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ABSTRACT Microsporidia are opportunistic intracellular pathogens that can infect a
wide variety of hosts ranging from invertebrates to vertebrates. During invasion, the
microsporidian polar tube pushes into the host cell, creating a protective microenvi-
ronment, the invasion synapse, into which the sporoplasm extrudes. Within the syn-
apse, the sporoplasm then invades the host cell, forming a parasitophorous vacuole
(PV). Using a proteomic approach, we identified Encephalitozoon hellem sporoplasm
surface protein 1 (EhSSP1), which localized to the surface of extruded sporoplasms.
EhSSP1 was also found to interact with polar tube protein 4 (PTP4). Recombinant
EhSSP1 (rEhSSP1) bound to human foreskin fibroblasts, and both anti-EhSSP1 and
rEhSSP1 caused decreased levels of host cell invasion, suggesting that interaction of
SSP1 with the host cell was involved in invasion. Coimmunoprecipitation (Co-IP) fol-
lowed by proteomic analysis identified host cell voltage-dependent anion channels
(VDACs) as EhSSP1 interacting proteins. Yeast two-hybrid assays demonstrated that
EhSSP1 was able to interact with VDAC1, VDAC2, and VDAC3. rEhSSP1 colocalized
with the host mitochondria which were associated with microsporidian PVs in in-
fected cells. Transmission electron microscopy revealed that the outer mitochondrial
membrane interacted with meronts and the PV membrane, mitochondria clustered
around meronts, and the VDACs were concentrated at the interface of mitochondria
and parasite. Knockdown of VDAC1, VDAC2, and VDAC3 in host cells resulted in sig-
nificant decreases in the number and size of the PVs and a decrease in mitochon-
drial PV association. The interaction of EhSSP1 with VDAC probably plays an impor-
tant part in energy acquisition by microsporidia via its role in the association of
mitochondria with the PV.

IMPORTANCE Microsporidia are important opportunistic human pathogens in
immune-suppressed individuals, such as those with HIV/AIDS and recipients of organ
transplants. The sporoplasm is critical for establishing microsporidian infection. De-
spite the biological importance of this structure for transmission, there is limited in-
formation about its structure and composition that could be targeted for therapeu-
tic intervention. Here, we identified a novel E. hellem sporoplasm surface protein,
EhSSP1, and demonstrated that it can bind to host cell mitochondria via host VDAC.
Our data strongly suggest that the interaction between SSP1 and VDAC is important
for the association of mitochondria with the parasitophorous vacuole during mi-
crosporidian infection. In addition, binding of SSP1 to the host cell is associated with
the final steps of invasion in the invasion synapse.
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Microsporidia are obligate intracellular parasites that were initially identified about
150 years ago in studies on pébrine in silkworms (1). These pathogens can infect

a wide variety of hosts ranging from invertebrates to vertebrates, including humans,
and are widely distributed in nature, with over 200 genera and 1,400 species having
been characterized. Among the species commonly infecting humans are Encephalito-
zoon cuniculi, Encephalitozoon hellem, and Encephalitozoon intestinalis, which infect
both immunocompetent and immune-deficient hosts (2–6). These pathogens emerged
as important opportunistic pathogens of humans with HIV/AIDS but are now recog-
nized as widespread human pathogens, having been identified in recipients of organ
transplants, the elderly, and children and in ocular infections in immunocompetent
hosts (7, 8). Phylogenetic studies suggest that microsporidia are related to the fungi,
probably as a sister group along with the Cryptomycota (9–11).

Microsporidia possess a unique, highly specialized invasion mechanism that involves
the spore wall (SW), polar tube, and infectious sporoplasm. The spore (Sp) wall consists
of proteins and chitin that protect the organism from harsh environmental conditions,
thereby permitting transmission of the organism via water or food (12). The spore wall
contains two layers: an electron-dense outer exospore layer and an electron-lucent
inner endospore layer. Chitin is the main component of the endospore layer and is
important for maintaining spore structure. Several spore wall proteins play crucial roles
in spore adherence, signaling, and host cell interactions during the infection (13–17).
The polar tube is a highly specialized invasion organelle of the microsporidia that coils
around the sporoplasm inside the spore before germination (18, 19). Five polar tube
proteins (polar tube protein 1 [PTP1] through PTP5) have been identified, among which
PTP1 and PTP4 interact with host cells via mannose binding receptors and transferrin
receptor 1 (TfR1), respectively, thereby enabling the polar tube to bind to the host cell
surface and create an invasion synapse in which the sporoplasm can penetrate into the
host cell (20–25). The infectious sporoplasm enters the host cell and undergoes
development from meronts (proliferative forms) to sporonts, sporoblasts (Sb), and,
finally, mature spores (6, 12, 26). Following entrance of the sporoplasm into the host
cell, microsporidia (depending on the species) can reside directly in the host cell cytosol
without additional barriers or can be found in a parasitophorous vacuole during various
stages of the replicative cycle. Members of the genus Encephalitozoon spend their
entire host cell cycle inside a PV (27–29). Ultrastructural analysis showed that the
plasma membrane of meronts was closely associated with the PV membrane, and it has
been suggested that they interact directly with the PV membrane (30–32). Meronts
(Me) then detach from the PV membrane at a later stage of development, and maturing
spores move to the center of the vacuole (32).

In the adaptation process that resulted in their becoming intracellular parasites,
microsporidia underwent extreme genomic reduction and are missing genes for many
metabolic pathways, including those for the biosynthesis of ATP (33, 34). They have a
relic mitochondrion termed a mitosome, which lacks its own genome and has retained
only a few metabolic functions but does not produce ATP (35, 36). This means that
actively dividing microsporidia rely on their host cells as an energy resource (33). A
previous study using Encephalitozoon-infected cells demonstrated that host mitochon-
dria reorganize around the parasitophorous vacuole membrane (PVM), which was
thought to be the strategy for microsporidia to obtain ATP from their host cell by
maximizing contact between host mitochondria and the PV (33, 37, 38). This association
of mitochondria with the PV starts early in infection, as soon as the PV forms after
invasion (37). Transmission electron microscopy (TEM) showed that E. cuniculi uses
electron-dense proteinaceous structures to tether mitochondria. This direct interaction
between mitochondria and PVM was insensitive to the microtubule depolymerizing
drugs albendazole and demecolcine, but was sensitive to protease treatment, suggest-
ing that the relationship between mitochondria and the PVM is maintained by a
protein-protein interaction (37, 38). The mitochondrial porin VDAC was demonstrated
previously to concentrate at sites of contact between the microsporidian PVM and the
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host mitochondria, suggesting that it is involved in the microsporidian PV interaction
with host mitochondria (38).

Other intracellular parasites have been reported to manipulate their host cells to
facilitate invasion and growth. Due to the critical role of host cell mitochondria in
metabolism and energy production, reorganization of mitochondria to the PVM has
been described for several other obligate intracellular parasites, including the bacteria
Legionella pneumophila and Chlamydia psittaci and the apicomplexan Toxoplasma
gondii (39–42). In the case of T. gondii, parasite-secreted mitochondrial association
factor 1 (MAF1), which localizes at the PV membrane, has been shown to play an
important role in recruiting mitochondria during infection (43). Studies demonstrated
that host mitochondrion association is mediated by an interaction between T. gondii
MAF1 and the host cell mitochondrial intermembrane space-bridging (MIB) complex
(44). In this paper, we identify and characterize a novel E. hellem sporoplasm surface
protein, E. hellem sporoplasm surface protein 1 (EhSSP1), found in proteomic investi-
gations of proteins involved in invasion. In addition to its involvement in invasion,
EhSSP1 was demonstrated to interact with VDAC, which has been previously shown to
be concentrated at sites of contact between the microsporidian PVM and the host
mitochondria (38).

RESULTS
Identification of E. hellem sporoplasm protein 1 (EhSSP1). EhSSP1 (EHEL_

111090) was identified in a proteomic screen of our previously described PTP prepa-
ration of polar tubes (23) that was modified by using a cross-linker strategy as described
in Materials and Methods (see below). During germination of spores, the sporoplasm is
transported to the host cell via the polar tube (45, 46), so a cross-linker was used to help
find proteins that bound to the polar tube during germination. It was probable that
some polar tube proteins (PTPs) interacted with sporoplasm proteins (SPs) during this
process. The cross-linked complex was extracted by the use of dithiothreitol (DTT) and
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Fig. 1A).
There were about 300 genes identified from this proteomic analysis which were
predicted as unknown hypothetical proteins in MicrosporidiaDB (https://micro
sporidiadb.org/micro/). To narrow our search to identify surface proteins (and also new
polar tube proteins), we examined these hypothetical proteins to identify those with a
predicted signal peptide. This resulted in the identification of a subset of 22 proteins
from E. hellem (see Table S1 in the supplemental material). Four of these were
demonstrated by BLAST to be homologous to PTP2, PTP3, PTP4, and EnP1, all of which
had been identified previously in various microsporidia, confirming the utility of this
approach for identifying components of the polar tube and spore coat (22, 23, 47). To
examine the other 18 proteins, these proteins were expressed as recombinant proteins
in Escherichia coli and purified for immunization of mice, and the resulting mouse
polyclonal antibodies (mPcAb) were used to determine the subcellular localization of
each protein by indirect immunofluorescence assay (IFA) in E. hellem-infected host cells.
On the basis of the IFA results, EHEL_111090 was selected for further study and was
renamed E. hellem sporoplasm surface protein 1 (EhSSP1).

By IFA, EhSSP1 was found to localize to the germinated sporoplasm at the tip of
polar tube (Fig. 1C) and to microsporidian vegetative meronts in the periphery of the
parasitophorous vacuole (PV) (Fig. 1D). There was no staining of extracellular germi-
nated spores (Fig. 1C) or mature spores in the middle of PV (Fig. 1D). Immunoblotting
using mouse polyclonal antibody (mPcAb) and rabbit polyclonal antibody (rPcAb) to
EhSSP1 demonstrated that it was present in both the DTT extraction preparation and
the spore total lysate extracted by SDS and that it had a molecular mass of �37 kDa
(Fig. 1B; see also Fig. S2 in the supplemental material), which is slightly greater than the
predicted molecular mass of 33 kDa.

Correlative fluorescence and scanning electron microscopy (CLEM) techniques were
used to further confirm the location of EhSSP1. As shown in Fig. 1E, the CLEM data
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FIG 1 Characterization of E. hellem sporoplasm surface protein 1 (EhSSP1). (A) Schematic showing the proteomic
analysis pipeline. Spores were lysed in SDS buffer, and the pellet was treated with cross-linker reagent and extracted
with DTT. The DTT extraction was then analyzed with LC-MS/MS, and 22 hypothetical proteins were identified. (B)
Immunoblot detection of native SSP1 in DTT extractions (lane 1) and spore lysis (lane 2). The mouse polyclonal
antibody was used at a 1:100 dilution. M, molecular mass marker lane. (C) Extruded sporoplasms of E. hellem were
initially incubated with anti-EhSSP1 mPcAb at a 1:100 dilution and detected by anti-mouse Alexa Fluor 488 secondary
antibody (green). The polar tubes were stained with anti-PTP1 rPcAb and detected by anti-rabbit Alexa Fluor 594
secondary antibody. White arrows indicate the labeling of EhSSP1 on a sporoplasm at the tips of the polar tubes. Bar,
10 �m. (D) A productive meront stage was specifically stained by anti-EhSSP1 mPcAb at the periphery of the PVM
(white line). Bar, 10 �m. (E) CLEM analysis of the localization of EhSSP1 further proved that it was located on the
sporoplasm (white arrows), Bar, 5 �m.
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clearly demonstrated localization of EhSSP1 to the germinated sporoplasm at the tip of
polar tube, confirming that this is a novel sporoplasm protein.

EhSSP1 is a sporoplasm surface protein and is exposed to the host cell during
the early stages of microsporidian infection. To further investigate the ultrastructure
location of EhSSP1, immunoelectron microscopy (immuno-EM) was conducted using
anti-EhSSP1 mPcAb. The E. hellem developmental stages reacting with anti-EhSSP1 in
the parasitophorous vacuole are shown in Fig. 2. Gold particles were observed on the
surface of meront (Me) stages, which do not have a spore wall (Fig. 2A). This confirmed
that that EhSSP1 was exposed on the surface of this early stage of microsporidia. In the
sporoblasts (Sb), which have a partially formed spore wall, and in the mature spore (Sp),
in which the spore wall is fully formed, gold particles were located beneath the spore
wall at the interface of the spore wall and sporoplasm membrane (Fig. 2B and C). This
further confirmed that EhSSP1 locates on the surface of microsporidian sporoplasm and
appears to be a plasma membrane-associated protein. There was no staining seen
when a control mouse serum was used (Fig. 2D).

