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Abstract Cnidarian venoms are potentially valuable tools
for biomedical research and drug development. They are
contained within nematocysts, the stinging organelles of
cnidarians. Several methods exist for the isolation of
nematocysts from cnidarian tissues; most are tedious and
target nematocysts from specific tissues. We have discovered
that the isolated active nematocyst complement (cnidome) of
several sea anemone (Cnidaria: Anthozoa) species is readily
accessible. These nematocysts are isolated, concentrated, and
released to the aqueous environment as a by-product of aeolid
nudibranch Spurilla neapolitana cultures. S. neapolitana
feed on venomous sea anemones laden with stinging
nematocysts. The ingested stinging organelles of several
sea anemone species are effectively excreted in the nudi-
branch feces. We succeeded in purifying the active organ-
elles and inducing their discharge. Thus, our current study
presents the attractive possibility of using nudibranchs to
produce nematocysts for the investigation of novel marine
compounds.
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Introduction

Cnidarians constitute the taxonomically most extensive
group of venomous animals (Hessinger and Hessinger
1981). Every species possesses a unique complement of
nematocysts, each potentially differing biochemically in
venom composition as well as structurally (Endean and
Rifkin 1975; Burnett et al. 1986). The nematocyst is a
highly specialized, secretory, subcellular structure loaded
with the venom it delivers (Lotan et al. 1995). It consists
of a capsule containing a highly folded eversible tubule.
The capsule is filled with a matrix of charged y-glutamate
polymers and cations generating high internal pressure
(15 MPa) that drives discharge at accelerations reaching
5.41x10° g (g=9.81 m/s?). The estimated pressure at the
point of impact during discharge is more than 7 GPa,
which is similar to the pressure exerted by bullets
(Nuchter et al. 2006). The primary function of the
penetrating type of nematocyst is the rapid delivery of
complex mixtures of bioactive compounds, i.e., venoms,
which can cause a variety of cytotoxic, neurotoxic, hemolytic,
cardiotoxic, dermatonecrotic, immunogenic, and inflammatory
effects (Yanagihara et al. 2002). Cnidarian venoms may
include vasoactive compounds such as 5-hydroxytyptamine
(SHT), catecholamines, histamine, and histamine liberators;
neuroactive compounds such as quaternary ammonium com-
pounds, certain amino acids and small peptides; and proteins
including enzymes, such as proteases, phospholipases, and
cytolytic or hemolytic agents (Chung et al. 2001). Due to
these pharmacological properties, cnidarian venoms are
potentially valuable tools for biomedical research and drug
development (Anderluh and Macek 2002; Smith and
Blumenthal 2007).

Cnidarian nematocysts are of added biotechnological
interest, as an estimated 150 million people worldwide are
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exposed annually to jellyfish stings (Boulware 2006). Pure
preparations of nematocysts may be useful in the develop-
ment of repellents that prevent these stings (Lotan 20006).
Furthermore, applications of cnidarian nematocysts as
devices for delivering therapeutic, diagnostic, or cosmetic
agents into a tissue are already being commercialized by at
least one biotechnology company (Lotan and Eckhouse
2008; Lotan et al. 2008).

Accurate identification of the cnidome (the nematocyst
complement of a species) is essential in the analysis of
cnidarian venoms, as venoms may not only vary in
composition between species but also between nematocyst
types within a species (Burnett et al. 1986; Carrette et al.
2002). Unlike many other venom delivery mechanisms,
such as those found in snakes and spiders, the quantity of
venom flowing from any one nematocyst is incredibly
small. As a result, in order to collect enough venom useful
for analysis, many millions of nematocysts of the same type
must be collected.

Acolid nudibranchs have adapted over millions of years
to live with and feed on nematocyst-armed cnidarians.
During ingestion of their prey, the snails are able to inhibit
discharge of nematocysts, possibly by the secretion of
mucus (Conklin and Mariscal 1977) and via protective skin
structures (Martin et al. 2007). Once ingested, a partitioning
of undischarged nematocysts occurs. Some are incorporated
and stored in the tips of the nudibranch cerata in organs
termed cnidosacs by a process referred to as foreign
organellar retention (Taylor 1983; Greenwood and Mariscal
1984). The cnidosacs with their nematocysts, the cleptoc-
nidae, are thought to serve as a defense mechanism for the
shell-less snails (Frick 2003). Greenwood and Garrity
(1991) isolated nematocysts from nudibranchs, excising
them from the cnidosac, a process that is tedious and not
always successful. However, a large proportion of nem-
atocysts is discarded intact and undigested in the nudi-
branch feces (Martin 2003). While masses of nematocysts
are processed by aeolids, these organisms have not been
previously considered as a source for obtaining the isolated
and undischarged organelles. In this paper, we report the
development of a method for isolation and partial separa-
tion of several active nematocysts types from the feces of
the aeolid nudibranch Spurilla neapolitana.

