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A fast and effective method for dissecting parasitic spores:

myxozoans as an example

Qingxiang Gu', Yang Liu'2, Yanhua Zhai'-? and Zemao Gu"?*

ABSTRACT

Disassembling parasitic spores and acquiring the main subunits for
analysis is a prerequisite for a deep understanding of the basic
biology of parasites. Herein, we present a fast and efficient method to
dissect myxospores in a few steps, which mainly involves sonication,
and sucrose and Percoll density gradient ultracentrifugation. We
tested our method on three myxozoan species and demonstrate that
this method allows the dismembering of myxospores, and the
isolation of intact and clean nematocysts and shell valves within 2 h
at low cost. This new tool will facilitate subsequent analyses and
enable a better understanding of the ecological and evolutionary
significance of parasitic spores.
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INTRODUCTION

Many parasites are known to be spore forming and use the sporic
stage for reproduction, development and stress resistance (Coppens,
2019; Goodgame, 1996). These spores usually exert their function
by the cooperation of several subunits or by using quasi-
independent ones independently. Thus, dismembering these spores
and acquiring the main subunits is an important prerequisite for
investigations addressing various questions concerning their
evolution and cell biology.

In light of this objective, renewed attention was given to
investigation of the composition and fine structure of spore
subunits (Ben-David et al., 2016; Vavra et al., 2016), which
might help to detect new antigens for immuno-protection studies
(Xuetal., 2006; Yang et al., 2017), to understand the mechanism of
assembly/invasion (Jaroenlak et al., 2018; Yang et al., 2018), and to
develop control strategies or screen drugs (Aldama-Cano et al.,
2018). From a methodological perspective, because most of the
spores are extremely small (micrometer sized), spore dissection
remains a challenge and only limited studies have explored this
approach in parasitology. For instance, the manual dissection of
fungal spores can be conducted on a tetrad dissection microscope.
This method, although effective, requires well-trained personnel
and is limited to ascospore-producing species (Amberg et al., 2005).
Additionally, a tailored dielectrophoresis-based microfluidic has
been developed to specifically isolate the nematocysts of myxozoan
Ceratonova shasta infecting salmon and trout (Piriatinskiy et al.,
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2017). However, the microfluidic technique has the drawback of
high cost, complex operational control/chip design and as yet little
standardization in this field (Halldorsson et al., 2015; Velve-
Casquillas et al., 2010). Another issue is the possible electrolysis
caused by the electric fields themselves (Mark et al., 2010). Thus,
a method for dissecting spores and isolating the main subunits
is needed.

Myxozoans are widespread endoparasitic cnidarians (Atkinson
et al., 2018; Dykova et al., 2011; Naldoni et al., 2019), which are
miniaturized and morphologically simplified. Myxospores
infecting the invertebrate hosts only consist of polar capsules
(referred to as nematocysts below), shell valves and sporoplasms
(Morsy et al., 2016). Although those unique cell types are present in
myxozoans, their basic cell biology has been understudied,
contributing to the enigmatic status of myxozoans. In the past
decades, extensive efforts have been made to isolate nematocysts
from free-living cnidarians (anthozoans, cubozoans, scyphozoans
and hydrozoans). These studies have served as an important basis
for the interpretation of nematocyst biology, including their
structure, function, venom toxicology/pharmacology/bioactivity
and omics (Balasubramanian et al., 2012; Brinkman et al., 2015;
Marino et al., 2009; Ponce et al., 2016; Schlesinger et al., 2008).
However, compared with those of their free-living relatives,
nematocysts of myxozoans have been less studied and there are
currently no consensus methodologies for dissection and
simultaneous acquisition of myxozoan main subunits. Our goal
was to develop a new, fast and efficient method for myxospore
dissection that can be utilized to isolate nematocysts and shell valves
from representative species Myxobolus honghuensis Liu and Gu
2011 and Myxobolus wulii Landsberg and Lom 1991 infecting
Carassius auratus gibelio; and Thelohanellus kitauei Egusa and
Nakajima 1981 infecting Cyprinus carpio. This was achieved
through spore purification by sucrose density gradient
ultracentrifugation, spore disruption by sonication and
nematocyst/shell valve isolation by Percoll density gradient
ultracentrifugation. The nematocysts and shell valves obtained
with the optimized protocol showed an intact structure and
negligible contamination. The method presented here has the
potential to improve our understanding of the basic biology of these
enigmatic parasites, and may in addition help to shed light on
segmentation research in a wider range of spore-forming parasites.