A time course infection assay was then conducted to examine the staining of EhSSP1
during development of the parasitophorous vacuole. The host cell was fixed from early
after 12 h postinfection (hpi) through a later stage at 3 days postinfection (dpi). Cells
were stained with anti-EhSSP1 mPcAb (red fluorescence), and mature spores, which had
formed the spore wall, were stained with the fluorescence brightener (FB [blue flores-
cence]) (Fig. 2E). These IFA results demonstrated that anti-EhSSP1 had stained the
germinated sporoplasm in a ring pattern at 12 hpi, which is consistent with the
immuno-EM data presented in Fig. 2A. This suggested that EhSSP1, as a surface protein,
would be exposed to the host cell after the sporoplasm was transported to the host by
the polar tube. There were no spores stained with the fluorescence brightener at 1 dpi,
revealing that the spore wall was not yet present at that early time point and that the
microsporidia in the PV that had been stained by anti-EhSSP1 were likely meronts
(the proliferative forms). Some of the spores were seen to have been stained with the
fluorescence brightener at 2 dpi, and these were mainly located in the middle of the PV.
There was no EhSSP1 staining of these spores, probably because EhSSP1 was not
accessible to the antibody when it was beneath the spore wall. The meronts at the edge
of PV still could be stained by anti-EhSSP1 at 2 dpi. When the infection progressed to
3 dpi, all of the spores stained with the fluorescence brightener and there was minimal
to no staining by antiEhSSP1 in the PV. These data suggest that EhSSP1 is exposed at
the stage during which the parasites are contacting host cells either in the host
cytoplasm or at the interface of PV membrane, revealing a potential role for this protein
in interactions between the microsporidia and the host cell.

rEhSSP1 can bind to the polar tube by interacting with polar tube protein 4
(PTP4). EhSSP1 was identified from the cross-linked DTT preparation, so we examined
whether it could interact with any of the known polar tube proteins (PTPs) and whether
it might be involved in polar tube interactions with the sporoplasm. We used both a
protein binding assay and a yeast two-hybrid (Y2H) method to investigate this inter-
action. To evaluate protein binding directly, we germinated the spores in the cell
culture, and recombinant EhSSP1 protein (rEhSSP1) was incubated with the germinated
polar tubes. As demonstrated in Fig. 3A (see also Fig. S3), rEhSSP1 (identified by
antiEhSSP1 mPcAb) did bind to the polar tube (identified by anti-PTP1 PcAb [48]),
suggesting that native EhSSP1 also would bind to this structure. A yeast two-hybrid
method was conducted to assess the specificity of binding of EhSSP1 to the various
PTPs that have been identified. The coding regions of the five known polar tube
proteins (PTP1 to PTP5) were used to construct pAD prey vectors, and EhSSP1 was used
to construct a pBD bait vector. The transformed yeast strains were mated and selected
on a QDO/X/A selection plate. As demonstrated in Fig. 3B, EhSSP1 could specially
interact with polar tube protein 4 (PTP4), but not with the other polar tube proteins,
suggesting that EhSSP1 could bind to polar tube via an interaction with PTP4. We
previously reported that PTP4 can be found at the tip of the polar tube (23) within the
invasion synapse. Thus, it is possible that binding of SSP1 to PTP4 during extrusion of
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FIG 2 EhSSP1 is a sporoplasm surface protein that is exposed to the host cell during infection. (A to D) Immuno-EM
shows the localization of EhSSP1 in E. hellem spores. Native SSP1 was located on the surface of the productive
meront stage when the spore wall had not formed (A), and when the spore wall was partially formed in the
sporoblast (B) or after it was fully formed in mature spores (C), the gold particles localized to the interface of spore
wall and sporoplasm, further demonstrating that EhSSP1 is a sporoplasm membrane surface protein. (D) Negative
control. Bar, 500 nm (A to C) or 1 �m (D). (E) Immunofluorescence assay (IFA) detection of native EhSSP1 in E. hellem
within HFF cells showing that EhSSP1 is exposed to the host cell during infection. The sporoplasm membrane was
stained by anti-EhSSP1 mPcAb (red) when the sporoplasm had just transformed into host cell cytoplasm, at 12 hpi;
anti-EhSSP1 stained meronts at the edge of PVM at 1 dpi and 2 dpi. Spores with a spore wall are seen in the middle
of PV and were stained with Fluorescent Brightener (calcofluor white [blue]) at later stages of infection 3 dpi where
the PV was filled with mature spores and there was no EhSSP1 staining in the vacuole. Nuclei were stained with
SYTO green fluorescent nucleic acid stain. Bar, 10 �m.
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the sporoplasm from the polar tube tip acts as an anchor for the sporoplasm onto the
polar tube.

rEhSSP1 can interact with host cells and plays a role during infections. As
EhSSP1 is found on the surface of the sporoplasma and is exposed to the host cell in
the invasion synapse, the interaction of EhSSP1 with host cells was evaluated. By IFA,
rEhSSP1 was demonstrated to bind to both permeabilized and nonpermeabilized cells
(Fig. 4A). An enzyme-linked immunosorbent assay (ELISA) also demonstrated that
rEhSSP1 bound to host cells at higher levels in permeabilized cells than in nonperme-
abilized cells (Fig. 4A). The IFA and ELISA data suggest that EhSSP1 interacts with a host
cell protein(s) that is probably present both on the cell surface and within the host cell.
The binding of rEhSSP1 to E. hellem-infected host cells was also evaluated (Fig. 4B and
C). rEhSSP1 was found to bind to the germinated polar tube and the invasion synapse

FIG 3 EhSSP1 can bind to the polar tube by interacting with polar tube protein 4. (A) Immunofluorescence
microscopy (IFA) of rEhSSP1 binding to the polar tube. The rEhSSP1 was incubated with germinated spores in
infected cell cultures and stained with anti-EhSSP1 mPcAb (green), while the polar tube was stained with
anti-EcPTP1 PcAb (red). The merged panel demonstrates that rEhSSP1 was able to bind extruded polar tubes. (B)
Yeast two-hybrid analysis of EhSSP1 interactions with polar tube proteins. This illustrates the interactions of the
pAD and pBD (bait and prey) constructs containing full-length EhPTP1 to EhPTP5 (bait) and EhSSP1 (prey). Results
of the positive-control (pGBKT7-53/pGADT7-T) and negative-control (pGBKT7-Lam/pGADT7-T) reactions are shown.
The results show that EhSSP1 interacted with EhPTP4 on the polar tube.
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FIG 4 EhSSP1 can interact with host cells. (A) Binding of rEhSSP1 detected by IFA and ELISA. HFF cells
were grown on glass coverslips and treated with or without permeabilization buffer followed by
incubation with rEhSSP1. Binding was detected using fluorescent goat anti-mouse secondary antibody.

(Continued on next page)
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(IS) where the tip of polar tube attaches to host cells (Fig. 4B; see also Fig. S4), indicating
that the sporoplasm may interact with the host cell via an interaction of EhSSP1 with
a host cell target in the invasion synapse after spore germination during infection. In
permeabilized cells, interestingly, rEhSSP1 also bound to the PVM (Fig. 4C; see also
Fig. S5). This binding suggests that the presence of exposed EhSSP1 on the surface of
meronts might be one of the reasons that the vegetative forms of microsporidia stay
in contact with the PV membrane at the periphery of PV. Once the spore wall is formed,
SSP1 would no longer be accessible for this interaction and this would be consistent
with the location of mature spores within the interior of the PV. In the control
experiments, no staining was seen with cells or on the PVM (Fig. 4D).

Due to the interaction of EhSSP1 with host cells, the role of EhSSP1 during the
microsporidian infection was investigated by antibody blocking and protein competi-
tion experiments. Anti-EhSSP1 rPcAb and anti-EhSSP1 mPcAb were incubated with
purified spores for 1 h, and the mixture was added to the medium during host cell
infection. The presence of antibody to EhSSP1 significantly reduced infectivity (Fig. 4E).
In a similar fashion, the addition of rEhSSP1 directly to the cell culture prior to infection
with spores also significantly decreased infection (Fig. 4F). Overall, this suggests that
EhSSP1 interacts with the host cell during the early stages of infection and that the
interaction likely occurs in the invasion synapse when the sporoplasm first comes into
contact with the host cell surface.

rEhSSP1 interacts with host VDAC. The host cell protein interacting with EhSSP1
was evaluated using a proteomic analysis of a pulldown with hemagglutinin (HA)-
tagged rEhSSP1. Silver staining of the rEhSSP1-HA pulldown complexes revealed an
extra protein band in the test lane compared to the control group (Fig. 5A). LC-MS/MS
data identified 30 peptides from EhSSP1, confirming that the pulldown complex
contained rEhSSP1, as expected. Several host cell proteins that might be the potential
targets of EhSSP1 were identified (Fig. 5A). Among these, the most likely candidate was
VDAC due to its location on both the plasma membrane and the outer mitochondrial
membrane (OMM) (49, 50). Also, this would explain a role for EhSSP1 in the interaction
of meronts with the PV membrane and in the interaction of the sporoplasm with the
plasma cell membrane within the invasion synapse.

To verify an interaction between VDAC and EhSSP1, the coding sequence of EhSSP1
was cloned into a mammalian cell expression vector (Fig. 5B) and transfected into
human foreskin fibroblasts (HFF). The locations of the expressed rEhSSP1 and native
VDAC were examined by IFA using antibodies as shown in Fig. 5C and D, and the results
demonstrated that rEhSSP1 colocalized with VDAC in the cell cytoplasm. A small
amount of background signal was seen in the control group; however, no colocalization
was observed (Fig. 5E).

A yeast two-hybrid assay was then conducted to further examine interactions of
EhSSP1 and the three known human VDAC isoforms (hVDAC1, hVDAC2, and hVDAC3).

FIG 4 Legend (Continued)
Different concentrations of rEhSSP1 were incubated with permeabilized or nonpermeabilized HFF cells
in 96-well plates, and binding was detected via ELISA. BSA was used at the same concentration as EhSSP1
as a negative control in both IFA and ELISA. All experiments were performed in triplicate. Data are
presented as means � standard deviations (SD). (B) By IFA, both anti-EhSSP1 PcAb (green) and anti-HA
antibody (red) show the binding of EhSSP1 to the polar tube (PT) and invasion synapse (IS) on the host
cell surface. An empty spore wall is seen connecting with the polar tube. Bar, 5 �m. (C) IFA demonstrating
that EhSSP1 can interact with the PV membrane in infected cells. Bar, 50 �m (left panel) or 10 �m
(enlarged panels). (C) IFA negative control. Bar, 10 �m. (E and F) Interference with EhSSP1 host cell
interactions alters microsporidian infectivity. (E) Impact of rabbit polyclonal anti-EhSSP1 (rabbit and
mouse PcAb) on E. hellem infection of HFF cells. E. hellem spores were incubated with anti-EhSSP1
(�5 �g/ml) for 1 h at room temperature and then added to HFF monolayers. Control organisms were
treated with the same amount of seronegative rabbit or mouse serum as the negative control.
Anti-EhSSP1 significantly reduced the PV number in infected HFF cells. mPcAb: *, P � 0.05. rPcAb: **,
P � 0.01. (F) Impact of exogenous rEhSSP1 on E. hellem infection of HFF cells. Purified rEhSSP1 (5 �g/ml)
was incubated with HFF cells for 1 h at room temperature, and the HFF were then infected with 1 � 106

spores/well. The same amount of BSA (5 �g/ml) was used as a negative control. rEhSSP1 significantly
reduced the PV number of HFF cells infected by E. hellem (*, P � 0.05).
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FIG 5 VDAC was identified as the interaction partner of EhSSP1. (A) Immunoprecipitation (IP) and LC-MS/MS identified VDAC as
the interacting protein of EhSSP1. BSA was used as a negative control. The arrow indicates the band of interest in the silver-stained
gel of the IP sample. The MS/MS spectrum identified two peptides of VDAC from IP samples. MW, molecular weight. (B) Diagrams
representing the construction of the mammalian cell expression of EhSSP1 in pcDNA 3.1 vector and negative plasmid. (C and D)
Confocal laser scanning microscopy of EhSSP1 (green) and VDAC (red) in two different HFF cells that express rEhSSP1. rEhSSP1 and
native VDAC colocalized inside host cells (white arrows). Bar, 10 �m. (E) Staining of EhSSP1 and VDAC in HFF cells transfected with
a negative construct where no colocalization signal was identified in the control panel. (F) Yeast two-hybrid analysis of EhSSP1

(Continued on next page)
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As demonstrated in Fig. 5F, EhSSP1 interacted with all of the VDAC isoforms, but
EhSSP1 did not interact with itself or with the empty prey vector (Fig. 5F).

rEhSSP1 colocalizes to host mitochondria. As VDAC is found on the outer
mitochondrion membrane, we next investigated the binding of rEhSSP1 to host cell
mitochondria in both infected and uninfected mouse embryonic fibroblasts (MEFs).
Mitochondria were labeled by MitoTracker (red fluorescence), and the binding of
rEhSSP1 was detected by antiEhSSP1 mPcAb (green fluorescence). Panel A of Fig. 6
shows that rEhSSP1 colocalized with the mitochondria in the host cell cytoplasm. This
is consistent with EhSSP1 binding to mitochondria by an interaction with VDAC, and
there was no colocalization seen in the negative control (Fig. 6B).

