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Microsporidia are obligate intracellular parasites with rigid spore walls that protect against various environmental pressures.
Despite an extensive description of the spore wall, little is known regarding the mechanism by which it is deposited or the role it
plays in cell adhesion and infection. In this study, we report the identification and characterization of two novel spore wall pro-
teins, SWP7 and SWP9, in the microsporidian species Nosema bombycis. SWP7 and SWP9 are mainly localized to the exospore
and endospore of mature spores and the cytoplasm of sporonts, respectively. In addition, a portion of SWP9 is targeted to the
spore wall of sporoblasts earlier than SWP7 is. Both SWP7 and SWP9 are specifically colocalized to the spore wall in mature
spores. Furthermore, immunoprecipitation, far-Western blotting, unreduced SDS-PAGE, and yeast two-hybrid data demon-
strated that SWP7 interacted with SWP9. The chitin binding assay showed that, within the total spore protein, SWP9 and SWP7
can bind to the deproteinated chitin spore coats (DCSCs) of N. bombycis. However, binding of the recombinant protein rSWP7-
His to the DCSCs is dependent on the combination of rSWP9 – glutathione S-transferase (GST) with the DCSCs. Finally, rSWP9-
GST, anti-SWP9, and anti-SWP7 antibodies decreased spore adhesion and infection of the host cell. In conclusion, SWP7 and
SWP9 may have important structural capacities and play significant roles in modulating host cell adherence and infection in
vitro. A possible major function of SWP9 is as a scaffolding protein that supports other proteins (such as SWP7) that form the
integrated spore wall of N. bombycis.

Microsporidia, which infect numerous vertebrate and inverte-
brate species, are a specific group of obligate spore-forming,

intracellular, and unicellular eukaryotic protists (1). The mi-
crosporidian species Nosema bombycis causes pebrine, a disease
that was common in Europe, America, and Asia during the mid-
19th century and still causes heavy losses in silk-producing coun-
tries, such as China and India (1). It was first recognized in 1857 by
Nägeli (2). Recently, phylogenetic analyses based on conserved
proteins (3–5), ribosomal DNA (rDNA) sequences (6, 7), and
complete sequencing of the Encephalitozoon cuniculi genome (8)
have suggested that microsporidia, which undergo a highly reduc-
tive evolution, are closely related to fungi (9). However, the N.
bombycis genome has greatly expanded due to transposable ele-
ments and gene duplications (10).

The microsporidian spore wall, which is usually comprised of
an electron-dense proteinaceous outer layer (exospore) of 25 to 30
nm and an electron-transparent chitinous inner layer (endo-
spore) of 30 to 35 nm, maintains the spore’s morphology and
helps the mature spore resist the outer environment (11–13). Al-
though chitin is the major component of the spore wall, only one
chitin-associated protein has been identified. The chitin deacety-
lase activity of E. cuniculi (EcCDA) has been confirmed to be ex-
pressed during sporogonic stages (14). Currently, the deprotein-
ated chitin spore coats (DCSCs) of the N. bombycis endospore are
isolated using a heated alkali solution (15). However, few studies
have reported on the interactions between spore wall proteins
(SWPs) and the DCSCs in microsporidia. At present, several spore
wall proteins that are localized to the exospore or endospore have

been identified in the genus Encephalitozoonidae (14, 16–20). For
N. bombycis, only two exosporal proteins (21–23), three endospo-
ral proteins (21, 24, 25), and a BAR-2 spore wall protein (26) have
been characterized. In addition, several spore wall proteins that
adhere to host cells via a heparin-binding motif (HBM) and inter-
act with sulfated glycosaminoglycans (GAGs) of the host cell sur-
face have been identified (20, 24, 27, 28). In recent years, several
studies have found that the spores of N. bombycis not only infect
the Bombyx mori ovarian cell line BmN-SWU1, but also adhere to
and infect the B. mori embryonic cell line BmE-SWU1. SWP30
(SWP1), SWP25 (SWP2), and SWP32 (SWP3) are found in the
spore walls of mature spores of N. bombycis cultured in BmE-
SWU1 cells (21, 25).

Microsporidian spores contain a special invasion organelle
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(29), known as the polar tube, that is composed of three distinct
polar tube proteins: PTP1 (30, 31), PTP2 (32), and PTP3 (33).
Spores invade the host cell using two different mechanisms (34).
Germination involves polar tube penetration into the host cell’s
cytoplasmic membrane to deliver the infectious sporoplasm to the
host cell. The other process is phagocytosis, in which a spore is
phagocytosed by a host cell, allowing germination to occur (34–
36). However, little research has been performed to investigate the
processes and mechanisms by which N. bombycis infects host cells.

Recently, 14 hypothetical N. bombycis spore wall proteins (in-
cluding SWP7 and SWP9) were predicted using proteomics-based
approaches (21). In this study, we identified two novel spore wall
proteins (SWP7 and SWP9) and obtained immature spores. To
understand the formation of the spore wall and the functions of its
chitin and spore wall proteins, the interaction between SWP9 and
SWP7 was studied for the first time. SWP9 in the chitin layer was
also demonstrated to act as a scaffolding protein that supports
SWP7 in the spore wall. More importantly, SWP9 and SWP7 me-
diate the infectious process by enabling spore adherence to host
cells.

MATERIALS AND METHODS
Ethics statement. All animal experiments, including animal care and pro-
cedures, were conducted in accordance with the guidelines of the China
Council on Animal Care. This study was approved by the Laboratory
Animal Welfare and Ethics Committee of the Third Military Medical Uni-
versity with the animal utilization protocol number SYXK-PLA-2007035.

Cell culture. BmE-SWU1 cells were used for the cultivation of N.
bombycis spores. The procedure for spore infection of BmE-SWU1 cells
was performed as previously described (21, 25, 37, 38). Adherent and
infectious cells were maintained in Grace’s insect culture medium, man-
ufactured by Gibco Co. (Carlsbad, CA), supplemented with 10% fetal
bovine serum, manufactured by HyClone Co. (Logan, UT), at 28°C for
the adherence and infection assays.

Production and purification of N. bombycis spores. The N. bombycis
isolate CQ1, originally isolated from infected silkworms in Chongqing,
China, is conserved in the China Veterinary Culture Collection Center
(CVCC no. 102059). The life cycle stages of N. bombycis were purified and
harvested from laboratory-reared silkworm larvae as previously described
(23, 39–41). The harvested spores were purified on a discontinuous Per-
coll gradient (GE Healthcare, Beijing, China; 30, 45, 60, 75, and 90%
[vol/vol]) and centrifuged at 12,000 � g for 40 min. In addition, we ob-
tained the N. bombycis spore coats by the two methods of glass bead
agitation and germination. The purified spores and spore coats were
washed and stored in phosphate-buffered saline (PBS) with antibiotics
(100 U/ml streptomycin or 100 U/ml penicillin) at 4°C.