MATERIALS AND METHODS

Animals

Myxobolus honghuensis myxospores were obtained from infected
allogynogenetic gibel carp C. auratus gibelio in Zoumaling Farm
(Hubei, China). Myxobolus wulii myxospores were collected from
C. auratus gibelio in Yellow Sand Port (Jiangsu Province, China).
Thelohanellus kitauei myxospores were obtained from infected
mirror carp C. carpio in Liuerbao Town (Shenyang, China).
Infected fish were sent to the laboratory and held in aerated, large
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square tanks overnight before a routinely performed parasitological
examination. The maintenance and care of experimental animals
complied with the National Institutes of Health guidelines for the
humane use of laboratory animals. All experimental procedures
involving fish were approved by the institution’s animal care and
use committee of the Huazhong Agricultural University, China.

Assembly of sucrose and Percoll density gradients

One sucrose and two Percoll density gradients (Percoll gradient 1
and 2) were assembled for downstream processes. For the sucrose
density gradient, sucrose was dissolved in phosphate-buffered
saline (PBS, 0.1 mol 17!, adjusted to pH 7.2) to make 30%, 40%,
50% and 60% w/w sucrose solution (all sucrose density gradients
are represented as weight concentration; see also below); 8 ml of
each sucrose solution was placed into a chilled 50 ml tube using a
5 ml syringe equipped with 21-gauge stainless steel intramedic
tubing (Bolige Industry and Trade Co., Ltd, Shanghai, China).
Sucrose of lower concentration was placed first into the bottom of
the tube, followed by the addition of higher concentration sucrose
into the bottom to raise up the upper layer. For Percoll density
gradient 1, Percoll was diluted in PBS to prepare 50%, 70% and
90% v/v Percoll solution (all Percoll density gradients are
represented as volume concentration; see also below); 2 ml of
each Percoll solution was added to the chilled 10 ml tube using the
method described above. For Percoll density gradient 2, 100%
Percoll stock solution was directly added to the 2 ml chilled tube.
Each step in gradient preparation was handled carefully to avoid
mixing the layers.

Isolation and purification of intact spores

Myxozoan cysts were excised from infected tissues (pharynx for
M. honghuensis, liver for M. wulii and intestine for 7. kitauei); 2—4 g
of tissue were sliced into pieces and then homogenized by a hand-
operated glass tissue grinder. Homogenate was suspended in PBS
and then filtered through cotton gauze to remove aggregated tissues.
The filtrate containing crude myxospores was washed in PBS
2 times at 1635 g for 15 min and resuspended in 8§ ml PBS.
The suspension was carefully added to the top of the 30%, 40%,
50% and 60% sucrose density gradient before centrifugation at
3200 g for 15 min. The liquid above the gradient was removed. The
40%/50% and 50%/60% interface that contained most of the spores
was carefully collected with a Pasteur pipette. The collected liquid
was washed with PBS 2 times at 1635 g for 15 min. The supernatant
was removed with a pipette and the pellet that contained purified
intact spores was resuspended in 10 ml PBS.

Spore dissection

The intact spore suspension was sub-packed in a 2 ml tube and
sonicated with a microtip probe sonicator (JY92-IIN, Scientz
Biotechnology, Ningbo, China) on ice for 3 min (on for 3 s and rest
for 1 s) at 85 W output. Sonicated spore samples were concentrated
by centrifugation at 2000 g for 5 min and resuspended in 4.5 ml
PBS for downstream procedures.