Host mitochondria accumulate around the PV and interact with microsporidian
meronts. In the infected cells, as demonstrated in Fig. 7A, host mitochondria prefer-
entially clustered around the PV, and this was more prevalent at the early stages of
infection stage (1 dpi) than at the later infection stage (2 dpi and 3 dpi). This is
consistent with predictions, because less EhSSP1 was exposed in mature PV life cycle
stages, representing the time point at which the microsporidia develop a spore wall
that would prevent an interaction between EhSSP1, found on the surface of meronts
but beneath the spore wall in later stages, and VDAC on the surface of mitochondria
surrounding the PV.

TEM performed at the early stage of infection, when the sporoplasm exiting the
polar tube had invaded via the invasion synapse into the host cell, demonstrated the

FIG 5 Legend (Continued)
interactions with EhSSP1 itself and three isoforms of VDAC. This illustrates the interactions of the pAD and pBD (bait and prey)
constructs containing full-length EhSSP1 and human VDAC1 to VDAC3. The results of the positive-control pGBKT753/pGADT7-T,
negative-control pGBKT7-Lam/pGADT7-T, and negative-control pBD-EhSSP1/pAD-empty reactions are shown. The data demon-
strate that EhSSP1 can interact with all three isoforms of VDAC but not does not interact with itself.

FIG 6 Confocal laser scanning analysis of EhSSP1 and mitochondria in MEFs. (A) The mitochondria of MEF cells
were stained with 100 nM MitoTracker (Red) for 30 min. After fixation and permeabilization, the cells were blocked
and incubated with rEhSSP1 (green). Nuclei were stained with DAPI (blue). The merged image demonstrates
colocalization of rEhSSP1 and mitochondria in the cytoplasm of MEF cells. Bar, 50 �m (left panel) or 10 �m
(enlarged panels). (B) The negative control (BSA) demonstrated no protein binding to mitochondria and an absence
of a colocalization signal. Bar, 50 �m.
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FIG 7 Host mitochondria accumulate around the PV and interact with microsporidian meronts. Fluorescent images
of host mitochondrial PV interaction during the development of E. hellem in MEF cells. As E. hellem development
progressed (12 hpi and 1, 2, and 3 dpi), the mitochondria (red) were seen to accumulate around the edge of the
PV (white arrows) and rEhSSP1 (green) was seen to interact with these mitochondria at the PV membrane. Bar,
10 �m. (B) Electron micrograph of an MEF cell with an E. hellem sporoplasm (SP) inside a host-cell cytoplasmic PV
(green outline). The presence of a segment of the polar tube (PT) still attached to the sporoplasm indicates it was
the initial start of the infective process. Note the presence of mitochondria (M, dark red) abutting the edge of the
forming PVM (green). Bar, 0.5 �m. (C and D) Transmission electron micrograph of an MEF cell with an E. hellem PV
containing proliferative (meront) and sporogonic stages of parasite development. The proliferative stages (mer-
onts) are enclosed by a “thin” membrane and are abutted to the periphery of the vacuole. Numerous host
mitochondria (M, colored dark red in image D) are in close proximity to these early stages, and some appear to have
formed an interconnected complex encompassing the PV-parasite-mitochondrion membranes. As the parasites
enter sporogony, the membranes become thicker and more electron dense. This thickening continues and
eventually results in formation of the thickened sporoblast (Sb) and spore wall. During sporogony, tubular
projections formed on the parasite surface which eventually sloughed off and accumulated in the PV. Meronts (Me)

(Continued on next page)
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presence of mitochondria already clustering around the PV and that many of those
mitochondria were in close contact with the PVM (Fig. 7B). This is consistent with the
data seen at 12 hpi (Fig. 7A), which demonstrated that mitochondria had reoriented to
the vicinity of the microsporidian PV at this very early stage of infection. At a later stage
of infection, the meronts were found immediately beneath the PVM lining the vacuole,
and mature spores were found in the middle of the PV (Fig. 7C). As revealed by TEM,
the meronts bulged into cell cytoplasm, and in several images, the surface of the
meronts appeared to merge with the PV membrane at the bulging areas, forming an
electron-dense membrane structure (EDMS) (Fig. 7C and D). Mitochondria were clus-
tered around the PV and were found in particular around the areas where the meronts
bulged into cytoplasm (Fig. 7C and D). Panel E of Fig. 7 shows a more mature stage (an
early spore) detaching from the PVM, presumably due to the spore wall blocking the
interaction between EhSSP1 and the PVM.

VDAC is found at the interacting interfaces between the host cell mitochon-
dria, PVM, and meronts. As demonstrated in Fig. 8A, the meront surface (MeS)
appears to merge with the PVM to form an EDMS. This provides a location where
EhSSP1 on the meront surface would be exposed to the cytoplasm and would be able
to interact with VDAC on the OMM. The enlarged image in Fig. 8B demonstrates that
the OMM is in intimate contact with this EDMS. Immuno-EM performed with anti-VDAC
antibody demonstrated that VDAC was concentrated at the interface of OMM and PVM
(Fig. 8C). No staining was seen in the negative control (Fig. 8D). This suggests that an
interaction of EhSSP1 on meronts with VDACs on the OMM is important for the
association of host mitochondria with the PV. A model of this interaction is shown in
Fig. 8E, with SSP1 exposed on the surface of EDMS and mitochondria binding to the
PVM via the interaction of the VDAC on the OMM with SSP1.

Silencing VDAC1, VDAC2, and VDAC3 expression by siRNA inhibits microspo-
ridian infection and host mitochondrion association. To further investigate the role
of the interaction of VDACs and SSP1 in microsporidian infection, we evaluated the
effect of modulating VDAC expression in host cells on the ability of microsporidia to
infect these cells. VDAC1, VDAC2, and VDAC3 knockdown cells were produced by
treating VDAC1/3�/� cells (51) with a short interfering RNA (siRNA) against Vdac2. The
level of mRNA expression of each gene was quantified by PCR (Fig. 9A and B), with
results that demonstrated an �88% reduction in Vdac1 mRNA, an �78% reduction in
Vdac2 mRNA, and an �100% reduction in Vdac3 mRNA compared to wild-type MEF
(MEF-WT) cells treated with a negative-control siRNA. Microsporidian infectivity was
investigated by quantifying the size and number of PVs at 2 days postinfection. As
shown in Fig. 9C and D, both the size and number of PVs in infected VDAC knockdown
MEF cells (lacking the VDAC1, VDAC2, and VDAC3 isoforms) were significantly reduced
compared to MEF-WT cells. Host mitochondrion association was investigated using
MitoTracker staining and demonstrated that the amount of mitochondria associated
(i.e., binding) with the PVs was much smaller in the infected VDAC knockdown MEF cells
than in the infected MEF-WT control cells (Fig. 9E and F).

DISCUSSION

The sporoplasm is delivered by the polar tube into the invasion synapse and
represents the life cycle stage that establishes the initial microsporidian infection in the
host cell. It is a difficult stage to work with since it is very sensitive to osmotic stress and
there are no efficient protocols to purify sporoplasms. To date, only a few proteins have
been characterized in this life cycle stage (52, 53), and there is a limited amount of

FIG 7 Legend (Continued)
were located at the edge of PVM (colored green in image D), and spores with spore walls detached from the PVM
and moved to the middle of the PV. The meront surface was found in close association with the PVM, forming an
electron-dense membrane structure (EDMS, colored orange in image D). Mitochondria clustered around the
meronts at the periphery of PV. Bar, 2 �m. (E) The enlarged panel shows a spore in which the spore wall was
forming as it was detaching from the PVM and moving to the middle of PV. Bar, 0.5 �m.
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information on its structure and composition. In the spore, the polar tube is connected
at the anterior end and then coils around the sporoplasm. After polar tube germination,
the sporoplasm flows through the polar tube, appears as a droplet at the distal end of
the polar tube, and remains attached to the polar tube for several minutes (54–57). It
seems that the polar tube is tightly associated with sporoplasm both inside and outside
the spore. On the basis of this association, we examined our cross-linked PTP extraction
preparation for novel sporoplasm surface proteins that we reasoned might be involved
in interactions of both the host cell and the polar tube with the sporoplasm. The

FIG 8 Host mitochondria interact with the PVM and meronts, and VDAC maps to this interacting
interface. TEM images demonstrate host mitochondrion PV interactions. (A and B) Both panel A and
enlarged panel B show clustering of mitochondria (M) and meronts (ME) and a direct interaction of the
OMM with the membrane structure and PVM merging into the EDMS. (C) Immuno-EM data demonstrat-
ing that the VDACs (white arrow, gold particles) were concentrated at the site of interaction of OMM and
PVM. This is consistent with a role for VDAC in parasite host mitochondrial interactions at the PVM. (D)
Negative control for immune-EM. (E) Model of the binding of mitochondria with the parasitophorous
vacuole via the interaction of VDAC on the OMM with SSP1 on the EDMS. Images were created using a
Motifolio anatomy drawing toolkit. Bar, 0.5 �m (A) or 200 nm (B) or 500 nm (C and D).
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cross-linked PTP extraction preparation contained PTP2, PTP3, and PTP4, which is
consistent with our previous data indicating that the original DTT-solubilized PTP
preparation contained components of the polar tube (23). In addition, we identified
EnP1 in this preparation, and this protein was found in the anchoring disk region where
the polar tube everts (13, 14). This was consistent with the concept that our cross-linked
PTP preparation would contain proteins interacting with the polar tube. Examination
and characterization of the most abundant unknown hypothetical proteins, in this
cross-linked PTP preparation, that contained a signal peptide resulted in the identifi-
cation of EhSSP1.

In addition to its interaction with the polar tube, EhSSP1 bound to the host cell
surface and cell cytoplasm and, interestingly, also was able to interact with the PVM in
infected cells. This binding was not random but instead reflected specific protein-
protein interactions. As shown by the yeast two-hybrid experiments, EhSSP1 bound to
the polar tube by interacting with PTP4. Polar tube protein 4 (PTP4) is found on the

FIG 9 Impact of host cell vdac1/2/3 knockdown on microsporidian infection and host mitochondrial PV association.
(A) RT-PCR of vdac1, vdac2, and vdac3 mRNA levels. Lane 1, MEF-WT plus control siRNA; lane 2, MEF-vdac1/3�/� plus
vdac2 siRNA. (B) qRT-PCR quantification of vdac1/2/3 mRNA expression in MEF-vdac1/3�/� plus vdac2 siRNA
normalized to MEF-WT plus control siRNA cells. (C) PV size at 2 dpi in infected MEF-WT plus control siRNA and
MEFvdac1/3�/� plus vdac2 siRNA cells; *, P � 0.05. (D) Number of PV at 2 dpi in infected MEF-WT plus control siRNA
and MEF-vdac1/3�/� plus vdac2 siRNA cells; **, P � 0.01. (E) Mitochondrial staining with MitoTracker (red) in
infected cell types: MEF-WT plus control siRNA and MEF-vdac1/3�/� plus vdac2 siRNA. Cell nuclei were stained by
DAPI (blue). Bar, 20 �m. (F) Quantification of host mitochondrial association with the PV membrane in infected
MEF-WT plus control siRNA and MEF-vdac1/3�/� plus vdac2 siRNA cells; ****, P � 0.0001 (n � 23 vacuoles).
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entire polar tube and has a unique epitope exposed at the anterior end of polar tube
recognized by a specific anti-PTP4 monoclonal antibody (23). The interaction between
EhSSP1 and PTP4 might be important as an anchor that helps to keep the sporoplasm
attached to the end of polar tube after the spore germination. In addition, an interac-
tion between EhSSP1 and PTP4 may be involved in the ability of the polar tube to coil
around the sporoplasm within the intact spore, thereby establishing an anchor point
for an interaction of the polar tube with the sporoplasm membrane.