Protein extraction. Total mature N. bombycis protein, spore coat pro-
tein, SDS-soluble protein, and alkali-soluble protein were extracted. Ma-
ture spores (109 spores) were broken in 400 �l PBS (pH 7.3) containing a
protease inhibitor (phenylmethylsulfonyl fluoride [PMSF]) by vibration
with 0.4 g glass beads (Sigma; 150 to 212 �m) at 4°C for 6 h. The super-
natant protein was collected as total spore protein by centrifugation at
13,200 � g for 10 min and boiled with 3� loading buffer for Western
blotting. The pellet was subjected to a discontinuous Percoll gradient (30,
45, 50, 75, and 90% [vol/vol]) and centrifuged at 12,000 � g for 30 min for
the indirect immunofluorescence assay (IFA). The spore coat proteins of
N. bombycis were extracted as previously reported (21, 42) with minor
differences. In brief, in spores (109), germination was induced by 0.1
mol/liter K2CO3 (pH 8.0) at 28°C for 30 min. Then, the spores were
collected by centrifugation at 10,000 � g for 15 min, purified on a discon-
tinuous Percoll gradient (30, 45, 60, 75, and 90% [vol/vol]), and centri-
fuged at 12,000 � g for 40 min. The 75% Percoll fraction was spore coats
and was extracted with 3� loading buffer for SDS-PAGE and Western
blotting. Under the alkali and SDS conditions, the spore surface protein

dropped from the wall at room temperature (42–44). In simple terms, 108

spores of N. bombycis were treated with 0.1 M NaOH or 2% SDS for 20
min at room temperature and centrifuged at 10,000 � g for 20 min. The
supernatant contained alkali-soluble spore surface protein and SDS-sol-
uble protein.

Sequence analysis of Nbswp9 and Nbswp7. The signal peptide and
transmembrane domains of N. bombycis swp9 (Nbswp9) and Nbswp7 and
the N- and O-glycosylation and phosphorylation sites were predicted by
the CBS prediction servers (http://www.cbs.dtu.dk/services/). The NCBI
protein database (http://www.ncbi.nlm.nih.gov/protein/) was used to
search for homologous proteins, and amino acid sequence alignments
were performed using ClustalW (45).

Antiserum production and Western blotting. Polyclonal antibody
production and immunoblotting protocols to detect NbSWP9 and
NbSWP7 in the total protein of N. bombycis have been previously de-
scribed (21, 22, 24). In short, rabbits and mice were injected with recom-
binant rSWP9 – glutathione S-transferase (GST) and rSWP7-His pro-
teins, respectively. Meanwhile, one rabbit and one mouse were injected
subcutaneously with PBS and adjuvant as a negative control. Finally, we
placed the rabbit serum onto a desalting column, after purifying the se-
rum by the hexylacetic acid-saturated ammonium sulfate method. The
production of polyclonal antibody against polar tube protein 1 (PTP1)
has been previously described (46).

For the immunoblot analysis, total mature N. bombycis protein, spore
coat protein, and SDS-soluble and alkali-soluble spore surface proteins
were transferred onto polyvinylidene difluoride (PVDF) membranes after
SDS-PAGE and blocked overnight at 4°C in Tris-buffered saline–Tween
20 (TBST) with 5% (wt/vol) nonfat dry milk. Then, for primary-antibody
incubation, the samples were incubated with either 10 �g anti-NbSWP9
or anti-NbSWP7 polyclonal antibody diluted at 1:6,000 or a negative-
control serum. After washing six times, the membranes were reacted with
horseradish peroxidase (HRP)-labeled goat anti-mouse or anti-rabbit IgG
antiserum (Sigma-Aldrich, St. Louis, MO) at a 1:8,000 dilution, washed
another six times, and developed with the ECL Western blot detection kit
(Thermo Fisher Scientific, Rockford, IL).

IFA. For the IFA, the above-mentioned purified spores and spore coats
were fixed with 4% paraformaldehyde for 20 min at room temperature.
Then, they were washed in PBS and blocked with a blocking solution
consisting of 5% (wt/vol) bovine serum albumin (BSA) and 10% (vol/vol)
goat serum in PBS overnight at 4°C or for 2 h at 37°C. The samples were
incubated sequentially for 1 h with polyclonal anti-SWP9 or anti-SWP7
antibody (diluted 1:200 in blocking solution) or a negative-control serum
(diluted 1:200 in blocking solution) and then washed and incubated for an
additional 1 h with a 1:64 dilution of fluorescein isothiocyanate (FITC)-
conjugated anti-mouse or anti-rabbit IgG (Sigma) in a moist chamber at
37°C. Nuclear material was stained with DAPI (4=6-diamidino-2-phe-
nylindole) (Sigma) at 37°C for 10 min.

To analyze the interaction between SWP9 and SWP7 and the localiza-
tion of SWP9 and SWP7 in the sporonts, sporoblasts, and mature spores,
the life cycle stages of N. bombycis were acquired as described above. The
purified life cycle stages of N. bombycis were fixed, washed, and blocked
with blocking solution overnight at 4°C or for 2 h at 37°C. Samples were
incubated for 1 h with polyclonal anti-SWP9 mouse and anti-SWP7 rab-
bit antibodies simultaneously and then washed and incubated for an ad-
ditional 1 h with a 1:64 dilution of FITC-conjugated anti-mouse IgG and
a 1:2,000 dilution of anti-rabbit Alexa Fluor 647 (Invitrogen, Carlsbad,
CA) in a moist chamber at 37°C.

Transmission electron microscopy (TEM) immunolabeling. The life
cycle stages of N. bombycis spores were fixed in 3% paraformaldehyde
(freshly prepared) in 0.1 M sodium cacodylate buffer (pH 7.2 to 7.4)
containing 0.1% glutaraldehyde, 4% sucrose overnight at 4°C. The fixed
pellets were rinsed four times with 0.1 M sodium cacodylate buffer con-
taining 4% sucrose (pH 7.4) at 4°C for 15 min each time and then sequen-
tially dehydrated with graded methanol. The dehydrated spores were then
embedded and photopolymerized in Lowicryl K4M (Zhongjingkeyi
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Technology Co., Beijing, China) under UV light (360 nm) and placed 20
to 30 cm away from the UV source for 72 h at �35°C. Ultrathin sections
were placed on 200-mesh nickel grids coated with Formvar and carbon.
The nickel grids were incubated in blocking buffer (1% BSA [Sigma],
0.05% Triton X-100, and 0.05% Tween 20) at room temperature for 1 h,
followed by incubation with a 1:300 dilution of primary rabbit anti-
SWP9, anti-SWP7, and negative-control rabbit antibodies overnight at
4°C; rinsed 6 times in PBS; and then incubated with a 1:70 dilution of goat
anti-rabbit IgG conjugated to 18-nm colloidal gold (Jackson ImmunoRe-
search, West Grove, PA) at room temperature for 1 h. The grids were
rinsed with PBS, dried, stained with 3% uranyl acetate, and then examined
and photographed with a Hitachi H-7650 transmission electron micro-
scope at an accelerating voltage of 80 kV.