Nematocyst isolation
A 1.5 ml sample of the sonicated spore suspension was carefully
loaded onto the top of Percoll density gradient 1 (50%, 70% and
90% Percoll) by drawing the suspension into a Pasteur pipette and
slowly releasing the solution above the 50% Percoll layer.

The gradient was subjected to centrifugation at 1470 g for 25 min
and stopped with a slow break speed. After centrifugation, the white
bands at the 50%/70% Percoll interface and the middle of the 70%

Percoll layer were collected with a Pasteur pipette. The collected
liquid was concentrated by centrifugation at 2000 g for 5 min and
resuspended in 3 ml PBS, followed by secondary purification
through Percoll density gradient 1. The final collected liquid
containing the pure nematocysts was diluted with 1.5 ml PBS. The
purity of the nematocyst suspension was assessed by light
microscopy.

Shell valve isolation

A 0.5 ml sample of sonicated spore suspension was overlaid on
Percoll density gradient 2 (100% Percoll) in a 2 ml chilled tube. The
liquid was centrifuged at 6580 g for 15 min. After centrifugation,
the white band located at the upper-middle layer of 100% Percoll
was collected. The crude shell valves were collected by
centrifugation at 2000 g for 5 min and immediately subjected to
secondary purification through Percoll density gradient 2. The final
collected liquid containing the pure valves was resuspended with
1.5 ml PBS. The purity of the shell valve suspension was assessed
by light microscopy.

Evaluation of the effects of heat, salinity and various
chemicals on spore and isolated nematocyst discharge

An Olympus BX53 light microscope, equipped with an Olympus
DP73 digital camera (Olympus, Hamburg, Germany), was used to
verify that spores and nematocysts of M. honghuensis were
undischarged. Spores and nematocysts were then added to a
0.2ml centrifuge tube and received the following treatments:
30 min heat treatment at 95°C; 3 min incubation with 0.4% urea
(w/w); and 10 min incubation with 40%o NaCl (w/w), 5% acetic
acid (w/w), 20% ammonia (w/w), 70% ethanol (w/w), 10%
sodium bicarbonate (w/w) or 10 mmol 17! CaCl,. The number
of discharged and undischarged nematocysts was counted
under the microscope at a magnification of x40. At least 100
nematocysts were counted in each measurement and the discharge
number was expressed as a percentage. All measurements were
repeated 3 times on different preparations of spores and isolated
nematocysts.

Evaluation of the effects of heavy metals on the discharge
ability of spores and isolated nematocysts

Spores and nematocysts of M. honghuensis were then added to a
0.2 ml centrifuge tube and incubated for 30 min in 200 ul of a
10 mmol 17! solution of ZnSO,4, BaCl,, FeCly, MnCl, or CdCl,.
After incubation, the spores and nematocysts were checked for
discharge. Then liquid containing heavy metals was removed and
0.4% urea was used to stimulate the discharge of spores and
nematocysts; these were quantified as previously described. The
significance of the differences between mean values was tested
using one-way analysis of variance (ANOVA), followed by
Bonferroni’s or Dunnet’s post hoc test.

Transmission electron microscopy

For transmission electron microscopy (TEM), nematocysts were
fixed in 3% glutaraldehyde in 0.2 mol 1~! sodium cacodylate buffer
(pH 7.2) at 4°C overnight and post-fixed in 2% OsO, buffered with
the same solution for 4 h at the same temperature. After dehydration
in an ascending ethanol series and propylene oxide, specimens were
finally embedded in Epon812. Semi-thin sections were stained with
Toluidine Blue. Ultrathin sections were double-stained with uranyl
acetate and lead citrate, then examined and photographed by a
200 kV transmission electron microscope (Tecnai G20 TWIN, FEI
Company, Hillsboro, OR, USA).
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RESULTS AND DISCUSSION