The interaction of microsporidian proteins with host cell proteins is likely important
for successful invasion. Several spore wall (SW) proteins (EnP1, SWP7, SWP9, SWP11,
and SWP26) have been shown to bind host cells and to play important roles during the
attachment of a spore to host cells (14, 58–60). This binding keeps the spore in
proximity to the host cell during invasion. As components of the specific invasion
apparatus of microsporidia, the polar tube proteins play a crucial role in infection.
Mannosylated PTP1 can interact with unknown host cell mannose-binding molecules,
resulting in adherence of the polar tube to its host cell (20, 25). The host TfR1 serves as
a receptor for EhPTP4 and helps facilitate entry of the sporoplasm into the host cell,
perhaps by stimulating the endocytosis pathway (23). Homologs of EhSSP1 were highly
conserved in E. cuniculi, E. intestinalis, and E. romaleae, with sequence identity higher
than 85% (see Fig. S1 in the supplemental material). Such SSP1 homologs were also
identified by BLAST in the other microsporidian genomes in MicrosporidiaDb (www
.microsporidiadb.org); however the sequence identity for homologs in these more
distant microsporidia was �35% (Fig. S1). EhSSP1 was predicted by BLAST to share
some homology with SWP7, a previously described spore wall protein in Nosema
bombycis, but showed low (�32%) sequence identity to this protein (Fig. S1). The IFA
and TEM data indicated that EhSSP1 was not a spore wall protein but a membrane
protein found on the surface of the sporoplasm and meronts (proliferative forms). It
also was expressed in more mature life cycle stages but beneath the spore wall, where
it was inaccessible to antibody for EhSSP1 or to other binding partners outside the
organism.

rEhSSP1 was demonstrated to bind to the surface of host cells and to the site where
the tip of polar tube attached to the host cell (Fig. 4B), suggesting that it may be
involved in the interaction of the host cell and sporoplasm within the invasion synapse
during invasion. The PVM was formed by the host cell plasma membrane during
invasion (32, 61), so those unknown targets of EhSSP1 might be incorporated into the
PVM during the formation of the PV because rEhSSP1 could bind to PVM. Binding of
EhSSP1 to the PVM may be involved in the localization of meronts to the internal PVM
surface, while the absence of this interaction in the more mature stages expressing a
spore wall may allow these stages to locate to the middle of the PV away from the PVM.

rEhSSP1, as well as antibody to EhSSP1, significantly reduced microsporidian infec-
tivity when added to tissue culture, suggesting a role for EhSSP1 in invasion. We believe
that the interaction of EhSSP1 with the host cell surface occurs in the invasion synapse
when the sporoplasm is extruded from the polar tube. The ELISA data demonstrated
that EhSSP1 bound both to the cell surface and to a structure within the host cell.
Furthermore, greater binding was seen within the host cell, suggesting that an inter-
acting host cell protein was more abundantly expressed within the host cell. The
identification of VDAC as a host protein interacting with EhSSP1 is consistent with this
observation.

VDAC proteins are also known as mitochondrial porins and are mainly expressed in
the cytoplasm on the OMM (49). In addition, VDACs are expressed on plasma mem-
branes but at lower levels (62, 63). VDAC, a major OMM protein, confers a sieve-like
structure to the OMM due to its high abundance, covering �30% of the membrane
surface (64, 65). There are three isoforms of VDAC (VDAC1, VDAC2, and VDAC3)
identified in mammals, and all of these isoforms exhibit ample similarity in both
sequence and structure (66). Generally, the physiologic function of VDACs is to control
the movement of adenine nucleotides, NADH, and other metabolites across the outer
membrane and they possess a pathological function as mediators of mitochondrion-
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dependent cell death through formation of the permeability pore (67–70). More
recently, host cell VDACs have been reported to interact with intracellular pathogens.
VDAC was identified as a component of the Mycobacterium avium phagosome mem-
brane and was used by the bacterium for the transport of mycobacterial lipids into the
cytoplasm via an interaction with mmpL4 (mycobacterial membrane protein large 4)
lipoproteins (71). During infection with E. cuniculi, host cell VDAC located to points of
contact between the PV and host mitochondria and was involved in scavenging ATP
directly from the host (38). In this study, we demonstrated that EhSSP1, a microspo-
ridium sporoplasm surface protein, interacts with the host cell VDAC. Our TEM data also
demonstrated that VDAC was concentrated at the interface of the OMM and PVM, that
mitochondria aggregated near meronts on the PVM, and that mitochondria bound to
the PVM at specific areas where meronts resided in close proximity to the OMM.
Furthermore, microsporidia showed a significant reduction in infectivity when infecting
MEF cells lacked all three VDAC isoforms (VDAC1, VDAC2, and VDAC3) and mitochon-
drial association with the PV was also significantly decreased when all three VDAC
isoforms were knocked down. We believe that EhSSP1 is similar in function to Toxo-
plasma gondii MAF1 (43) and is involved in recruiting mitochondria during PV devel-
opment by interaction directly with VDAC on the OMM.

On the basis of previous reports and results of this study, we have proposed a model
for the role of EhSSP1 in microsporidian invasion and replication (Fig. 10). According to
this model, after the germination of the spore, the tip of polar tube enters the host cell
via interactions of PTP1 and PTP4 with host cell receptors forming an invasion synapse,
allowing transport of the sporoplasm into this invasion synapse by the hollow polar
tube (23, 72). Sporoplasm surface protein 1 then interacts with cell surface receptors
(currently unknown, but possibly VDACs) and helps anchor the sporoplasm to the host
cell plasma membrane which becomes the PVM during the invasion process (32). As the
invasion synapse is pinched off from cytoplasm membrane, it becomes the PV and the
sporoplasm starts to replicate as the proliferative life cycle-stage (meronts). By this early
infection stage, the host mitochondria have been already tethering around the PVM.
Within the PV, the meronts attach to the PVM and bulge out from the PV. The meront
surface then interacts with the PVM, forming an EDMS, which we believe is a strategy
that microsporidia use to expose the meront SSP1 to the host cell cytosol. The host cell
mitochondria cluster around these meronts and have direct contact with the EDMS. The
interaction between the OMM protein VDAC and the EhSSP1 most likely plays a crucial
role in host cell mitochondria associating with the PVM and in microsporidian energy
acquisition from the host mitochondria for meronts during replication. With the
formation of the spore wall, the developing microsporidian spores detach from the
PVM, as SSP1 is now no longer available to interact with the PVM after being buried
under the spore wall, and the mature spores eventually move to the middle of the PV.
Eventually, the PV lyses and mature spores are released into the environment to start
the infective cycle anew.

Overall, the data in this paper support the model that microsporidia bind to host
mitochondria by hijacking VDAC using EhSSP1, which is probably critical for energy
(ATP) uptake by the replicative forms of this organism. Further work is ongoing on the
identification of other proteins that interact with EhSSP1 and of other sporoplasm
surface proteins using the methods described in this paper. Understanding how
microsporidia mediate host cell interactions will provide insight into the biology of this
pathogen and may serve to provide new therapeutic targets for microsporidiosis.

MATERIALS AND METHODS
Cells and reagents. RK13 (rabbit kidney) cells (ATCC, CCL-37) were cultured in 10% fetal bovine

serum (FBS) (Thermo Fisher, Waltham, MA) minimum essential medium (MEM) with penicillin-
streptomycin at 5% CO2. Human foreskin fibroblasts (HFF) (ATCC, CRL-2522) and mouse embryonic
fibroblasts (MEF-WT and VDAC1/3�/� MEFs [51]; gift of Frank Edlich, University of Freiburg) were
maintained in Dulbecco’s modified essential medium (DMEM) with penicillin-streptomycin supple-
mented with 10% FBS at 5% CO2. Anti-VDAC1 rabbit polyclonal antibody (catalog no. PA1-954A;
Invitrogen, Carlsbad, CA) was used for IFA. Horseradish peroxidase (HRP)-conjugated anti-mouse sec-
ondary antibodies, Alexa Fluor 488-conjugated goat anti-mouse secondary antibody, and Alexa Fluor
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594-conjugated goat anti-rabbit secondary antibodies were purchased from Thermo Fisher Scientific.
Rabbit anti-EcPTP1 polyclonal antibody used for IFA and correlative fluorescence and scanning electron
microscopy (CLEM) was produced previously in our laboratory (73). All the buffered solutions were
purchased from Sigma-Aldrich (St. Louis, MO). All reagents used are commercially available, and the
chemicals used were of the highest analytical grade available from the supplier.

Encephalitozoon hellem culture. RK13 (rabbit kidney) cells were maintained in 10% FBS–MEM–
penicillin-streptomycin at 5% CO2. Confluent monolayers were infected with E. hellem spores. The spores
were collected from culture media, purified by passing them through a 5-�m-pore-size filter (Millipore,
Billerica, MA) to remove host cells, concentrated at 6,000 � g by centrifugation at room temperature for
10 min, and stored in sterile distilled water at 4°C. Spores used in these experiments were counted with
a hemocytometer (three times for each sample and then averaged).

Protein purification and liquid chromatography-electrospray ionization-tandem mass spec-
trometry (LC-ESI-MS/MS) analysis. Five hundred million purified E. hellem spores were harvested, spun
down at 16,500 � g for 5 min at room temperature, and then disrupted in 1% SDS lysis buffer containing
protease inhibitor (protease inhibitor cocktail) using 0.4 g of 0.5-�m-diameter acid-washed glass beads
(Sigma-Aldrich) in a Mini-BeadBeater (BioSpec Products, Bartlesville, OK) for 3 cycles of 1 min per cycle.
The disrupted spore suspension was then clarified by centrifugation at 16,500 � g for 10 min, and the
pellet was resuspended in reaction buffer containing 100 mM HEPES, 600 mM NaCl, and 4 mM DSP
(thiol-cleavable dithio-bissuccinimidylpropionate; Sigma-Aldrich); incubated for 30 min at 4°C; and then
quenched with 40 mM lysine (22). The tube was then centrifuged, and the pellet was washed five times
with 1% SDS and then once with 9 M urea. The pellet was then solubilized in 2% DTT for 2 h at room
temperature, the tube was centrifuged, and the supernatant was collected for proteomics analysis. A
50-�l volume of 2� protein sample buffer (0.5 M Tris-HCl [pH 6.8], 4.4% SDS, 20% glycerol, 2%

FIG 10 A model of microsporidian and host cell interaction during cell infection and development. After
germination of the spore, the tip of polar tube enters the host cell via interactions of PTP1 and PTP4 with host cell
receptors, forming an invasion synapse. The sporoplasm is then transported into this invasion synapse via the
hollow polar tube. The sporoplasm surface protein SSP1 interacts with cell surface receptors (currently unknown,
but possibly VDAC) and maintains sporoplasm attachment to the cytoplasm membrane, which next transforms into
the PVM during invasion. As the invasion synapse is pinched off from cytoplasm membrane, it transforms into the
PV as the sporoplasm becomes a meront and starts replicating. At this early infection stage, the host mitochondria
are already tethering around the PVM. Within the PV, meronts attach to the PVM and subsequently begin to bulge
out from the PV. The meront surface (MeS) then interacts with the PVM, forming an EDMS, which we believe is a
strategy that microsporidia use to expose the meront SSP1 to the host cell cytosol. The host cell mitochondria
cluster around these meronts and contact the EDMS directly. This interaction probably plays a crucial role in host
cell mitochondrion associations with the PVM and in microsporidian energy acquisition from the host for meronts
during replication. Images were created using a Motifolio anatomy drawing toolkit.
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2-mercaptoethanol, 0.01% bromophenol blue) was mixed with the same volume of supernatant, and the
mixture was boiled for 5 min. The sample was then centrifuged, and the supernatant was separated using
SDS-PAGE followed by staining of the gel with Coomassie brilliant blue and analysis performed using our
previously reported protocol (23). Briefly, an excised gel band was reduced, alkylated, and digested with
trypsin. LC-ESI-MS/MS analysis of the peptide digests was then performed by C18–reversed-phase
chromatography using an UltiMate 3000 RSLCnano system (Thermo Fisher Scientific) equipped with an
Acclaim PepMap rapid-separation liquid chromatography (RSLC) C18 column (Thermo Fisher Scientific)
(2-�m pore size, 100 Å, 75 �m by 15 cm). The ultra-high-performance liquid chromatography (UHPLC)
system was connected to a TriVersa NanoMate nanoelectrospray source (Advion, Ithaca, NY) and a linear
ion trap LTQ-XL (Thermo Scientific) mass spectrometer with an ESI source operated in the positive-
ionization mode. The Mascot generic format (MGF) files generated from the raw LC-ESI-MS/MS data were
searched by Mascot (version 2.5.1; Matrix Science, Boston, MA) against the NCBInr90_20141124 database
(25,782,812 protein sequences) with the following search parameters: trypsin; two missed cleavages;
peptide charges of �2 and �3; peptide tolerance of 1.5 Da; MS/MS tolerance of 0.5 Da; carbamidom-
ethylation (Cys) for fixed modification; deamidation (Asn and Gln) and oxidation (Met) for variable
modifications. A decoy database search was also performed to measure the false-discovery rate.