SDS-PAGE of unreduced, treated rSWP9-GST and rSWP7-His; im-
munoprecipitation; far-Western blotting; and yeast two-hybrid assay.
Colocalization; SDS-PAGE of unreduced, treated samples; immunopre-
cipitation; far-Western blotting; and yeast two-hybrid assays were used to
demonstrate the interaction between SWP9 and SWP7 of N. bombycis as
follows. (i) Unreduced, treated samples were subjected to SDS-PAGE.
Briefly, rSWP7-His was incubated with rSWP9-GST for 2 h at 4°C, and
then the sample was separated into two portions. Part of the sample was
treated with normal 3� loading buffer (containing �-mercaptoethanol),
and another part of the sample was prepared in a nonreducing sample
buffer (without �-mercaptoethanol). The proteins were transferred to
PVDF membranes and incubated with anti-SWP9 and anti-SWP7 anti-
bodies to detect the complex and normal bands. (ii) To determine
whether SWP9 coimmunoprecipitates with SWP7, we performed exper-
iments on total mature-spore proteins. The immunoprecipitation proce-
dure was as previously described (22, 47). In brief, total mature-spore
proteins were agitated overnight at 4°C with 20 �g of rabbit anti-SWP9 or
anti-SWP7 antibody with protein A plus G agarose beads (Beyotime,
Chongqing, China). The next day, Western blotting was conducted using
mouse anti-SWP9 or anti-SWP7 antibodies. Specifically, the total ma-
ture-spore protein was immunoprecipitated with antibodies specific for
either SWP9 or SWP7 and then immunoblotted for SWP7 or SWP9, re-
spectively. (iii) Far-Western blotting was then used to further identify the
protein-protein interactions of SWP9 and SWP7. The rSWP7-His or
rSWP9-GST protein and rGST as the prey proteins were separated by
SDS-PAGE and then transferred to the surface of the PVDF membrane.
After the prey proteins were transferred to the membrane, the membrane
was blocked in TBST with 5% (wt/vol) nonfat dry milk. The PVDF mem-
brane containing the prey protein rSWP7-His was probed with a purified
rSWP9-GST bait protein, as well as purified rGST. Following binding of
the bait protein with the prey protein, the anti-SWP9 or anti-GST detect-
ing antibody was used to identify the corresponding bands. Furthermore,
a PVDF membrane containing the prey proteins rSWP9-GST and rGST was
incubated with the rSWP7-His bait protein. Following binding of the bait
protein with the prey protein, the anti-SWP7 detecting antibodies were used
to identify the corresponding bands. (iv) For further interaction study, the full
lengths of Nbswp7 and Nbswp9 were amplified from N. bombycis DNA using
the following primers: Nbswp7-Forward-EcoRI (CGGAATTCATGATAA
AAGGTTTAATTTAC) and Nbswp7-Reverse-XhoI (CCCTCGAGTTATT
TATTTATTAAGTGGTC), and Nbswp9-Forward-EcoRI (CGGAATTCA
TGTCAACACAACCAACAAAA) and Nbswp9-Reverse-SalI (GCGTCGA
CTTATTTAGATAATAATTCCTT). The procedure was described in
detail previously (48). In brief, Nbswp7 and Nbswp9 were fused to the
yeast two-hybrid vectors pGADT7 and pGBKT7. Yeast competent cells
were transformed simultaneously with bait and prey constructs,
pGBKT7-Nbswp9/pGADT7-Nbswp7. The yeast cells were plated on syn-
thetic defined premix (SD) agar base plates that did not contain leucine,
tryptophan, histidine, and adenine but contained 5-bromo-4-chloro-3-
indoxyl-�-D-galactopyranoside (X-�-Gal) (Clontech Biosciences, San
Jose, CA).

Chitin binding assay. A chitin binding assay was designed to detect
the combination of rSWP9-GST and rSWP7-His or native SWP9 and

SWP7 (within the total spore protein) of N. bombycis with the DCSCs. We
obtained DCSCs from 1 M heat- and NaOH-treated spores of N. bomby-
cis. Briefly, 107 spores were suspended in 100 �l of 1 M NaOH and boiled
for 1 h at 100°C. Then, insoluble spore wall material was obtained by
centrifugation at 480 � g at 25°C for 10 min. The pellet was suspended in
0.75 M NaOH and incubated at 75°C for 1 h. The suspension was then
cooled to 25°C, and the extraction was sustained for 24 h. The insoluble
material was collected by centrifugation at 480 � g at room temperature
for 10 min, and the sample was then washed 10 times with deionized water
(15). Specifically, DCSCs of N. bombycis were incubated with 2 �g of total
mature-spore proteins, rSWP9-GST or rSWP7-His, or both rSWP9-GST
and rSWP7-His. All of the samples were centrifuged for 5 min at 4,320 �
g, and the pellets were washed six times with PBS (0.01 M, pH 7.2). DCSC
pellets, bound to proteins, were stained with Fluostain I {4,4-bis[4-ani-
lino-6-di(hydroxyethyl)amino-triazine-2-ylamino]-2,2-stilbene disulfo-
nic acid, disodium salt} to verify the chitin component of N. bombycis.
Both IFA and Western blotting were used to detect the SWP9 and SWP7
proteins, which can bind to the chitin spore coats.

Host cell binding assay with total spore protein or rSWP9-GST and
rSWP7-His. To determine whether SWP9, SWP7, or both attach to the
host cell surface, a host cell binding assay was designed with rSWP9-GST
and rSWP7-His or the total mature-spore protein of N. bombycis and was
performed as in previous studies (20, 24). The total spore protein of N.
bombycis and purified rSWP9-GST and rSWP7-His were placed onto
BmE cell monolayers in 12-well plates for 2 h at 28°C. Control wells were
treated with PBS buffer, rGST, and total spore proteins. The BmE cell
monolayers were washed six times with sterile PBS (pH 7.3). A portion of
the BmE cell monolayers was solubilized in 3� loading buffer and boiled
for 8 to 10 min, and another portion was fixed and then used to observe
fluorescence with IFA.

Spore adherence and infectivity inhibition assays. To further analyze
the roles of SWP9 and SWP7 in spore adherence and infection, antibody-
blocking and protein inhibition assays were designed. The procedures for
these assays were similar to those previously reported, with some changes
(20, 24, 27). For the antibody-blocking assay, the anti-SWP9 rabbit anti-
body (5 �g/ml), anti-SWP7 rabbit antibody (5 �g/ml), and negative-
control rabbit antibody (5 �g/ml) were used to block N. bombycis spores
(2.8 � 106) for 2 h at 28°C prior to placing the spores onto BmE cell
monolayers (1 � 105 cells). In addition, both anti-SWP9 and anti-SWP7
antibodies were used together to block N. bombycis spores. For the protein
inhibition assay, the rSWP9-GST (5 �g/ml) and the control rGST (5 �g/
ml) proteins were incubated with BmE cell monolayers (1 � 105 cells) in
24-well plates for 2 h at 28°C. Subsequently, 2.8 � 106 N. bombycis spores
were placed onto the BmE cell monolayers (1 � 105 cells) for 2 h at 28°C.
The subsequent steps were as described above. Following fixation, the
BmE host cells attached to by spores were stained with DAPI to detect
adherence. This was evaluated here as BmE host cell adherence by spores
of N. bombycis. Bound spores were quantified by counting bound mi-
crosporidia in at least 40 fields at �600 magnification. The results are
expressed as the percentages of adherent spores relative to control sam-
ples. Statistical significance was determined using Student’s t test.

To estimate host cell infection following adherence of N. bombycis, the
unbound spores were removed by washing, and incubation of host cells
with attached spores was continued for 48 h, so that the host cells became
infected. The interiors of BmE cells contained N. bombycis spores, signi-
fying infected BmE cells. Following culture, the 24-well plates were fixed
and then stained with DAPI. A fluorescence microscope was used to cal-
culate the number of infected BmE cells per field at �600 magnification.
The results are expressed as the percentage of infected host cells per field of
magnification.

The above-mentioned experiments were performed in triplicate and
repeated at least three times, always with similar results. Each experiment
was performed separately with its own negative control. The significances
of the differences among the control and experimental assays were mea-
sured using the two-tailed Student t test in the Statistical Package for
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Social Science (SPSS) version 12.0 (SPSS Inc., Chicago, IL). P values of
0.05 or less were considered statistically significant; P values of 0.01 or less
were considered highly significant.