Materials and Methods

S. neapolitana is a cosmopolitan species occurring in the
Mediterranean, West Atlantic (from Florida to Brazil), and
East Pacific (Baja California; Rudman 1999). It has been
reported to feed on 37 sea anemone (Anthozoa: Actinaria)
species (McDonald and Nybakken 1996). We cultured its
distinct life cycle stages in a marine laboratory (Schlesinger
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et al. 2009). The anemone preying stage survives for
120 days. During this period, it can be used to isolate
stinging cells and will spawn a total of approximately 40 %
10° zygotes. Predation induces asexual reproduction of the

Fig. 1 Density gradient separation of nematocysts from S. neapoli-
tana fecal pellets. a Discharged tentacular microbasic mastigophore
(white arrowhead), acontial microbasic mastigophore (white arrow),
spirocyst (black arrowhead), and algal (zooxanthellae) aggregates
(black arrow) separated at S2 density interface (scale bar=10 pum). b
Acontial microbasic mastigophore (white arrowhead) and tentacular
microbasic mastigophores (black arrowhead) separated below S3
density interface (scale bar=10 pum). ¢ Nematocyst discharge in
100 mM CaCl,, 0.22 um filtered seawater diluted 2:1 with distilled
water. Note the empty capsules (upper right to center) and everted
tubules (upper left). Scale bar=20 pm
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sea anemone Aiptasia diaphana, enabling self-sustained,
continuous laboratory culture of S. neapolitana prey.

Prior to nematocyst harvesting, nudibranch cultures were
starved for 24 h. The modular design of our culture system
(Schlesinger et al. 2007) allows for the transfer of anemone-
laden substrates into the nudibranch cultures. The ane-
mones were rinsed in running seawater, whereupon they
were transferred into a clean nudibranch culture apparatus.
Nematocyst harvesting was executed from nudibranch pairs
maintained in culture. Copulating pairs displayed higher
predation rates and feces excretion. Fecal pellets were
collected at 2 h intervals into 100 mM CaCl,, 0.22 um
filtered seawater (CaFSW), vortexed, and kept at 4°C. The
suspension was separated according to densities over a
discontinuous Percoll (Sigma, USA) gradient, adapting a
protocol developed for coral cell separation (Domart-Coulon
et al. 2001). Percoll dilutions [30%, 50%, 70%, and 90%
(vol/vol)] were prepared in CaFSW and layered in a 15-ml
centrifuge tube. A 1-ml fecal suspension was loaded on top
of the gradient, cooled on ice for 20 min, and centrifuged for
10 min at 280 x g at 6°C. Nematocysts were collected with a
fine pipette at the 0-30% (S0), 30-50% (S1), 50-70% (S2),
and 70-90% (S3) density interfaces.

Results and Discussion

Feces of Spurilla neapolitana were negatively buoyant.
When collected from the culture apparatus, they contained
zooxanthellae, spirocysts, and four types of nematocysts:
tentacular microbasic mastigophores (30 pm), acontial
microbasic mastigophores (60 pm), acontial basitrichs
(15 pm), and 5 pum microbasic mastigophores that appear
to similar to mesenterial filament nematocysts. Most of the
zooxanthellae separated between the SO and S2 density
interfaces. Spirocysts and discharged nematocyst separated
at S2. Undischarged nematocysts of the types described
above separated below the S3 interface (Fig. 1). To assess
their viability and discharge properties, the isolated nem-
atocysts were placed at a cell density of 600 nematocysts
per microliter in a medium made up by diluting CaFSW
medium 2:1 with distilled water. All nematocyst types
isolated discharged on the cover glass (Fig. 1). Cultured in
pairs in order to enhance predation rates, an average
nudibranch culture will excrete approximately 1.5x10°
active A. diaphana nematocysts a day, though this depends
on nudibranch size, prey nematocyst composition, and
water temperature.

In order to investigate the possibility of using S.
neapolitana to isolate nematocysts from other anemone
species, adult specimens were introduced to cultures of
Aiptasiogeton hyalinus, Anemonia viridis, and Actinia
equina. The distinct anemone species were readily preyed

upon by S. neapolitana, and similar quantities of their
nematocysts (approximately 1.5x10° nematocysts per day)
were found undischarged in the nudibranchs feces.

Nudibranchs feed on the polypoid benthic life cycle
stages of all three Cnidarian classes: Hydrozoa, Scyphozoa,
and Anthozoa (McDonald and Nybakken 1996; Ostman
1997). They are closely associated to their prey and use it
for both food and shelter (Todd et al. 2001; Faucci et al.
2007). Therefore, collection and laboratory culture of
nudibranch/cnidarian associations is rather straightforward.
In the case of S. neapolitana, it provides direct access to the
entire venom arsenal of at least four species. Thorough
biochemical characterization of isolated nematocyst types
using this gradient-based method could address the asser-
tion that nematocysts differ in venom composition based
upon their structural classification. We believe that using
this type of approach for isolation of active nematocysts
will advance the investigation of cnidarian venoms as a
source of effective marine natural products.
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