For immunoprecipitation, HFF cells were grown to confluence in a T25 flask, washed gently once with
phosphate-buffered saline (PBS), and incubated with rEhSSP1–PBS for 1 h at 4°C. Bovine serum albumin
(BSA) was used as a negative control. Then cells were washed with PBS three times and lysed in 1 ml
radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher Scientific catalog no. 89900) with EDTA-free
protease inhibitor cocktail (Roche, Germany; catalog no. 11836170001) for 20 min at 4°C. The cell lysate
was spun down at 16,500 � g for 5 min at 4°C and the supernatant collected. Fifty microliters of anti-HA
magnetic beads (Pierce, Waltham, MA; catalog no. 88836) were incubated in PBS with 2 �g of rat
anti-HA-tagged monoclonal antibody (clone 3F10) (Sigma-Aldrich catalog no. 11867423001) at 4°C for
1 h. The anti-HA magnetic bead conjugates were then washed three times with PBS and resuspended in
a final volume of 500 �l cell lysate prepared as noted above. The samples were then incubated at 4°C for
2 h with gentle shaking followed by separation of the beads on a magnetic platform, and then the
immune system pellets were washed three times with PBS. The samples were then boiled in 2� protein
sample buffer and centrifuged, and the supernatants were separated on an SDS-PAGE gel. The gel was
then stained with either Coomassie brilliant blue or silver using standard methods. LC-MS/MS analysis
was conducted as described above.

Cloning, protein expression, and purification of EhSSP1. The coding region of EhSSP1 was PCR
amplified from E. hellem genomic DNA using Q5 High-Fidelity DNA polymerase (New England Biolabs,
Ipswich, MA) with specific primers (see Table S2 in the supplemental material) and ligated into a
pET32a-derived expression vector with a 3� HA tag added to the N terminus of the recombinant protein.
The resulting plasmid was transformed into BL21(DE3) cells (Sigma-Aldrich). Transformed bacteria were
grown in Luria broth (LB) containing ampicillin (100 �g/�l) until an optical density at 600 nm (OD600) of
0.6 to 0.8 nm was reached. Expression of the recombinant proteins was then induced with 0.2 mM
isopropyl-�-D-1thiogalactopyranoside (Sigma) for another 20 h at 30°C before harvesting. The bacterial
cells were pelleted and resuspended in buffer A (20 mM Tris-HCl [pH 7.5], 200 mM NaCl). The cells were
lysed using an EmulsiFlex C3 homogenizer (Avestin, Ottawa, Canada), and separation of the lysate from
the intact cells was achieved by centrifugation (16,500 � g, 30 min). The supernatant was loaded onto a
HisPure nickel-nitrilotriacetic acid (Ni-NTA) column (Thermo Fisher Scientific) that had been equilibrated
previously with buffer A. The column was then successively washed with 10 column volumes (CV) of
buffer A followed by 10 CV of buffer B (20 mM Tris-HCl [pH 7.5], 200 mM NaCl, 50 mM imidazole). The
protein was then eluted with 5 CV of buffer C (20 mM Tris-HCl [pH 7.5], 200 mM NaCl, 500 mM imidazole).
Protein purity was determined by SDS-PAGE, and protein concentrations were determined using a
NanoDrop spectrophotometer (Thermo Fisher Scientific).

Expression of EhSSP1 in mammalian cells. The coding region of EhSSP1 was PCR amplified from
E. hellem genomic DNA using Q5 High-Fidelity DNA polymerase (New England Biolabs) with specific
primers (Table S2) and ligated into a pcDNA3.1 vector (Invitrogen, San Diego, CA) that contained the
human cytomegalovirus (CMV) immediate early promoter (pCMV) and a 3� HA tag added to the N
terminus. The vector construct was then transfected into HFF cells using Lipofectamine 3000 reagent
(Thermo Fisher Scientific catalog no. L3000001). A mock transfection was also prepared with an empty
pcDNA 3.1 vector. HFF cells grown to 70% to 90% confluence in six-well plates in fresh medium (DMEM
with 10% FBS and 1% penicillin-streptomycin). The transfection was conducted according to the
manufacturer’s instructions. Protein expression was detected by IFA 48 h after transfection.

Antibody production. For preparation of a polyclonal murine antiserum, 500 �g of purified rEhSSP1
protein was injected into five BALB/c mice after emulsification with Freund’s complete adjuvant. Each
mouse received 100 �g of rEhSSP1. After boosts administered monthly for 3 months, the mice were bled
and their sera were collected for use.

Polyclonal rabbit antibody to rEhSSP1 was produced by Harlan Laboratories (Envigo, Indianapolis, IN)
following their standard 112-day polyclonal antibody protocol. Briefly, a New Zealand White rabbit was
initially immunized with 200 �g of purified rEhSSP1 emulsified with Freund’s complete adjuvant followed
by three monthly injections of 100 �g of purified rEhSSP1 emulsified with Freund’s incomplete adjuvant.
The ELISA titer of the rabbit serum was assessed following each boost injection and was 	1:50,000 1
month following the final injection. Rabbit serum (rPcAb-EhSSP1) was collected 1 month following the
final immunization and stored at –20°C. Preimmunization rabbit serum was collected and screened to
confirm the absence of endogenous antibody that reacted with E. hellem or EhSSP1. Preimmunization

Microsporidian SSP1 Interacts with VDAC ®

July/August 2019 Volume 10 Issue 4 e01944-19 mbio.asm.org 19

https://mbio.asm.org


rabbit serum stored at –20°C was used as a negative control for experiments using polyclonal rabbit
antisera.

Electron microscopy. For transmission electron microscopy (TEM), RK13 cells were grown to
confluence in six-well plates and then infected with 1 � 106 spores for 3 days. Cells were fixed with 2.5%
glutaraldehyde–2% paraformaldehyde– 0.1 M sodium cacodylate buffer, postfixed with 1% osmium
tetroxide followed by 2% uranyl acetate, dehydrated through a series of ethanol gradients, and
embedded in LX112 resin (Ladd Research Industries, Burlington, VT). Ultrathin sections were cut on a
Reichert Ultracut UCT ultramicrotome, stained with uranyl acetate followed by lead citrate, and viewed
on a JEOL 1400EX transmission electron microscope at 80 kV.

For immunoelectron microscopy (immuno-EM), infected cells were fixed with 4% paraformaldehyde–
0.05% glutaraldehyde– 0.1 M sodium cacodylate buffer, dehydrated through a series of ethanol gradi-
ents, with a progressive lowering of the temperature to –50°C, in a Leica EMAFS (Electron Microscopy
Automatic Free Substitution) system, embedded in Lowicryl HM-20 monostep resin (Electron Microscopy
Sciences, Hatfield, PA), and polymerized using UV light. Ultrathin sections were cut on a Reichert Ultracut
E ultramicrotome, immunolabeled with antibodies of interest, and then stained with uranyl acetate
followed by lead citrate. Stained sections were viewed on a JEOL 1400EX transmission electron micro-
scope at 80 kV.

Correlative fluorescence and scanning electron microscopy (CLEM). One million suspended
spores were aspirated and pipetted on glass coverslips coated with 0.01% poly-L-lysine, and the spores
were then germinated by incubation with germination buffer (140 mM NaCl, 1 mM CaCl2, 1 mM MgCl2,
5 mM KCl, pH 7.5) for 15 min at room temperature. A final concentration of 5% H2O2 was added to the
germination buffer, and the spores were incubated for another 15 min at room temperature. Germinated
spores were fixed with 4% paraformaldehyde–PBS for 30 min at 37°C. After being washed three times
with Tris-buffered saline (TBS) containing 0.05% Tween 20 (TBST), coverslips were blocked by the use of
3% BSA–TBST for 1 h at room temperature. EhSSP1 mouse polyclonal antibody (1:100 dilution) and
EcPTP1 rabbit polyclonal antibody (1:500 dilution) were incubated with spores for 1 h at room temper-
ature. After the reaction mixture was washed three times with TBST, Alexa Fluor 488 fluorescein
isothiocyanate-labeled anti-mouse IgG antibody and Alexa Fluor 594 fluorescein isothiocyanate-labeled
anti-rabbit IgG antibody were each added at a 1:500 dilution. Samples were washed three times with
TBST and imaged using a Zeiss Axio Observer microscope equipped with AxioVision software with the
“shuttle & find” setting to mark cell locations. After fluorescence imaging, samples were fixed with 2.5%
glutaraldehyde, dehydrated in ethanol, subjected to critical point drying (Tousimis Samdri 790), and
coated with chromium (EMS 150T-ES). The same cells were automatically located in a Zeiss Supra 40 field
emission scanning electron microscope and imaged with a secondary electron detector. Fluorescence
and scanning electron microscope images were correlated by the use of Zeiss AxioVision software.

Binding ELISA. To detect binding on fixed permeabilized cells, HFF cells were grown to confluence
in 96-well plates and fixed with 4% paraformaldehyde–PBS for 30 min at 37°C. The fixed cells were
permeabilized with 0.1% Triton X-100 for 20 min at room temperature. Nonspecific binding sites were
blocked by incubation with ELISA blocking buffer (Thermo Fisher Scientific). After washing was per-
formed three times with TBST, serially diluted EhSSP1 soluble protein (starting from 2 �g) was added to
each well for 1 h at room temperature. Washing with TBST was then performed three times to remove
unbound proteins. EhSSP1 rabbit polyclonal sera were added at a 1:2,000 dilution, and the mixture was
maintained for 1 h at room temperature. After being washed three times with TBST, anti-rabbit IgG
alkaline phosphatase antibody was added at a 1:2,000 dilution and the plates were incubated for 1 h at
room temperature. After washing was performed three times with TBST, p-nitrophenyl phosphate
substrate (Sigma-Aldrich catalog no. N2640) was added and the absorbance at 405 nm was read using
an MRXe microplate reader (Dynex, Chantilly, VA). BSA was used at the same serial concentration as
EhSSP1 for negative-control plates.

To detect binding on live cells, HFF cells were grown to confluence in 96-well plates and washed
gently once with PBS. Serial dilutions of EhSSP1 soluble protein (starting from 2 �g) were added to each
well, and the mixtures were incubated 1 h at 4°C. Unbound proteins were then washed off gently three
times with PBS. Cells were then fixed with 4% paraformaldehyde–PBS for 30 min at 37°C and blocked by
incubation with ELISA blocking buffer. The incubation of primary and secondary antibodies and the
reaction with the ELISA substrate were conducted using the protocol described above.