Nucleotide sequence accession numbers. The sequences of Nbswp7
and Nbswp9 have been deposited in GenBank under accession numbers
EOB13707.1 and EOB13793.1, respectively.

RESULTS
Homologs and sequence characteristics of Nbswp7 and Nbswp9.
NbSWP7 has a theoretical molecular mass of 32.8 kDa and a pre-
dicted pI of 4.50. Amino acid sequence alignment indicated that
NbSWP7 shares 27% and 40% identity with the ATP binding cas-
sette (ABC)-type multidrug transport systems (ABCTs) of Entero-
cytozoon bieneusi (EbABCT; accession number EED44486.1) and
Nosema apis (accession number EQB61147.1), respectively.
NbSWP7 was predicted to have a signal peptide (Fig. 1A). The
gene for NbSWP9 encodes 367 amino acids (theoretically, ap-
proximately 42.8 kDa) equipped with an N-terminal transmem-
brane domain (Fig. 1B). Multiple-sequence alignment showed
that homologs of Nbswp7 and Nbswp9 were identified in other
microsporidian species. Syntenic analysis showed that the gene
loci of Nbswp7 and Nbswp9 are conserved in the microsporidia
(data not shown). In addition, the reverse transcription (RT)-PCR
results showed that Nbswp7 and Nbswp9 were transcribed in every
developmental period of N. bombycis (data not shown).

SWP9 and SWP7 are two novel spore wall proteins of N.
bombycis and primarily localize to the spore wall. To further
characterize SWP9 and SWP7, the expressed recombinant proteins
rSWP9-GST and rSWP7-His migrated as bands of approximately
64.7 kDa and 35.8 kDa in SDS-PAGE, respectively (data not shown).
The antibodies to SWP9 and SWP7 recognize the corresponding
bands of rSWP9-GST and rSWP7-His, respectively. These antibodies
do not cross-react with each other (data not shown).

For Western blotting, the corresponding single SWP7 and
SWP9 bands were detected from the total N. bombycis spore and
spore coat proteins using mouse or rabbit anti-SWP9 antibodies
(Fig. 2). The SWP9 band was in agreement with the size predicted
by the SWP9 sequences. The SWP7 band was slightly larger than
the predicted size. These data show that the antibodies do not
cross-react with other spore proteins.

To investigate the localization of SWP9 and SWP7 in mature
N. bombycis spores, anti-SWP9 and anti-SWP7 antibodies were
used for IFA (Fig. 2B) and immunoelectron microscopy (IEM)
(Fig. 3A). FITC labeling demonstrated that the anti-SWP9 and
anti-SWP7 polyclonal antibodies reacted with the spore walls of
the mature spores and spore coats with an intense emerald green
fluorescence signal (Fig. 2B). Previous studies showed that surface
antigens of mature spores could be removed by SDS and alkali
extraction (42, 43, 49). The reports showed that the SWP32 pro-
tein of N. bombycis is an exospore protein (21). Therefore, posi-
tive-control Western blotting was also performed using anti-
SWP32 antibody to confirm that the protein isolation had been
performed properly (Fig. 2E). The SDS- and alkali-soluble spore
surface proteins contained SWP9 and SWP7 (Fig. 2C and D). In
summary, these results showed that SWP9 and SWP7 are localized
in the spore wall and that the exospores contain SWP9 and SWP7.

To more accurately determine the locations of SWP9 and
SWP7 in mature N. bombycis spores, IEM was performed using
anti-SWP9 and anti-SWP7 antibodies (Fig. 3A). As shown in Fig.
3A, B1 and B2, SWP9 and SWP7 are primarily localized in the

spore walls and polar tubes of N. bombycis spores. SWP9 and
SWP7 are expressed in both the endospore (red arrowheads) and
the exposed exospore (black arrows) of the spore wall. Further-
more, SWP7 and SWP9 are found in the polar tube (white arrows)
of the mature spore. In addition, to further confirm the polar tube
localization of SWP7 and SWP9, N. bombycis spores were induced
to germinate in 0.1 M K2CO3 solution. Then, the polar tubes were
incubated with anti-PTP1, anti-SWP7, and anti-SWP9 antibod-
ies. As shown in Fig. 3B, both anti-SWP7 and anti-SWP9 antibod-
ies could recognize the polar tube. These results showed that
SWP7 and SWP9 also localized in the polar tube of N. bombycis.
Therefore, as demonstrated in Fig. 2 and 3, anti-SWP7 and anti-
SWP9 primarily reacted with the spore walls of mature spores,
suggesting that the genes encode two novel spore wall proteins and
that SWP9 and SWP7 are primarily localized to the exospore and
endospore.

SWP9 is secreted to the spore wall prior to SWP7 during the
development process of N. bombycis, and both are colocalized at
the spore walls of mature spores. To detect the expression fea-
tures of SWP7 and SWP9 during the development process of N.
bombycis spores, we isolated the different life cycle stages of N.
bombycis spores using Percoll gradient centrifugation. We also
observed the morphologies of the different life cycle stages of the
N. bombycis parasite by TEM (Fig. 3). The maturity of the para-
site’s stages can be assessed by the thickness of the plasmalemma.
The sporont is characterized by uniform thickening of the surface
coat, and the sporont eventually transitions into a sporoblast.
Therefore, the fractions obtained by 30% and 45% Percoll gradi-
ent centrifugation were strongly enriched in sporonts with a visi-
ble cell coat (Fig. 3A, A1 and A3, and 4). The sporoblast is an
irregularly shaped dense cell with a thick surface coat (Fig. 3A, A2
and A4) and a cytoplasm that contains portions of the developing
polar tube and other organelles. Therefore, the 60% and 75% Per-
coll gradient centrifugation fractions are rich in sporoblasts (Fig.
3A, A2 and A4, and 4). The surface of the mature N. bombycis
spore plasmalemma is abutted by a relatively thick electron-lucent
endospore that is in turn covered by an electron-dense exospore
coat. Thus, the 90% Percoll gradient centrifugation fraction con-
tains nearly mature spores (Fig. 3A, B1, B2, and B3, and 4).