To determine the optimal method for myxospore dissection, we
conducted a series of trial-and-error explorations and the final
protocol involved four main steps: spore purification, spore
disruption, nematocyst isolation and shell valve isolation
(Fig. 1A). Briefly, myxozoan cysts were excised from infected
tissues and myxospores were purified from the 40%/50% and 50%/
60% interface of a 30%, 40%, 50%, 60% sucrose density gradient.
Then, spores were disrupted by sonication for 3 min (on for 3 s and
rest for 1 s) at 85 W electric power. Thereafter, by using 50%, 70%,
90% Percoll and 100% Percoll gradient, respectively, pure

nematocysts (50%/70% interface and the middle of the 70%
layer) and shell valves (upper of the 100% layer) were separated
from the sonicated suspension.

More specifically, we first purified the spores from homogenized
cysts (Fig. 2A,B) using the sucrose density gradient. For all three
species tested in the present study, the optimal 30%, 40%, 50%,
60% sucrose density gradient centrifugation (Fig. 1A) showed
similar stratification with three visible bands at the 30% layer, 40%/
50% interface and 50%/60% interface (Fig. 1B). Upon examination
by light microscopy, the 30% layer was found to contain
trophozoites in the form of polysporic plasmodia. The 40%/50%
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Fig. 1. Outline of the procedures for isolation of nematocysts and shell valves from myxozoans. (A) Steps in the isolation of whole spores, nematocysts
and valves. (B) Isolation of spores using sucrose density gradient centrifugation, shown in more detail. The filtered homogenate was loaded on the top of

the 30%, 40%, 50%, 60% (w/w) sucrose density gradient before centrifugation (3200 g, 15 min). The spores (shown in black) were then collected from the 40%/

50% and 50%/60% interface. (C) Isolation of nematocysts using Percoll density gradient centrifugation, shown in more detail. The sonicated spores were
loaded on the top of the 50%, 70%, 90% (v/v) Percoll density gradient before centrifugation (1470 g, 25 min). The nematocysts (shown in black) were then
collected from the 50%/70% interface and the middle of the 70% layer. (D) Isolation of shell valves using Percoll density gradient centrifugation, shown in
more detail. The sonicated spores were loaded on the top of 100% (v/v) Percoll before centrifugation (6580 g, 25 min). The valves (shown in black) were

then collected from the upper part of the 100% layer.
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and 50%/60% interface contained intact spores with negligible
contamination (Fig. 2D-F). For any suboptimal sucrose density
gradient, the debris, mature spores and trophozoites will fail to be
separated. These results suggest that by using the sucrose density
gradient centrifugation described here, mature spores can be isolated
from host debris and trophozoites with high purity and integrity, to
provide materials for downstream spore disruption. To open the
sutural ridge of the spores, we chose to sonicate the spore
suspension with different parameter combinations of working
time, pulse and output power. An optimal sonication protocol of
power 85 W for 3 min (on for 3 s and rest for 1 s) (Fig. 1A) led to
successful disruption of almost all of the spores, the sutural ridge of
which was opened and the nematocysts dissociated. The free shell
valves and nematocysts all remained intact. If the sonication was too
‘strong’ (e.g. long effective sonication times, high output power),
the shell valves and nematocysts would be broken and the polar
filaments would extrude. However, if the sonication was too
‘gentle’, the sutural ridge between the two valves was hardly opened
because of low cavitation. Taken together, appropriate sonication
can be used to rupture the myxospores and we prefer this method
over SDS and proteolytic treatment (Piriatinskiy et al., 2017),
because the physical treatment might minimally interfere with
proteins and be more appropriate for some downstream analyses,
e.g. proteomics or epitope analysis.

Fig. 2. Light micrographs of fish specimens,
intact spores, isolated nematocysts and
shells valves. (A—C) Allogynogenetic gibel carp
Carassius auratus gibelio infected with
Myxobolus honghuensis (A); C. auratus gibelio
infected with Myxobolus wulii (B); mirror carp
Cyprinus carpio infected with Thelohanellus
kitauei (C). Cysts (white arrow) were observed.
(D-F) Fresh spores of M. honghuensis (D),

M. wulii (E) and T. kitauei (F). (G-I) Isolated
nematocysts of M. honghuensis (G), M. wulii (H)
and T. kitauei (l). (J-L) Isolated valves of M.
honghuensis (J), M. wulii (K) and T. kitauei (L).