Immunofluorescence assay. Cells were fixed with 4% paraformaldehyde–PBS for 30 min at 37°C and
were then subjected to permeabilization with 0.1% Triton X-100 –PBS at 37°C for 20 min. The cells were
washed with TBST three times and blocked with 3% BSA–TBST at 4°C overnight. All incubations with
primary and secondary antibodies were done at 37°C for 1 h in a moist chamber. The dilutions of the
antibodies and probes used were as follows: EhSSP1 mPcAb, 1:100; EcPTP1 rPcAb, 1:500; VDAC antibody,
1:250; MitoTracker (Invitrogen catalog no. M7512), 100 nM. Cells were washed three times with TBST and
then incubated with appropriate secondary antibody and with DAPI (4=,6-diamidino-2-phenylindole) at
1:500. After incubation, the cells were washed three times with TBST and mounted with ProLong Gold
antifade solution (Invitrogen). Photomicrographs were taken with either a SP5 confocal microscope
(Leica, Buffalo Grove, IL) or a Microphoto-FXA epifluorescence microscope (Nikon, Melville, NY).

Yeast two-hybrid assay. The coding region of EhSSP1 was PCR amplified from E. hellem genomic
DNA using Q5 High-Fidelity DNA polymerase (New England Biolabs) with specific primers (Table S2) and
ligated into yeast two-hybrid bait vector pGBKT7-BD. In a similar fashion, the coding regions of EhPTP1,
EhPTP2, EhPTP3, EhPTP4, EhPTP5, and EhSSP1 were PCR amplified from E. hellem genomic DNA and the
coding regions of VDAC1, VDAC2, and VDAC3 were PCR amplified from human genomic DNA using Q5
High-Fidelity DNA polymerase (New England Biolabs) with specific primers (Table S2) for ligation into
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yeast two-hybrid prey vector pGADT7-AD. The bait construction and prey construction were transformed
into competent Y2H Gold yeast cells and competent Y187 yeast cells, respectively. The transformed yeast
cells were cultured using a high-stringency screen following the protocol of the manufacturer (Biosci-
ences Clontech, San Jose, CA).

For interaction studies, the Y2H Gold yeast cells containing the bait construct were mated with each
of the prey constructs in Y187 yeast cells according to the mating protocol of the manufacturer. The
mated yeast cells were plated on QDO/X/A plates (leucine, tryptophan, histidine, and adenine quadruple
dropout plates supplemented with X-�-galactosidase [X-�-Gal] and aureobasidin A). The plates were
incubated at 30°C for 5 to 7 days until colonies appeared. Y2H Gold yeast cells that were transformed
with pGBKT7-53 were mated with Y187 yeast cells that were transformed with pGADT7-T as the positive
control, and Y2H Gold yeast cells that were transformed with pGBKT7Lam were mated with Y187 yeast
cells that were transformed with pGADT7-T as the negative control.

Infectivity competition and blocking assay. For the protein competition assay, 1 � 105 HFF cells
were cultured in a 24-well plate overnight. Aliquots of purified EhSSP1 (5 �g/ml) were inoculated onto
HFF cells for 1 h at room temperature. BSA (5 �g/ml) was used as a negative control. One million spores
were placed onto a monolayer of HFF and incubated for 12 h until infectivity was detected. Spore
invasion was detected by fluorescent in situ hybridization (FISH) as described in our previous publication
(23). Briefly, coverslips in the 24-well plates were washed gently with PBS to remove free spores and fixed
with 1:1 methanol/acetone for 10 min at room temperature, after which the fixative was removed and
the coverslips were allowed to air-dry at room temperature for 30 min. Prehybridization of the coverslips
was performed with 100 �l hybridization buffer (Sigma-Aldrich catalog no. 11717472001) for 1 h at 57°C
in a humid chamber. Hybridization was then carried out by removing the prehybridization solution and
then adding a 20 �M concentration of HEL878F probe (Alexa Fluor 594 ACTCTCACACTCACTTCAG
[Thermo Fisher Scientific HPLC-purified custom oligonucleotide]) to hybridization buffer at 57°C over-
night on a circular rocking platform in a humid chamber. The coverslips were then washed twice with
2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 15 min at 57°C and mounted with
ProLong Gold antifade mountant with DAPI (Thermo Fisher Scientific). Coverslips were evaluated using
a Nikon Microphot FXA Microscope and a triple-band D/F/TR filter cube (XF467; Omega Optical,
Brattleboro, VT) to determine infectivity rates. Twenty high-power (�40) fields (HPFs) were counted for
quantification of red (intracellular) forms and of the number of HFF cells in each HPF to determine
percent invasion at 12 h postinfection. Only red intracellular forms were counted as invaded cells. Any
spores that had both red and blue staining were not counted as these were interpreted to represent
spores that were either present very early in invasion or unable to correctly invade the host cells.
Blue-staining spores were extracellular and also not counted. Invasion rates were expressed as percent
invasion � standard error of the means (SEM).

For the antibody blocking assay, 1 � 105 HFF cells were cultured in a 24-well plate overnight. E.
hellem spores were incubated with EhSSP1 PcAb (�5 �g/ml) for 1 h at room temperature and then this
mixture was added to the HFF monolayers. Negative-testing mouse or rabbit sera were used as control
antibodies. One million spores were placed onto a monolayer of HFF and incubated for 12 h, and the
invasion was detected by fluorescent in situ hybridization (FISH) as described above.

Vdac2 silencing by siRNA in MEF-VDAC1/3�/� cells. The MEF-WT and MEF-VDAC1/3�/� cells were
seeded onto 24-well plates (1 � 105 cells/well) and cultured overnight to a confluence of 70%. MEF cells
were then transfected with 5 nM Vdac2 siRNA (Invitrogen catalog no. 4390771, identifier [ID] s75924) or
a nontargeting siRNA (Silencer Select negative-control no. 1; Invitrogen catalog no. 4390843) using
Lipofectamine RNAiMAX transfection reagent (Invitrogen catalog no. 13778030) according to the man-
ufacturer’s instructions. To confirm the expression of VDAC1, VDAC2, and VDAC3, total RNA was isolated
using a Qiagen RNeasy minikit (Qiagen, Germantown, MD; catalog no. 74134) and quantified using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Inc.). RNA was subjected to reverse
transcription (RT) into cDNA using a OneTaq RT-PCR kit (New England BioLabs catalog no. E5310S).
Forward and reverse primers for reverse transcription-quantitative PCR (qRT-PCR) are summarized in
Table S3.

Quantification of microsporidian infection and host mitochondria PV association in host cells.
At 1 day after the MEF cells were transfected with siRNA, fresh purified E. hellem spores were added to
the MEF cell culture (1 � 106 spores/well) to infect the MEFs. To quantify the E. hellem infection 2 days
postinfection, the cultures were washed 3 times with PBS and then fixed with 4% paraformaldehyde.
Spores in PVs were stained by the use of 0.01% Fluorescent Brightener 28 (Sigma-Aldrich catalog no.
F3543) for 10 min at room temperature. Photomicrographs of 20 fields of each well were randomly taken
at �20 using a Microphoto-FXA epifluorescence microscope (Nikon), and quantification of the size and
number of PV was performed using ImageJ.

To quantify the host mitochondrion association, infected MEF cells were stained with 100 nM
MitoTracker mixed in incomplete DMEM for 30 min and then fixed with 4% paraformaldehyde. Cell nuclei
were stained by the use of DAPI (1:1,000 dilution). Photomicrographs of 23 parasitophorous vacuoles
from each group were randomly taken with a SP5 confocal microscope (Leica), and mitochondrion
association was quantified by measuring the percentage of the PV membrane surrounded by host
mitochondria using ImageJ.

Ethics statement. All animal experiments were conducted according to the guidelines of the U.S.
Public Health Service Policy on Humane Care and Use of Laboratory Animals. Animals were maintained
in an AAALAC-approved facility, and all protocols were approved by the Institutional Care Committee of
the Albert Einstein College of Medicine, Bronx, NY (Animal Protocol no. 20180605, 20180606, 20180607,
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and 20180608; Animal Welfare Assurance no. A3312-01). No human samples were used in these
experiments. Human foreskin fibroblasts (HFF) were obtained from ATCC.

Statistics. Experiments were performed in triplicate and repeated at least three times. Each exper-
iment was performed separately with its own negative control. The significance of differences between
the results from control and experimental assays was evaluated using a two-tailed Student’s t test. P
values of 0.05 or less were considered statistically significant. P values of 0.01 or less were considered
highly significant. Data were also analyzed using the Mann-Whitney U test (nonparametric statistics), and
the results confirmed the degree of significance seen with the two-tailed Student’s t test.

Data availability. The sequence of E. hellem SSP1 is present in the GenBank database under
accession number EHEL_111090.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio

.01944-19.
FIG S1, TIF file, 2.1 MB.
FIG S2, TIF file, 1.9 MB.
FIG S3, PDF file, 0.1 MB.
FIG S4, PDF file, 0.2 MB.
FIG S5, PDF file, 0.1 MB.
TABLE S1, DOCX file, 0.01 MB.
TABLE S2, DOC file, 0.04 MB.
TABLE S3, DOC file, 0.03 MB.

ACKNOWLEDGMENTS
We thank Frank Macaluso, Leslie Gunther, Xheni Nishku, and Timothy Mendez for

assistance with electron microscopy analysis. We appreciate the efforts of Jennifer T.
Aguilan and Edward Nieves in their assistance with proteomic analysis and thank Peter
Takvorian for his help with analysis of EM data.

This work was supported by R01 AI124753 (L.M.W.) and F31 AI136401 (J.M.);
Einstein Analytical Imaging Facility instruments were supported by P30CA013330,
1S10D023591-01, and 1S10OD016214-01A1; and Einstein Laboratory for Molecular
Analysis and Proteomics instruments by 1S10RR029398.

B.H., H.H., and L.M.W. conceived and designed the work; B.H., Y.M., T.T., J.M., T.W.,
and A.H. performed the experiments; B.H., T.T., H.H., and L.M.W. analyzed the data and
wrote the paper.

REFERENCES
1. Pasteur L. 1870. Études sur la maladie des vers à soie [M], p 148 –168.

Gauthier-Villars, successeur de Mallet-Bachelier, Paris, France.
2. Anane S, Attouchi H. 2010. Microsporidiosis: epidemiology, clinical data

and therapy. Gastroenterol Clin Biol 34:450 – 464. https://doi.org/10
.1016/j.gcb.2010.07.003.

3. Accoceberry I, Thellier M, Desportes-Livage I, Achbarou A, Biligui S, Danis
M, Datry A. 1999. Production of monoclonal antibodies directed
against the microsporidium Enterocytozoon bieneusi. J Clin Microbiol
37:4107– 4112.

4. Sapir A, Dillman AR, Connon SA, Grupe BM, Ingels J, Mundo-Ocampo M,
Levin LA, Baldwin JG, Orphan VJ, Sternberg PW. 10 February 2014,
posting date. Microsporidia-nematode associations in methane seeps
reveal basal fungal parasitism in the deep sea. Front Microbiol https://
doi.org/10.3389/fmicb.2014.00043.

5. Han B, Weiss LM. 2018. Therapeutic targets for the treatment of mi-
crosporidiosis in humans. Expert Opin Ther Targets 22:903–915. https://
doi.org/10.1080/14728222.2018.1538360.

6. Weiss LM, Becnel JJ (ed). 2014. Microsporidia: pathogens of opportunity,
1st ed. Wiley Blackwell, Hoboken, NJ.

7. Ghoshal U, Khanduja S, Pant P, Prasad K, Dhole T, Sharma R, Ghoshal U.
12 June 2015, posting date. Intestinal microsporidiosis in renal trans-
plant recipients: prevalence, predictors of occurrence and genetic
characterization. Ind J Med Microbiol https://doi.org/10.4103/0255
-0857.158551.

8. Gumbo T, Hobbs RE, Carlyn C, Hall G, Isada CM. 1999. Microsporidia
infection in transplant patients. Transplantation 67:482– 484. https://doi
.org/10.1097/00007890-199902150-00024.

9. Cavalier-Smith T. 1998. A revised six-kingdom system of life. Biol Rev
Camb Philos Soc 73:203–266.

10. Keeling PJ, Fast NM. 2002. Microsporidia: biology and evolution of highly
reduced intracellular parasites. Annu Rev Microbiol 56:93–116. https://
doi.org/10.1146/annurev.micro.56.012302.160854.

11. Vossbrinck CR, Andreadis TG, Weiss LM. 2004. Phylogenetics: taxonomy
and the microsporidia as derived fungi, p 189 –213. In Lindsay DS, Weiss
LM (ed), Opportunistic infections: toxoplasma, sarcocystis, and mi-
crosporidia. Springer, New York, NY.