Spores at the different developmental stages were incubated
with anti-SWP9 and anti-SWP7 antibodies. SWP9 and SWP7 are
differently distributed during the life cycle stages of N. bombycis.
Colloidal gold particles (Fig. 3A, A1 and A3, white arrowheads)
and spot fluorescence signals (Fig. 4A5 and B5, white arrows) of
SWP9 and SWP7 are distributed in the cytoplasm of sporonts,
indicating the presence of SWP9 and SWP7 in the cytoplasm of
the sporonts. However, there are fewer SWP7 gold particles than
SWP9 particles. In addition, DAPI did not stain the nuclei of the
sporonts (Fig. 4A2 and B2). The sporoblasts from the 60% and
75% Percoll gradient fraction, which possess the developing polar
tube, had some SWP9 gold particles in their cytoplasm (white
arrowheads) and a noticeable concentration of gold along the
thickened plasmalemmal surfaces (Fig. 3A, A2, red arrowheads).
However, the vast majority of the colloidal gold particles repre-
senting SWP7 were distributed in the cytoplasm (Fig. 3A, A4,
white arrowheads). At the same time, IFA also showed that the
anti-SWP9 antibody labeled the developing walls of sporoblasts
with a fluorescent ring (Fig. 4C5 and D5, white arrows), while
the anti-SWP7 antibody labeled the interiors of the sporoblasts.
Therefore, a portion of SWP9 localizes to the spore wall, and
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FIG 1 Alignment of multiple NbSWP7- and NbSWP9-homologous sequences in various microsporidian species. (A) Orthologs of NbSWP7 in various
microsporidian species. The predicted sequence of the signal peptide of SWP7 is boxed. ABCT, ABC-type multidrug transport system, ATPase and permease
component. (B) Multiple amino acid sequence alignment of NbSWP9 orthologs in other microsporidian species. There is a predicted transmembrane helix
region (TMHMM) in the sequence of SWP9 (underlined). The asterisks indicate the many similar amino acid residues of these species. Black shading indicates
identical amino acids. Grey shading represents amino acids with similar properties.
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FIG 2 Localization of SWP9 and SWP7 in N. bombycis mature spores and spore coats. (A) Western blotting was performed using anti-SWP9 and anti-SWP7
antibodies. A single 43-kDa band of SWP9 and 33-kDa band of SWP7 were detected on a Western blot of N. bombycis total mature-spore and spore coat protein
using anti-SWP9 and anti-SWP7 antibodies. (B) IFA with rabbit anti-SWP9 and anti-SWP7 antibodies showing the spore wall localization of purified mature
spores and spore coats. The purified mature spores (A2 and B2) and spore coats (D2 and E2) were visualized with a fluorescence microscope after incubation with
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SWP7 is distributed in the interiors of sporoblasts, suggesting that
SWP9 is secreted to the spore wall before SWP7. Furthermore, IFA
also showed that SWP9 and SWP7 were colocalized at the spore
wall in mature spores (Fig. 4E5, white arrows). Overall, as dem-
onstrated in Fig. 3 and 4, anti-SWP9 and SWP7 clearly reacted
with the cytoplasm of sporonts, the cytoplasm (SWP7) and sur-
face coats (SWP9) of sporoblasts, and the spore walls of mature
spores, suggesting that these genes are expressed during the devel-
opment process of N. bombycis and that SWP9 and SWP7 are
colocalized to the spore wall.

SWP9 interacts with SWP7 in the spore walls of mature N.
bombycis spores. The above-mentioned immunofluorescence as-
say showed that SWP9 and SWP7 were colocalized in the spore
wall of mature N. bombycis (Fig. 4E5). Therefore, we inferred that
SWP9 and SWP7 may interact in the spore wall. To determine
whether SWP9 interacts with SWP7, a coimmunoprecipitation
(co-IP) assay was employed. Briefly, protein lysates from N. bom-
bycis were first immunoprecipitated with rabbit anti-SWP9 and
then immunoblotted with mouse antibodies against SWP7. We
found that SWP9 coprecipitated with SWP7. Furthermore, we
observed that SWP7 also coprecipitated with SWP9 (Fig. 5E). The
coimmunoprecipitation results showed that anti-SWP9 and anti-
SWP7 antibodies precipitated SWP9 and SWP7, respectively, out
of the completely mature spore proteins (data not shown). An
SDS-PAGE assay of the unreduced, treated recombinant proteins
rSWP9-GST and rSWP7-His was also used to determine whether
these interactions occur in rSWP9-GST and rSWP7-His. When
the rSWP9-GST and rSWP7-His mixture was treated with 3�
loading buffer (containing �-mercaptoethanol), the Western
blotting result showed that anti-SWP9 and anti-SWP7 could rec-
ognize the corresponding bands of SWP9 and SWP7, respectively
(Fig. 5A and B). However, when the mixture was treated with an
unreduced sample loading buffer (without �-mercaptoethanol),
there was a larger band present in the PVDF membrane (Fig. 5A
and B). This result shows that rSWP9-GST and rSWP7-His form a
large protein complex. Far-Western blotting was also performed
to further validate the interaction of SWP9 and SWP7. The prey
protein rSWP7-His was able to bind the bait protein rSWP9-GST
but not rGST (Fig. 5C), and the prey protein rSWP9-GST inter-
acted with the bait protein rSWP7-His (Fig. 5D). The bait proteins
rSWP7-His and rSWP9-GST could not attach to the PVDF mem-
brane without the prey protein (data not shown). Finally, the pos-
sibility of an interaction between SWP7 and SWP9 was further
investigated using yeast two-hybrid analysis. In this experiment,
NbSWP9 was used as the bait and NbSWP7 as the prey to deter-
mine if the proteins interacted in vivo. Figure 5F demonstrates that
the NbSWP9 protein interacts in vivo with NbSWP7. The above
data indicate that SWP9 interacts with SWP7.

SWP7 binding to DCSCs depends upon the combination of
SWP9 and DCSCs during the biosynthesis of the spore wall.
Given their localization in the developmental spores, it is likely
that SWP7 and SWP9 are involved in the biosynthesis of the spore

wall. To determine the roles of SWP7 and SWP9 in spore wall
synthesis, mature spores were agitated with glass beads to obtain
total mature-spore proteins, as described in Materials and Meth-
ods. In addition, DCSCs were isolated by boiling N. bombycis
spores in 1 M NaOH (15). Anti-SWP9 and anti-SWP7 antibodies
were employed to detect whether both native SWP9 and SWP7
could bind to the DCSCs. At the same time, the anti-SWP25
(SWP2) antibody was used as a control (Fig. 6A, C2, and B), be-
cause previous research demonstrated that SWP25 does not bind
to DCSCs (15). The Western blotting results demonstrated that
native SWP9 and SWP7 bound to the chitin spore coats, but
SWP25 was unable to interact with the coats (Fig. 6B). Further-
more, IFA showed intense green fluorescence in the chitin spore
coats that were bound by total mature-spore proteins, meaning
anti-SWP9 and anti-SWP7 polyclonal antibodies recognized the
chitin spore coats that were bound by proteins (Fig. 6A, A2 and
B2). The IFA results are in agreement with the Western blotting
results. These results indicate that native SWP9 and SWP7 from
the total soluble protein fraction, which was obtained from glass
bead agitation, could bind the N. bombycis DCSCs.

The above-described experiments showed that SWP9 interacts
with SWP7 and that native SWP9 and SWP7 can bind to the
DCSCs in the spore wall of N. bombycis. To demonstrate whether
the SWP9 and SWP7 proteins directly or indirectly bind to the
DCSCs or if one spore wall protein depends on another spore wall
protein to bind to the chitin coats, the DCSCs were incubated with
rSWP9-GST and rSWP7-His and then observed after silver stain-
ing, Western blotting, and IFA (Fig. 7A and B). Silver staining
(data not shown) and Western blotting using anti-SWP9 and anti-
SWP7 polyclonal antibodies as the primary antibodies showed
that, after six washes, the DCSC pellets were bound to rSWP9-
GST. Additionally, rSWP7-His could not bind the DCSC pellets.
However, rSWP7-His could bind to the DCSCs when rSWP9-GST
was preincubated with the DCSCs (Fig. 7B). Furthermore, IFA
also demonstrated that the anti-SWP9 polyclonal antibody
stained the chitin layer to which rSWP9-GST was bound with an
intense emerald fluorescence signal, but rSWP7-His was unable to
interact with the chitin coats (Fig. 7A, A2 and B2). In addition, IFA
also demonstrated that the anti-SWP7 antibody stained the chitin
layer to which both rSWP9-GST and rSWP7-His were bound with
an intense emerald green fluorescence signal (Fig. 7A, C2). These
results suggested that rSWP9-GST directly binds to the depro-
teinated chitin spore coats but rSWP7-His is unable to bind to
the DCSCs. However, rSWP7-His could bind to the DCSCs
after incubation of rSWP9-GST with the DCSCs. Therefore,
the above results showed that rSWP7-His depends on rSWP9-
GST being bound to the DCSCs. A possible explanation for this
result is that SWP9 may bind to the chitin layer as a scaffolding
protein for spore wall formation during development. Further-
more, SWP9 interacts with the SWP7 and SWP9 that are bound
to the chitin spore coats to constitute and assemble the intact