For nematocyst isolation, the final 50%, 70%, 90% Percoll
gradient led to optimal results: nematocysts in an almost pure state
(>98%) were collected from the 50%/70% interface and the middle
of the 70% layer (Fig. 1C). After the secondary purification, which
repeated the optimal Percoll gradient process, intact, clean and
unextruded nematocysts (Fig. 2G-I) were successfully isolated from
the three myxozoans. However, an inappropriate choice of
centrifugation medium or gradient will result in a low purity of
nematocysts or even fail to separate the nematocysts from the shell
valves. For instance, by using a 40%, 45%, 50%, 55%, 60% sucrose
density gradient, we could only collect nematocysts with a
maximum purity of 70% (Fig. S1A), which is non-ideal. The
density of nematocysts in the present case was estimated to be
around 1.20254-1.22957 g ml~! according to the stratification of
nematocysts and density of sucrose solution with different mass
fraction at 20°C (Honig, 2013). Based on the inferred nematocyst
density, we further optimized the gradient to 45%, 47%, 49%, 52%,
60% sucrose and collected nematocysts with a maximum purity of
80% (Fig. SI1B), which was an improvement but not optimal.
Simply changing the medium to a Percoll gradient of 50%, 60%,
70%, 80%, 90%, 100% improved the maximum purity of isolated
nematocysts to 90% (Fig. S1C), second only to the optimal 50%,
70%, 90% Percoll gradient. These results suggest that the present
protocol is very effective for nematocyst isolation and confirm that
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Percoll is a better gradient medium with higher resolution and lower
osmolarity compared with sucrose (Dunkley et al., 1986), while the
latter can be used in density estimation.

To further study the nematocysts, we evaluated whether heat,
high salinity and various chemicals can trigger the discharge of M.
honghuensis spores/nematocysts, and whether heavy metals can
affect the discharge response. Our results showed that heat, urea and
ammonia successfully triggered the discharge of most spores and
isolated nematocysts, whereas NaCl, acetic acid, ethanol, sodium
bicarbonate and CaCl, did not (Table S1). The positive results with
heat and the negative results with NaCl and sodium bicarbonate are
in line with those reported by Glaser and Sparrow (1909), Hoffman
et al. (1965) and Birsa et al. (2010). The positive result with urea is
in accordance with the study of Molnar et al. (2009), but different
from the findings of Birsa et al. (2010). The negative effect of
ethanol on discharge is supported by the work of Glaser and
Sparrow (1909) and Morabito et al. (2014) and in contrast to that of
Birsa et al. (2010). Our results with acetic acid and ammonia are the
same as those previously reported by Glaser and Sparrow (1909)
and Birsa et al. (2010) and different from those of Morabito et al.
(2014). This discrepancy may depend on the species specificity of
the nematocysts, as found in previous studies (Birsa et al., 2010;
Morabito et al., 2014). With regard to heavy metals, we showed that
a 30 min exposure of spores/nematocysts to ZnSO,4, BaCl,, FeCls,