12. Han B, Weiss LM. 10 March 2017, posting date. Microsporidia: obligate
intracellular pathogens within the fungal kingdom. Microbiol Spectr
https://doi.org/10.1128/microbiolspec.FUNK-0018-2016.

13. Peuvel-Fanget I, Polonais V, Brosson D, Texier C, Kuhn L, Peyret P, Vivarès
C, Delbac F. 2006. EnP1 and EnP2, two proteins associated with the
Encephalitozoon cuniculi endospore, the chitin-rich inner layer of the
microsporidian spore wall. Int J Parasitol 36:309 –318. https://doi.org/10
.1016/j.ijpara.2005.10.005.

14. Southern TR, Jolly CE, Lester ME, Hayman JR. 2007. EnP1, a microspo-
ridian spore wall protein that enables spores to adhere to and infect
host cells in vitro. Eukaryot Cell 6:1354 –1362. https://doi.org/10.1128/
EC.00113-07.

15. Li Z, Pan G, Li T, Huang W, Chen J, Geng L, Yang D, Wang L, Zhou Z. 2012.
SWP5, a spore wall protein, interacts with polar tube proteins in the
parasitic microsporidian Nosema bombycis. Eukaryot Cell 11:229 –237.
https://doi.org/10.1128/EC.05127-11.

16. Yang D, Pan L, Peng P, Dang X, Li C, Li T, Long M, Chen J, Wu Y, Du H.
23 February 2017, posting date. Interaction between SWP9 and polar

Han et al. ®

July/August 2019 Volume 10 Issue 4 e01944-19 mbio.asm.org 22

https://doi.org/10.1128/mBio.01944-19
https://doi.org/10.1128/mBio.01944-19
https://doi.org/10.1016/j.gcb.2010.07.003
https://doi.org/10.1016/j.gcb.2010.07.003
https://doi.org/10.3389/fmicb.2014.00043
https://doi.org/10.3389/fmicb.2014.00043
https://doi.org/10.1080/14728222.2018.1538360
https://doi.org/10.1080/14728222.2018.1538360
https://doi.org/10.4103/0255-0857.158551
https://doi.org/10.4103/0255-0857.158551
https://doi.org/10.1097/00007890-199902150-00024
https://doi.org/10.1097/00007890-199902150-00024
https://doi.org/10.1146/annurev.micro.56.012302.160854
https://doi.org/10.1146/annurev.micro.56.012302.160854
https://doi.org/10.1128/microbiolspec.FUNK-0018-2016
https://doi.org/10.1016/j.ijpara.2005.10.005
https://doi.org/10.1016/j.ijpara.2005.10.005
https://doi.org/10.1128/EC.00113-07
https://doi.org/10.1128/EC.00113-07
https://doi.org/10.1128/EC.05127-11
https://mbio.asm.org


tube proteins of the microsporidian Nosema bombycis and function of
SWP9 as a scaffolding protein contribute to polar tube tethering to the
spore wall. Infect Immun https://doi.org/10.1128/IAI.00872-16.

17. Bhat SA, Bashir I, Kamili AS. 2009. Microsporidiosis of silkworm, Bom-
byx mori L. (Lepidoptera-bombycidae): a review. Afr J Agric Res
4:1519 –1523.

18. Thelohan P. 1892 Observations sur les Myxosporidies et essai de classi-
fication de ces organismes. Bulletin de la Société Philomatique de Paris
8:165–178.

19. Thelohan P. 1894. Sur la presence d’une capsule a filament dans les
spores des microsporidies. C R Acad Sci 118:1425–1427.

20. Peuvel I. 2000. Polymorphism of the gene encoding a major polar tube
protein PTP1 in two microsporidia of the genus Encephalitozoon. Para-
sitology 121(Pt 6):581. https://doi.org/10.1017/S0031182000006910.

21. Delbac F, Peuvel I, Metenier G, Peyretaillade E, Vivares CP. 2001. Mi-
crosporidian invasion apparatus: identification of a novel polar tube
protein and evidence for clustering of ptp1 and ptp2 genes in three
Encephalitozoon species. Infect Immun 69:1016 –1024. https://doi.org/
10.1128/IAI.69.2.1016-1024.2001.

22. Peuvel I, Peyret P, Metenier G, Vivares CP, Delbac F. 2002. The microspo-
ridian polar tube: evidence for a third polar tube protein (PTP3) in
Encephalitozoon cuniculi. Mol Biochem Parasitol 122:69 – 80.

23. Han B, Polonais V, Sugi T, Yakubu R, Takvorian PM, Cali A, Maier K, Long M,
Levy M, Tanowitz HB, Pan G, Delbac F, Zhou Z, Weiss LM. 2017. The role of
microsporidian polar tube protein 4 (PTP4) in host cell infection. PLoS
Pathog 13:e1006341. https://doi.org/10.1371/journal.ppat.1006341.

24. Weiss LM, Delbac F, Russell Hayman J, Pan G, Dang X, Zhou Z. 2014. The
microsporidian polar tube and spore wall, p 261–306. In Weiss LM,
Becnel JJ (ed), Microsporidia: pathogens of opportunity, 1st ed. Wiley
Blackwell, Hoboken, NJ.

25. Xu Y, Takvorian PM, Cali A, Orr G, Weiss LM. 2004. Glycosylation of the
major polar tube protein of Encephalitozoon hellem, a microsporidian
parasite that infects humans. Infect Immun 72:6341– 6350. https://doi
.org/10.1128/IAI.72.11.6341-6350.2004.

26. Visvesvara GS. 2002. In vitro cultivation of microsporidia of clinical
importance. Clin Microbiol Rev 15:401. https://doi.org/10.1128/cmr.15.3
.401-413.2002.

27. Sprague V, Vernick SH. 1971. The ultrastructure of Encephalitozoon
cuniculi (Microsporida, Nosematidae) and its taxonomic significance. J
Protozool 18:550 –569.

28. Pakes SP, Shadduck JA, Cali A. 1975. Fine structure of Encephalitozoon
cuniculi from rabbits, mice and hamsters. J Protozool 22:481– 488.

29. Bohne W, Bottcher K, Gross U. 2011. The parasitophorous vacuole of
Encephalitozoon cuniculi: biogenesis and characteristics of the host
cell-pathogen interface. Int J Med Microbiol 301:395–399. https://doi
.org/10.1016/j.ijmm.2011.04.006.

30. Barker R. 1975. Ultrastructural observation on Encephalitozoon cuniculi
Levaditi, Nicolau et Schoen, 1923, from mouse peritoneal macrophages.
Fol Parasitol 22:1–9.

31. Cali A, Takvorian PM. 2014. Developmental morphology and life cycles of
the microsporidia, p 71–133. In Weiss LM, Becnel JJ (ed), Microsporidia:
pathogens of opportunity, 1st ed. Wiley Blackwell, Hoboken, NJ.

32. Ronnebaumer K, Gross U, Bohne W. 2008. The nascent parasitophorous
vacuole membrane of Encephalitozoon cuniculi is formed by host cell
lipids and contains pores which allow nutrient uptake. Eukaryot Cell
7:1001–1008.

33. Dean P, Hirt RP, Embley TM. 2016. Microsporidia: why make nucleotides
if you can steal them? PLoS Pathog 12:e1005870. https://doi.org/10
.1371/journal.ppat.1005870.

34. Corradi N, Pombert JF, Farinelli L, Didier ES, Keeling PJ. 2010. The
complete sequence of the smallest known nuclear genome from the
microsporidian Encephalitozoon intestinalis. Nat Commun 1:67–70.
https://doi.org/10.1038/ncomms1082.

35. Williams BAP, Hirt RP, Lucocq JM, Embley TM. 2002. A mitochondrial
remnant in the microsporidian Trachipleistophora hominis. Nature 418:
865. https://doi.org/10.1038/nature00949.

36. Burri L, Williams BA, Bursac D, Lithgow T, Keeling PJ. 2006. Microsporid-
ian mitosomes retain elements of the general mitochondrial targeting
system. Proc Natl Acad Sci U S A 103:15916 –15920. https://doi.org/10
.1073/pnas.0604109103.

37. Scanlon M, Leitch GJ, Visvesvara GS, Shaw AP. 2004. Relationship be-
tween the host cell mitochondria and the parasitophorous vacuole in
cells infected with Encephalitozoon microsporidia. J Eukaryot Microbiol
51:81– 87.

38. Hacker C, Howell M, Bhella D, Lucocq J. 2014. Strategies for maximizing
ATP supply in the microsporidian Encephalitozoon cuniculi: direct bind-
ing of mitochondria to the parasitophorous vacuole and clustering of
the mitochondrial porin VDAC. Cell Microbiol 16:565–579. https://doi
.org/10.1111/cmi.12240.

39. Rottner K, Stradal TE, Wehland J. 2005. Bacteria-host-cell interactions at
the plasma membrane: stories on actin cytoskeleton subversion. Dev
Cell 9:3–17. https://doi.org/10.1016/j.devcel.2005.06.002.

40. Horwitz MA. 1983. Formation of a novel phagosome by the Legionnaires’
disease bacterium (Legionella pneumophila) in human monocytes. J Exp
Med 158:1319–1331. https://doi.org/10.1084/jem.158.4.1319.

41. Matsumoto A, Bessho H, Uehira K, Suda T. 1991. Morphological studies
of the association of mitochondria with chlamydial inclusions and the
fusion of chlamydial inclusions. J Electron Microsc (Tokyo) 40:356 –363.

42. Jones TC, Hirsch JG. 1972. The interaction between Toxoplasma gondii
and mammalian cells: II. The absence of lysosomal fusion with phago-
cytic vacuoles containing living parasites. J Exp Med 136:1173–1194.
https://doi.org/10.1084/jem.136.5.1173.

43. Pernas L, Adomako-Ankomah Y, Shastri AJ, Ewald SE, Treeck M, Boyle JP,
Boothroyd JC. 2014. Toxoplasma effector MAF1 mediates recruitment of
host mitochondria and impacts the host response. PLoS Biol 12:
e1001845. https://doi.org/10.1371/journal.pbio.1001845.

44. Kelly FD, Wei BM, Cygan AM, Parker ML, Boulanger MJ, Boothroyd JC.
2017. Toxoplasma gondii MAF1b binds the host cell MIB complex to
mediate mitochondrial association. mSphere 2:e00183-17. https://doi
.org/10.1128/mSphere.00183-17.

45. Ohshima K. 1937. On the function of the polar filament of Nosema
bombycis. Parasitology 29:220 –224. https://doi.org/10.1017/S0031182
000024768.

46. Frixione E, Ruiz L, Santillán M, de Vargas LV, Tejero JM, Undeen AH. 1992.
Dynamics of polar filament discharge and sporoplasm expulsion by
microsporidian spores. Cell Motil Cytoskeleton 22:38 –50. https://doi.org/
10.1002/cm.970220105.

47. Polonais V, Prensier G, Méténier G, Vivarès CP, Delbac F. 2005. Microspo-
ridian polar tube proteins: highly divergent but closely linked genes
encode PTP1 and PTP2 in members of the evolutionarily distant Ant-
onospora and Encephalitozoon groups. Fungal Genet Biol 42:791– 803.
https://doi.org/10.1016/j.fgb.2005.05.005.

48. Keohane EM, Orr GA, Zhang HS, Takvorian PM, Cali A, Tanowitz HB,
Wittner M, Weiss LM. 1998. The molecular characterization of the major
polar tube protein gene from Encephalitozoon hellem, a microsporidian
parasite of humans. Mol Biochem Parasitol 94:227–236.

49. Hoogenboom BW, Suda K, Engel A, Fotiadis D. 2007. The supramolecular
assemblies of voltage-dependent anion channels in the native mem-
brane. J Mol Biol 370:246 –255. https://doi.org/10.1016/j.jmb.2007.04
.073.

50. Bahamonde MI, Valverde MA. 2003. Voltage-dependent anion channel
localises to the plasma membrane and peripheral but not perinuclear
mitochondria. Pflugers Arch 446:309 –313. https://doi.org/10.1007/
s00424-003-1054-7.

51. Lauterwasser J, Todt F, Zerbes RM, Nguyen TN, Craigen W, Lazarou M,
Van Der Laan M, Edlich F. 2016. The porin VDAC2 is the mitochondrial
platform for Bax retrotranslocation. Sci Rep 6:32994. https://doi.org/10
.1038/srep32994.