the primary antibodies against SWP9 and SWP7. Negative-control mature spores (C2) and spore coats (F2) and DAPI staining (A1, B1, C1, D1, E1, and F1) were
designed. The anti-SWP9 and anti-SWP7 antibodies were diluted 1:200. The secondary antibody was FITC-conjugated goat anti-rabbit IgG (Sigma) at a 1:64
dilution. All images, �1,000 magnification. (C, D, and E) To further determine whether the exospores of N. bombycis contained SWP9 and SWP7, we analyzed
the 0.1 M alkali- and 2% SDS-soluble proteins to detect SWP9 and SWP7 using the anti-SWP9 and anti-SWP7 antibodies. The arrows indicate SWP9 and SWP7.
Furthermore, positive-control Western blotting was conducted to detect SWP32 using anti-SWP32 antibody. The corresponding band was recognized and
demonstrated that the protein isolations worked properly. Lanes M, EasySee Western marker (Beyotime, Chongqing, China).
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FIG 3 Immunolocalization and developmental expression of N. bombycis SWP9 and SWP7. (A) Immunoelectron microscopy localization and developmental
expression of SWP9 and SWP7. (A1 and A3) Images of 30% and 45% Percoll gradient centrifugation fractions showing strong enrichment of sporonts with a
visible cell coat and internal colloidal gold particles (18 nm) of SWP9 and SWP7 (white arrowheads). (A2 and A4) The 60% and 75% Percoll gradient
centrifugation fractions are rich in sporoblasts, with internal and surface coat localization of SWP9 and SWP7. The sporoblast-containing portions have a
scattered developing polar tube and a thick surface coat (large black arrowheads). A portion of the SWP9 gold particles are secreted and are present in the
thickened surface coat (red arrowheads). The cytoplasm still has some diffuse gold particles of SWP9 in it (white arrowheads). However, the vast majority of the
SWP7 colloidal gold particles are distributed in the cytoplasm. (B1 and B2) The 90% Percoll gradient centrifugation fraction shows nearly mature N. bombycis
spores with localization of the exospore (black arrows), endospore (red arrowheads), and polar tube (white arrows). The surface of the mature N. bombycis spore
plasmalemma is enclosed by a relatively thick electron-lucent endospore that is in turn covered by an electron-dense exospore coat. Colloidal gold particles of
SWP9 and SWP7 are primarily dispersed in the exospore (black arrows), endospore (red arrowheads), and polar tube (white arrows) of the mature N. bombycis
spores. (B3) Note the absence of gold particles in the control sections of the mature N. bombycis spore (using negative-control rabbit serum). Sp, sporonts; Sb,
sporoblasts; S, mature spores; PT, polar tube; N, nucleus; Ex, exospores; En, endospore. (B) SWP9 and SWP7 of N. bombycis also localized at the polar tubes of
germinated spores. N. bombycis spore germination was induced in 0.1 mol K2CO3 for 30 min at 28°C and then incubation with mouse anti-PTP1 (A2 and B2)
and rabbit anti-SWP7 (A3) and anti-SWP9 (B3) antibodies. DAPI was used to stain the nucleus (A1 and B1). (A4 and B4) Merged images.
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spore wall, which maintains the spore’s morphology and pro-
tects the mature spore from the outer environment.

SWP9 and SWP7 help spores adhere to and infect the BmE
host cell in vitro. Because the N. bombycis exospore contains
SWP9 and SWP7, the host cell binding assay was performed by
incubating rSWP9-GST, rSWP7-His, or total mature-spore pro-
teins with BmE cells to confirm whether the SWP9 and SWP7
proteins attach to the host cell surface. As shown in Fig. 8B, there
are protein bands corresponding to rSWP9-GST, rSWP7-His, and
native SWP9 and SWP7 within the total mature-spore proteins,
demonstrating that rSWP9-GST, rSWP7-His, and native SWP9
and SWP7 can attach to the BmE host cell surface. When BmE
cells were incubated with rSWP9-GST, rSWP7-His, and total ma-
ture-spore proteins, these proteins were detected as uniform cir-
cles on the cell surface with green FITC and red Alexa Fluor 647-
phycoerythrin signals (Fig. 8A, A3, B3, D3, and E3). Furthermore,
anti-SWP9 and anti-total BmE protein antibodies inhibited the
ability of rSWP9-GST to bind to BmE cells in a dose-dependent
manner (data not shown). These results showed that rSWP9-GST,
rSWP7-His, and native SWP9 and SWP7 can attach to the surface
of the BmE host cell and that anti-SWP9 and anti-BmE inhibit the
binding of rSWP9-GST to BmE cells.

Based on the analysis of localization and the host cell bind-
ing assays of SWP9 and SWP7 in vitro, adherence and infection
inhibition experiments with antibodies and recombinant pro-
teins were performed to determine whether anti-SWP9 or anti-
SWP7 inhibits spore adherence to and infection of host cells
(data not shown). This was evaluated using adherence of spores
of N. bombycis to BmE host cells. As expected, the anti-SWP9 and
anti-SWP7 antibodies reduced spore adherence by approximately
20% and 10%, respectively, compared with the negative control
(Fig. 9A). When both anti-SWP9 and anti-SWP7 antibodies were
incubated with the spores, adherence was reduced by more than
35% (Fig. 9A). These data indicate that anti-SWP9 and anti-SWP7
antibodies reduce N. bombycis spore adherence to BmE cells.

Previous studies have shown that spore adherence to the host
cell is necessary prior to spore activation and infection (20, 24). An
infection assay was performed to survey the infection rate with
anti-SWP9 and anti-SWP7 antibody treatment. The interiors of
BmE cells contained N. bombycis spores, signifying infected BmE
cells (data not shown). As shown in Fig. 9B, the anti-SWP9 anti-
body inhibited infection by more than 40% and the anti-SWP7
antibody inhibited infection by approximately 8%. Furthermore,
the combination of anti-SWP9 and anti-SWP7 antibodies inhib-

