogeneous and coincident with
the topology of the LSUrRNA tree (Fig. 4),
and this further confirmed the assumption that
the rDNA organization may have implications
for the taxonomy of the Nosema group (Huang
et al., 2004).

The SSUrRNA sequence showed minor
variations: six of thirteen clones had an inser-
tion, GATT, after the 116th base of the SSUr-
RNA sequence; eight clones had a single T in-
sertion after the 470th base; four clones had
a single A insertion after the 661st base; and
three clones had a single T insertion after the
934th base. Although some intraspecific sin-
gle base variation may be seen in the SSUr-
RNA sequences of microsporidia, the inser-
tion after the 116th base is quite unusual, and
these insertions caused errors in the SSUr-
RNA sequence (GenBank accession number
DQO078785) that was sequenced directly from
the PCR product.

The insertion after the 116th base should
not affect SSUrRNA secondary structure since
it is located in the variable region, the loop
between helix eight and nine (Van de Peer
et al., 2000). The insertion after the 471st
base has also been noted in isolates from Eu-
rope (GenBank accession number DQ329034,
DQ374655), but the insertion after the 116th
base and other insertions were not found in
the European isolates. The insertion after the
661st base is found in the SSUrRNA sequence
published by Fries et al. (1996), but most
clones did not have this insertion. None of the
insertions and variable bases of the SSUrRNA
sequence are related to the differences between
N. apis and N. ceranae.

The LSUrRNA of our isolate has 87%
identity with that of N. apis and is 49 bp
longer than that of N. apis LSUrRNA. In
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addition, most insertion sequences were A/T
only (Fig. 2) and should did not affect the
secondary structure, except for a few changes
in the D14 helix. Moreover, most insertions
were in the loops and not in the helices of
the secondary structure. Three domains of the
3’ untranscribed region showed high identity
to those of N. apis, but the role of these regions
needs to be clarified in further studies.

In the SSUrRNA tree constructed using
neighbor-joining algorithm (Slamovits et al.,
2004) and the SSUrRNA tree constructed us-
ing maximum likelihood algorithm (Keeling
and Macfadden, 1998), Vairimorpha and
Nosema were grouped together and could be
further sub-grouped into a pure Nosema group,
including the type species of Nosema and the
Nosema/Vairimorpha group. N. ceranae was
grouped in the Nosema/Vairimorpha group.
The LSUrRNA phylogenetic tree (Fig. 4) had
fewer taxa, and only E. cuniculi, N. apis, N.
bombycis, and N. ceranae were included in
both SSUrRNA trees. H. anguillarum was in-
cluded in the SSUrRNA tree published by
Slamovits. The LSUrRNA phylogenetic tree
has a similar topology and supports the no-
tion that the genus Nosema should be sep-
arated into two groups (Baker et al., 1994;
Muller et al., 2000; Tsai et al., 2003, 2005),
although the complete LSUrRNA sequence of
Vairimorpha is not available. In the LSUr-
RNA tree, N. ceranae is grouped with other
species instead of N. apis, and the same sit-
uation is found in both SSUrRNA trees men-
tioned above and the SSUrRNA tree published
by Fries et al. (1996). These results suggest
that N. ceranae and N. apis are phylogeneti-
cally quite distinct.

The present study identified a microsporidia
isolate from A. mellifera to be the species
Nosema ceranae. Furthermore, it revealed that
under normal beekeeping practices, nosema
disease in A. mellifera may not be exclusively
caused by N. apis and that species certification
of the pathogen in nosema disease research is
important. It is possible that the N. ceranae
isolate found in A. mellifera colonies kept on
the NTU campus was transmitted by A. cer-
ana. Not only are native A. cerana present
throughout Taiwan, but they were also near the
A. mellifera colonies several years ago on the

NTU campus. Thus, our observation may not
be a rare case and N. ceranae and N. apis may
have both existed in A. mellifera for quite a
long period. The morphological records of N.
apis show high variability and N. ceranae was
also been found in Europe (Higes et al., 20006)
and on Martinique Island (unpublished data).
The origin of N. ceranae will have to be eluci-
dated by further research.
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Un isolat de Nosema ceranae provenant d’Apis
mellifera.

Nosema ceranae | nosémose / ARNr / Taiwan /
microsporidie

Zusammenfassung — Ein Isolat von Nosema cera-
nae aus der Honigbiene Apis mellifera. Nosema-
Erkrankungen (Mikrosporidien) bei Honigbienen,
Apis mellifera, sind weltweit verbreitet und verur-
sachen erhebliche wirtschaftliche Schiden in der
Imkerei. Die Nosemose verbreitete sich nach 1972
in ganz Taiwan und konnte in einer bis 1980 dau-
ernden Untersuchung in s@mtlichen Friihjahrs- und
Herbstuntersuchungen nachgewiesen werden. Auf-
bauend auf diesen Untersuchungen amplifizierten
und sequenzierten wir die ribosomalen Gene von
Sporen aus dem Verdauungstrakt von Arbeiterin-
nen, die aus Bienenvolkern auf dem Campus der
National Taiwan Universitidt stammten. Die voll-
stindige Sequenz der ribosomalen DNA betrigt
3.828 Basenpaare und &hnelt der von Nosema
apis (Abb. 1). Allerdings weist die SSUrRNA-
Sequenz eine 99 %ige Ubereinstimmung mit der
von N. ceranae auf und die SSUrRNA-, ITS- und
LSUrRNA-Sequenzen haben eine verhdltnismaBig
geringe Ahnlichkeit mit denen von N. apis (92,
52 bzw. 89 %). Zudem stimmen bei den untersuch-
ten Sporenisolaten auch die morphologischen Cha-
rakteristika, die Grofe der lebenden Sporen sowie
die Struktur des Polfadens im Langsschnitt (Abb. 3)
mit denen von N. ceranae iiberein. All diese Ergeb-
nisse zeigen, dass diese Sporen nicht von N. apis
sondern von N. ceranae stammen. Bei der phylo-
genetischen Analyse zeigen sowohl der SSUrRNA-
als auch der LSUrRNA- Stammbaum (Abb. 4), dass
N. ceranae und N. apis phylogenetisch gut zu tren-
nen sind. Daher muss fiir Nosema-Erkrankungen
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bei Honigbienen (A. mellifera) nicht ausschliellich
N. apis verantwortlich sein. Der Erreger der Nose-
mose sollte in zukiinftigen Untersuchungen daher
eindeutig bestimmt werden.

Nosema ceranae | Nosemose / Mikrosporidie /
Taiwan
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