52. He Q, Vossbrinck CR, Yang Q, Meng X-Z, Luo J, Pan G-Q, Zhou Z-Y, Li T.
2019. Evolutionary and functional studies on microsporidian ATP-
binding cassettes: insights into the adaptation of microsporidia to ob-
ligated intracellular parasitism. Infect Genet Evol 68:136 –144. https://doi
.org/10.1016/j.meegid.2018.12.022.

53. Heinz E, Hacker C, Dean P, Mifsud J, Goldberg AV, Williams TA, Nakjang
S, Gregory A, Hirt RP, Lucocq JM, Kunji ERS, Embley TM. 2014. Plasma
membrane-located purine nucleotide transport proteins are key com-
ponents for host exploitation by microsporidian intracellular parasites.
PLoS Pathog 10:e1004547.

54. Bulla LA, Cheng TC. 1976. Biology of the microsporidia. Plenum Press,
New York, NY.

55. Ohshima K. 1927. A preliminary note on the structure of the polar
filament of Nosema bombycis and its functional significance. Annot Zool
Jpn 11:235–243.

56. Frixione E, Ruiz L, Cerbon J, Undeen AH. 1997. Germination of Nosema
algerae (Microspora) spores: conditional inhibition by D2O, ethanol and
HgII� suggests dependence of water influx upon membrane hydration
and specific transmembrane pathways. J Eukaryot Microbiol 44:
109 –116. https://doi.org/10.1111/j.1550-7408.1997.tb05946.x.

Microsporidian SSP1 Interacts with VDAC ®

July/August 2019 Volume 10 Issue 4 e01944-19 mbio.asm.org 23

https://doi.org/10.1128/IAI.00872-16
https://doi.org/10.1017/S0031182000006910
https://doi.org/10.1128/IAI.69.2.1016-1024.2001
https://doi.org/10.1128/IAI.69.2.1016-1024.2001
https://doi.org/10.1371/journal.ppat.1006341
https://doi.org/10.1128/IAI.72.11.6341-6350.2004
https://doi.org/10.1128/IAI.72.11.6341-6350.2004
https://doi.org/10.1128/cmr.15.3.401-413.2002
https://doi.org/10.1128/cmr.15.3.401-413.2002
https://doi.org/10.1016/j.ijmm.2011.04.006
https://doi.org/10.1016/j.ijmm.2011.04.006
https://doi.org/10.1371/journal.ppat.1005870
https://doi.org/10.1371/journal.ppat.1005870
https://doi.org/10.1038/ncomms1082
https://doi.org/10.1038/nature00949
https://doi.org/10.1073/pnas.0604109103
https://doi.org/10.1073/pnas.0604109103
https://doi.org/10.1111/cmi.12240
https://doi.org/10.1111/cmi.12240
https://doi.org/10.1016/j.devcel.2005.06.002
https://doi.org/10.1084/jem.158.4.1319
https://doi.org/10.1084/jem.136.5.1173
https://doi.org/10.1371/journal.pbio.1001845
https://doi.org/10.1128/mSphere.00183-17
https://doi.org/10.1128/mSphere.00183-17
https://doi.org/10.1017/S0031182000024768
https://doi.org/10.1017/S0031182000024768
https://doi.org/10.1002/cm.970220105
https://doi.org/10.1002/cm.970220105
https://doi.org/10.1016/j.fgb.2005.05.005
https://doi.org/10.1016/j.jmb.2007.04.073
https://doi.org/10.1016/j.jmb.2007.04.073
https://doi.org/10.1007/s00424-003-1054-7
https://doi.org/10.1007/s00424-003-1054-7
https://doi.org/10.1038/srep32994
https://doi.org/10.1038/srep32994
https://doi.org/10.1016/j.meegid.2018.12.022
https://doi.org/10.1016/j.meegid.2018.12.022
https://doi.org/10.1111/j.1550-7408.1997.tb05946.x
https://mbio.asm.org


57. Cali A, Weiss LM, Takvorian PM. 2002. Brachiola algerae spore membrane
systems, their activity during extrusion, and a new structural entity, the
multilayered interlaced network, associated with the polar tube and the
sporoplasm. J Eukaryot Microbiol 49:164 –174. https://doi.org/10.1111/j
.1550-7408.2002.tb00361.x.

58. Li Y, Wu Z, Pan G, He W, Zhang R, Hu J, Zhou Z. 2009. Identification of
a novel spore wall protein (SWP26) from microsporidia Nosema bom-
bycis. Int J Parasitol 39:391–398. https://doi.org/10.1016/j.ijpara.2008.08
.011.

59. Yang D, Pan G, Dang X, Shi Y, Li C, Peng P, Luo B, Bian M, Song Y, Ma C,
Chen J, Ma Z, Geng L, Li Z, Tian R, Wei C, Zhou Z. 2015. Interaction and
assembly of two novel proteins in the spore wall of the microsporidian
species Nosema bombycis and their roles in adherence to and infection
of host cells. Infect Immun 83:1715–1731. https://doi.org/10.1128/IAI
.03155-14.

60. Yang D, Dang X, Peng P, Long M, Ma C, Qin JJG, Wu H, Liu T, Zhou X, Pan
G, Zhou Z. 2014. NbHSWP11, a microsporidia Nosema bombycis protein,
localizing in the spore wall and membranes, reduces spore adherence to
host cell BME. J Parasitology 100:623– 633. https://doi.org/10.1645/13
-286.1.

61. Fasshauer V, Gross U, Bohne W. 2005. The parasitophorous vacuole
membrane of Encephalitozoon cuniculi lacks host cell membrane pro-
teins immediately after invasion. Eukaryot Cell 4:221–224. https://doi
.org/10.1128/EC.4.1.221-224.2005.

62. Akanda N, Tofighi R, Brask J, Tamm C, Elinder F, Ceccatelli S. 2008.
Voltage-dependent anion channels (VDAC) in the plasma membrane
play a critical role in apoptosis in differentiated hippocampal neurons
but not in neural stem cells. Cell Cycle 7:3225–3234. https://doi.org/10
.4161/cc.7.20.6831.

63. De Pinto V, Messina A, Lane DJ, Lawen A. 2010. Voltage-dependent
anion-selective channel (VDAC) in the plasma membrane. FEBS Lett
584:1793–1799. https://doi.org/10.1016/j.febslet.2010.02.049.

64. Zeth K, Zachariae U. 2018. Ten years of high resolution structural re-

search on the voltage dependent anion channel (VDAC)—recent devel-
opments and future directions. Front Physiol 9:108.

65. Gonçalves RP, Buzhynskyy N, Prima V, Sturgis JN, Scheuring S. 2007.
Supramolecular assembly of VDAC in native mitochondrial outer mem-
branes. J Mol Biol 369:413– 418. https://doi.org/10.1016/j.jmb.2007.03
.063.

66. Messina A, Reina S, Guarino F, De Pinto V. 2012. VDAC isoforms in
mammals. Biochim Biophys Acta 1818:1466 –1476. https://doi.org/10
.1016/j.bbamem.2011.10.005.

67. Rostovtseva TK, Tan W, Colombini M. 2005. On the role of VDAC in
apoptosis: fact and fiction. J Bioenerg Biomembr 37:129 –142. https://
doi.org/10.1007/s10863-005-6566-8.

68. Blachly�Dyson E, Forte M. 2001. VDAC channels. IUBMB Life 52:113–118.
https://doi.org/10.1080/15216540152845902.

69. Zheng Y, Shi Y, Tian C, Jiang C, Jin H, Chen J, Almasan A, Tang H, Chen
Q. 2004. Essential role of the voltage-dependent anion channel (VDAC)
in mitochondrial permeability transition pore opening and cytochrome
c release induced by arsenic trioxide. Oncogene 23:1239. https://doi.org/
10.1038/sj.onc.1207205.

70. Cesura AM, Pinard E, Schubenel R, Goetschy V, Friedlein A, Langen H,
Polcic P, Forte MA, Bernardi P, Kemp JA. 2003. The voltage-dependent
anion channel is the target for a new class of inhibitors of the mito-
chondrial permeability transition pore. J Biol Chem 278:49812– 49818.

71. Danelishvili L, Chinison JJ, Pham T, Gupta R, Bermudez LE. 2017. The
voltage-dependent anion channels (VDAC) of Mycobacterium avium
phagosome are associated with bacterial survival and lipid export in
macrophages. Sci Rep 7:7007. https://doi.org/10.1038/s41598-017
-06700-3.

72. Bouzahzah B, Weiss LM. 2010. Glycosylation of the major polar tube
protein of Encephalitozoon cuniculi. Parasitol Res 107:761–764. https://
doi.org/10.1007/s00436-010-1950-7.

73. Bouzahzah B, Nagajyothi F, Ghosh K, Takvorian PM, Cali A, Tanowitz HB,
Weiss LM. 2010. Interactions of Encephalitozoon cuniculi polar tube
proteins. Infect Immun 78:2745–2753.

Han et al. ®

July/August 2019 Volume 10 Issue 4 e01944-19 mbio.asm.org 24

https://doi.org/10.1111/j.1550-7408.2002.tb00361.x
https://doi.org/10.1111/j.1550-7408.2002.tb00361.x
https://doi.org/10.1016/j.ijpara.2008.08.011
https://doi.org/10.1016/j.ijpara.2008.08.011
https://doi.org/10.1128/IAI.03155-14
https://doi.org/10.1128/IAI.03155-14
https://doi.org/10.1645/13-286.1
https://doi.org/10.1645/13-286.1
https://doi.org/10.1128/EC.4.1.221-224.2005
https://doi.org/10.1128/EC.4.1.221-224.2005
https://doi.org/10.4161/cc.7.20.6831
https://doi.org/10.4161/cc.7.20.6831
https://doi.org/10.1016/j.febslet.2010.02.049
https://doi.org/10.1016/j.jmb.2007.03.063
https://doi.org/10.1016/j.jmb.2007.03.063
https://doi.org/10.1016/j.bbamem.2011.10.005
https://doi.org/10.1016/j.bbamem.2011.10.005
https://doi.org/10.1007/s10863-005-6566-8
https://doi.org/10.1007/s10863-005-6566-8
https://doi.org/10.1080/15216540152845902
https://doi.org/10.1038/sj.onc.1207205
https://doi.org/10.1038/sj.onc.1207205
https://doi.org/10.1038/s41598-017-06700-3
https://doi.org/10.1038/s41598-017-06700-3
https://doi.org/10.1007/s00436-010-1950-7
https://doi.org/10.1007/s00436-010-1950-7
https://mbio.asm.org

	Microsporidia Interact with Host Cell Mitochondria via Voltage-Dependent Anion Channels Using Sporoplasm Surface Protein 1
	RESULTS
	Identification of E. hellem sporoplasm protein 1 (EhSSP1). 
	EhSSP1 is a sporoplasm surface protein and is exposed to the host cell during the early stages of microsporidian infection. 
	rEhSSP1 can bind to the polar tube by interacting with polar tube protein 4 (PTP4). 
	rEhSSP1 can interact with host cells and plays a role during infections. 
	rEhSSP1 interacts with host VDAC. 
	rEhSSP1 colocalizes to host mitochondria. 
	Host mitochondria accumulate around the PV and interact with microsporidian meronts. 
	VDAC is found at the interacting interfaces between the host cell mitochondria, PVM, and meronts. 
	Silencing VDAC1, VDAC2, and VDAC3 expression by siRNA inhibits microsporidian infection and host mitochondrion association. 

	DISCUSSION
	MATERIALS AND METHODS
	Cells and reagents. 
	Encephalitozoon hellem culture. 
	Protein purification and liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) analysis. 
	Cloning, protein expression, and purification of EhSSP1. 
	Expression of EhSSP1 in mammalian cells. 
	Antibody production. 
	Electron microscopy. 
	Correlative fluorescence and scanning electron microscopy (CLEM). 
	Binding ELISA. 
	Immunofluorescence assay. 
	Yeast two-hybrid assay. 
	Infectivity competition and blocking assay. 
	Vdac2 silencing by siRNA in MEF-VDAC1/3−/− cells. 
	Quantification of microsporidian infection and host mitochondria PV association in host cells. 
	Ethics statement. 
	Statistics. 
	Data availability. 


	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