FIG 4 IFA micrographs of N. bombycis collected from different Percoll gradient fractions. N. bombycis was incubated with anti-SWP9 (A3, B3, C3, D3, and E3)
labeled with FITC (green) and anti-SWP7 (A4, B4, C4, D4, and E4) labeled with Alexa Fluor 647 (red). Spores were visualized with a differential interference
contrast (DIC) microscope (A1, B1, C1, D1, and E1) and stained with DAPI (A2, B2, C2, D2, and E2). The images of the 30% and 45% Percoll gradient
centrifugation fractions show internal spot signals (arrows). (A2 and B2) At the same time, the nuclei of the sporonts were unstained with DAPI. (C5 and D5)
Images from the 60% and 75% Percoll gradient centrifugation fractions show that these fractions are rich in early sporoblasts and late sporoblasts, with
fluorescent ring signals and developing walls (arrows). The 90% Percoll gradient centrifugation fraction contains mature spores with intense fluorescent ring
signals that are marked by a typical and intact thick wall. Note the presence of both red and green signals inside the spore and around the spore wall and areas of
yellow signal where they overlap (arrows).
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FIG 5 Immunoprecipitation, far-Western blotting, and SDS-PAGE of unreduced, treated samples and yeast two-hybrid assay, showing the interaction of SWP9 and
SWP7. (A and B) SDS-PAGE of the unreduced, treated sample for analysis of the interaction between SWP9 and SWP7. Shown are SDS-PAGE gels of protein samples
made from rSWP9-GST and rSWP7-His treated with (�) or without (�) �-mercaptoethanol. Mixed protein samples of rSWP9-GST and rSWP7-His, when treated
without �-mercaptoethanol, formed a large complex (arrow) at the top of the gel, as demonstrated by SDS-PAGE. (C and D) Detection of prey protein rSWP7-His or
rSWP9-GST by conventional far-Western blotting using rSWP9-GST or rSWP7-His and anti-SWP9 or anti-SWP7 antibody. In addition, rGST and monoclonal
anti-GST antibodies were used as controls. (E) Immunoblots of SWP7 and SWP9 were coimmunoprecipitated with rabbit anti-SWP9 and anti-SWP7 antibodies,
respectively. The immunoprecipitates were treated with loading buffer and run on SDS-12% PAGE, transferred to a PVDF membrane, and probed with 10 �g mouse
anti-SWP7 (1:6,000) or anti-SWP9 (1:6,000). The samples were incubated with HRP-labeled anti-mouse IgG (1:8,000) and detected by enhanced chemiluminescence
(ECL). The negative-control antibody did not precipitate SWP9 and SWP7. Lanes M, EasySee Western marker. (F) A yeast two-hybrid assay was used to determine the
in vivo interaction between SWP9 and SWP7. Nbswp7 (prey) and Nbswp9 (bait) constructs were simultaneously transformed into yeast competent cells. Several
independent blue colonies grew up on the Leu� Trp� His� Ade� SD plates that contained X-�-Gal. This demonstrates the interactions of the pGADT7-Nbswp7 and
pGBKT7-Nbswp9 constructs. The positive-control pGBKT7-53/pGADT7-T and negative-control pGBKT7-lam/pGADT7-T reactions are also shown.
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ited infection by more than 40%. These data show that antibodies
against SWP9 and SWP7 not only inhibit adherence, but also de-
crease the efficiency of infection of BmE cells by spores of N. bom-
bycis.

Furthermore, in vitro assays were also performed to assess
the influence of rSWP9-GST on N. bombycis adherence and in-
fection. The addition of rSWP9-GST (at a dose of 5 �g) to the
spore adherence assay mixture decreased both spore adherence

FIG 6 Native SWP9 and SWP7 within the total spore protein fraction bound to DCSCs. (A) IFA of DCSCs bound by total mature-spore proteins. (A2, B2, and
C2) DCSCs were visualized using a fluorescence microscope after incubating the DCSCs with total mature-spore proteins and primary antibodies against SWP9,
SWP7, and SWP25 (SWP3). (C2) DCSCs were incubated with total mature-spore proteins, using anti-SWP25 antibody as a control, and showed no DCSC green
fluorescence. (D2) At the same time, DCSCs were also incubated with both anti-SWP9 and SWP7 antibodies as a negative control and showed no DCSC green
fluorescence. (A1, B1, C1, and D1) Fluostain I was used to stain the chitin component. The primary antibody was diluted 1:200. The secondary antibody was
FITC-conjugated goat anti-mouse IgG (1:64 dilution; Sigma). All images, �1,000 magnification. (B) Anti-SWP9 and SWP7 antibodies were used for Western
blot analysis to detect native total mature-spore protein binding to DCSCs. In addition, anti-SWP25 antibody was used as a negative control. Lanes: S,
supernatant after six washes, indicating DCSCs bound by total mature-spore proteins; P, DCSC pellet bound by total mature-spore proteins after six washes; M,
EasySee Western marker.
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FIG 7 Binding of rSWP7-His to DCSCs depends upon the combination of rSWP9-GST and DCSCs. (A) IFA of DCSCs bound by rSWP9-GST, rSWP7-His, and
rGST proteins. (A2, B2, and D2) DCSCs were visualized using a fluorescence microscope after incubating the DCSCs with recombinant proteins and primary
antibodies against SWP9, SWP7, and GST. (C2) DCSCs were incubated with rSWP7-His after incubating the DCSCs with rSWP9-GST, removing the unbound
rSWP9-GST and rSWP7-His with PBS, and incubation with the anti-SWP7 primary antibody. (D2) DCSCs were incubated with rGST using anti-GST as a
control. (A1, B1, C1, and D1) Fluostain I was used to stain the chitin component. (B) Immunoblotting analysis to detect whether rSWP9-GST and rSWP7-His
proteins bind to DCSCs using anti-SWP9 and anti-SWP7 antibodies. In addition, rGST was used as a negative control. Lanes: S0, recombinant-protein
supernatant after incubation with DCSCs; S, supernatant after six washes, indicating DCSCs bound by recombinant protein; P, DCSC pellet bound by
recombinant protein after six washes; M, EasySee Western marker.
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and BmE cell infection, while control rGST did not affect either
adherence or infection. The inhibition of adherence (approxi-
mately 20%) and inhibition of infection (more than 20%) oc-
curred when 5 �g of rSWP9-GST was used (Fig. 9A and B). The
capability of rSWP9-GST to decrease spore adherence and in-
fection in vitro confirms SWP9 localization to the accessible
exospore region of N. bombycis and its ability to attach to the host

cell. The above-mentioned results further support previous re-
search showing that adherence to the host cell is a crucial step for
infection.

DISCUSSION

The differentiation of unicellular eukaryotic parasites is neces-
sarily related to transitions between complex life cycle stages

FIG 8 SWP9 and SWP7 can attach to BmE host cells. (A) IFA of the BmE host cell bound by total mature-spore proteins and recombinant proteins. (A3, B3, C3,
D3, and E3) BmE cells were visualized using a fluorescence microscope after incubation with native total mature-spore proteins or recombinant proteins and
primary antibodies against SWP9, SWP7, and GST. (C3 and F3) BmE cells were incubated with rGST or total mature-spore proteins using anti-GST (C3) or
negative-control antibodies (F3) as controls and showed no fluorescence at the cell membrane. (A2, B2, C2, D2, E2, and F2) DAPI was used to stain the nuclei.
All images, �1,000 magnification. (B) Anti-SWP9 and anti-SWP7 antibodies were used for Western blot analysis to detect rSWP9-GST and rSWP7-His and
native SWP9 and SWP7 binding to BmE cells. BmE cells were incubated with rGST or PBS, using anti-GST or anti-SWP9 and SWP7 antibodies as negative
controls. Lanes M, EasySee Western marker.
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(41). Among microsporidia, the complete life cycle occurs
within the host cell. First, a proliferative growth stage (merog-
ony) is followed by sporogony, when the meronts transform
into sporonts. This stage is characterized by the deposition of
an electron-dense material on the plasma membrane. Then, the
sporonts divide into sporoblasts, and the formation of a thick
wall is associated with the differentiation of specific cytoplas-
mic structures, such as the polar tube. After maturation, the
rupture of host cells may lead to the release of resistant spores
into the environment (13, 34). However, very few large-scale
studies on the stage-specific expression of proteins in these
parasites have been performed because it is difficult to acquire
sufficient quantities of meronts, sporonts, and sporoblasts. We
purified different life cycle stage spores using an improved
method of discontinuous Percoll gradient separation (30, 45,