1 um

MnCl, or CdCl,, dramatically impaired discharge of nematocysts
(Table S2). This result is in line with those of Morabito et al. (2013a,
2014) and may be because heavy metals affect discharge by
impairing ion flux via membrane transport systems, as already
shown in Pelagia noctiluca (Morabito et al., 2013b). All in all,
although the nematocyst discharge mechanism has not been fully
determined, our findings support the osmotic theory, which states
that an increase of the internal pressure of the capsule is required for
discharge (Birsa et al., 2010). Additionally, the discharge ability of
myxozoan nematocysts was used to evaluate the viability of spores
(Molnar et al., 2009). Our results, for the first time, suggest that the
discharge of myxozoan nematocysts is an independent process
(Fig. S2) and inappropriate for evaluation of viability.
Furthermore, we performed TEM on the fine structure of isolated
nematocysts. An inverted tubule was clearly observed (Fig. 3A,B,E,F,I)—
at higher magnification, the tubule was shown to be hollow and filled
with electron-dense particles (Fig. 3C,G). This is in accordance with
previous reports that Myxobolus has an open tubule and we speculated
the electron-dense particles might be the putative venom of Myxobolus
(Ben-David et al., 2016; Piriatinskiy et al., 2017). An opercular cap was
clearly visible at the top of nematocysts (Fig. 3D,H), indicating that the
myxozoan nematocyst is atrichous isorhiza (Okamura et al., 2015).
A higher magnification view of the nematocyst shell showed a trilaminar
structure, with an outer electron-dense zone, an adjacent electron-lucent

Fig. 3. Transmission electron micrographs of isolated
nematocysts of the three parasites. (A—D) Myxobolus
honghuensis. Longitudinal (A) and transverse (B) section of
M. honghuensis nematocyst. (C) Electron-dense particles were
observed in the tubule. (D) Opercular cap of M. honghuensis
nematocyst. (E-H) Myxobolus wulii. Longitudinal (E) and
transverse (F) section of M. wulii nematocyst. (G) At a higher
magnification, it can been seen that the inverted tubule is
hollow and filled with electron-dense particles. (H) Opercular
cap of M. wulii nematocyst. (I-K) Thelohanellus kitauei.
Longitudinal (I) and transverse (J) section of T. kitauei.

(K) At a higher magnification, the nematocyst shows a
trilaminar structure, with an outer electron-dense zone, an
adjacent electron-lucent zone and an inner granular cortex.
The electron-lucent zone can be further subdivided into at least
three layers. ED, outer electron-dense zone; EDL, electron-
dense layer; EDP, electron-dense particles; GC, inner granular
cortex; IT, inverted tubule; LU, adjacent electron-lucent zone;
OP, opercular cap.
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zone and an inner granular cortex. The electron-lucent zone was further
subdivided into at least three layers (Fig. 3J,K), which is consistent with
former reports of an undissociated nematocyst ultrastructure (Guo et al.,
2018). Collectively, these results suggest that isolated nematocysts are
both structurally and functionally intact, which may benefit our
understanding of them.

For shell valve isolation, a final 100% Percoll centrifugation at
6580 g for 15 min resulted in the optimal isolation of shell valves, to
>98% purity in the upper part of the 100% layer (Fig. 1D).
Repeating the process led to intact and clean shell valves (Fig. 2J-L).
Likewise, in the case of nematocysts, the first attempt to isolate shell
valves using 60%, 55%, 50%, 45%, 40% sucrose density gradient
only produced shell valves with a maximum purity of 70% (Fig. S3A)
and the density of the shell valves was speculated to be around
1.25753-1.28646 g ml~!. The improved sucrose density gradient
also produced non-optimal results of 80% purity (Fig. S3B). By
resorting to the 80%, 100% Percoll gradient, the maximum purity of
isolated shell valves was improved to 90% (Fig. S3C). These results
also demonstrate the effectiveness of our protocol for shell valve
isolation, which may facilitate resistance and immuno-protection
studies of myxozoans.

In conclusion, our study presents a procedure for myxozoan
dissection and validates it on three myxozoans. This method allows the
isolation of nematocysts and shell valves at high yield and enables
these extracts to be obtained free of host tissue. In addition, our
protocol offers advantages in terms of cost, speed and effectiveness.
Indeed, isolation of nematocysts and shell valves can be performed
simultaneously and requires less than 2 h. As the separation of
myxospore subunits is based solely on differences in density, with fine
trial and error adjustment of the parameters, we see a high potential to
extend this method to other myxozoans, or even other parasites. In
subsequent studies, we will take advantage of the subunits obtained
from the present protocol to acquire a deeper understanding of the cell
biology and evolutionary significance of myxozoans.
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