60, 75, and 90% [vol/vol]). The main cell stages isolated using
this process were sporoblasts plus immature spores (60 and
75% [vol/vol]) and mature spores (90% [vol/vol]). Further
centrifugation of the fraction at the 30% and 45% Percoll gra-
dient generated a sporont-rich fraction. In addition, SWP9 and
SWP7 were found to have different distributions during the
different life cycle stages of the spores. IEM and IFA together
showed that both SWP9 and SWP7 localized to the interiors of
the sporonts. In sporoblasts, most of the SWP9 localized to the
spore wall, while SWP7 was distributed mainly in the interior.
Therefore, we inferred that SWP9 was secreted to the spore wall
before SWP7. The change in protein localization from the cy-
toplasm to the cell surface corresponds to the life cycle of N.
bombycis and illustrates the contributions of SWP7 and SWP9 to
the formation of the thick spore wall during maturation. In con-
trast, the microsporidian spore wall is comprised of the exospore,
endospore, and plasma membrane. This wall provides structural
rigidity, maintains the osmotic pressure of the spore, and protects
the mature spore from the environment (50, 51). At present, only
a few spore wall proteins have been identified in microsporidia.
Recently, a number of studies have shown that NbSWP5 local-
izes to the exospore and polar tube. NbSWP5 was demon-
strated to protect spores from phagocytic uptake (23) and to
interact with PTP2 and PTP3; it may also play an important
role in supporting the structural integrity of the spore wall and
modulating the process of N. bombycis infection (22). This
study showed that SWP9 and SWP7 not only localized to the
spore wall, but also localized to the polar tube. This result
suggests that SWP9 and SWP7 may interact with polar tube
proteins. We further described the interaction of SWP9 and
SWP7 by performing SDS-PAGE of unreduced, treated
rSWP9-GST and rSWP7-His; immunoprecipitation; far-West-
ern blotting; and yeast two-hybrid analysis. However, the in-
teraction motif that contributes to SWP9 interaction with
SWP7 is still unknown. SWP7 and SWP9 contain 8 and 3 cys-
teine residues, respectively, that may form a disulfide bridge
and mediate the interaction between SWP9 and SWP7.

A recent study extracted the N. bombycis DCSCs and the Giardia
lamblia cyst wall �-1,3-linked N-acetylgalactosamine (GalNAc)
homopolymer using hot NaOH. The DCSCs and GalNAc were
much thicker and looser than the chitin layer of untreated spores
and the intact G. lamblia cyst wall (15, 52). In addition, N. bom-
bycis SWP26, SWP30 (SWP1), and SWP32 (SWP3) from the total
soluble spore protein fraction could bind to the DCSCs, and re-
combinant NbSWP12 also adhered to the DCSCs (26, 52). These
spore wall proteins may compress the N-acetylglucosamine ho-
mopolymer to form a narrow surface (26). Our data showed that
both native SWP7 and SWP9 within the total spore protein and
rSWP9-GST could bind to the DCSCs, but rSWP7-His could not.
However, rSWP7-His could bind to the DCSCs after the DCSCs
were incubated with rSWP9-GST. Thus, SWP7 binding to the
DCSCs is an indirect action and is dependent upon the binding of
SWP9 to the chitin layer of the DCSCs. Therefore, it has been
hypothesized that SWP9 acts as a scaffolding protein for spore wall
formation during development and contributes to the compres-
sion of the N-acetylglucosamine homopolymer to form a narrow
surface.

The silkworm is an economically important lepidopteran in-
sect and has a midgut containing a peritrophic membrane (PM)
(53). The insect PM is the first barrier to pathogens that are in-

FIG 9 SWP9 and SWP7 contribute to N. bombycis adherence to and infec-
tion of the host cell. (A) Exogenous rSWP9-GST or anti-SWP9 and anti-SWP7
antibodies inhibited spore adherence to the host cell. SWP9- and SWP7-spe-
cific antibodies, individually and in combination, or a control preimmune
antibody was incubated in an adherence assay with N. bombycis spores at a
concentration of 5 �g/ml. Furthermore, rSWP9-GST and control rGST were
also used as inhibitors of N. bombycis spore adherence at a concentration of 5
�g/ml. The data are shown as the percentage of adherence (compared to con-
trol samples) with preimmune antibody or rGST. (B) Exogenous rSWP9-GST
or anti-SWP9 and SWP7 antibodies inhibited spore infection of the host cell.
The data are shown as the percentages of infected host cells relative to control
samples incubated at the same concentration (the infection percentage of con-
trol samples was treated as 100%). The experiments were repeated three times
and produced similar results each time. At least 20 random fields were calcu-
lated for each data point. The error bars indicate standard deviations (SD).
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gested through oral feeding. The larval PM is primarily composed
of chitin, proteoglycans, and proteins (54). Based on our results,
we inferred that the N. bombycis spore may bind to and breach the
silkworm’s PM prior to infecting the epithelial cell. SWP9,
SWP12, SWP26, SWP30 (SWP1), and SWP32 (SWP3) can bind to
the DCSCs of N. bombycis (15, 26), suggesting that these spore wall
proteins may bind to the chitin component of the PM. Once the
spore binds to the PM, some spore wall proteins may be activated
by this combination, inducing the expression of chitinases that
degrade and breach the PM chitin. Then, the spores successfully
infect the silkworm’s epithelial cells. In summary, we infer that
SWP9 may bind to the chitin component of the peritrophic mem-
brane or that SWP9 and SWP7 may interact with the proteins of
the PM and contribute to spore binding to the PM, suggesting that
both SWP9 and SWP7 play roles in adherence and infection. Re-
cently, some of the PM proteins have been identified by proteomic
analysis, allowing convenient analysis of the interaction between
N. bombycis and the silkworm (55).

The host cell binding assay showed that native SWP7 and
SWP9 and rSWP9-GST can attach to the BmE host cell and that
rSWP9-GST, anti-SWP9, and anti-SWP7 antibodies reduce N.
bombycis spore adherence and infection of the BmE cells. Previous
research found that some pathogens use a surface heparin-bind-
ing protein to bind the host cells (56–61). However, no HBM was
identified in SWP7 or SWP9. SWP9 and SWP7 bind to host cells
and may act as ligands for adherence; it is therefore possible that
they could interact with receptors on the host cell. There are few in
vivo reports of the process by which N. bombycis infects its host,
the silkworm.

In conclusion, this study presents the first examination of
the interaction of two newly identified spore wall proteins,
SWP9 and SWP7, which are localized to the exospores, endo-
spore, and polar tube of N. bombycis. The study provides the
necessary data for a more detailed analysis of the formation of
the spore wall. Furthermore, both SWP9 and SWP7 are local-
ized to the interiors of the sporonts. However, in sporoblasts,
part of SWP9 appears to be secreted to the spore wall earlier
than SWP7, and SWP9 may bind to the chitin layer as a scaf-
folding protein for spore wall formation during development.
Subsequently, SWP7 is secreted to the spore wall and interacts
with SWP9 to play a common role in adherence and infection.
Furthermore, both SWP9 and SWP7 exist and are conserved in
other species of microsporidia. Therefore, research regarding
SWP9 and SWP7 has profound implications for the future
study of microsporidia. Finally, SWP9 appears to be a struc-
tural support protein for spore wall formation during develop-
ment. It also plays a role in spore adherence and infection of the
host cell. Therefore, determination of the structures of SWP9
and SWP7 may be useful for understanding how SWP9 and
SWP7 interact to form the thick spore wall used by this widely
disseminated parasitic protist group.
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