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Abstract: Marine invertebrates are promising sources of novel bioactive secondary metabolites,
and organisms like sponges, ascidians and nudibranchs are characterised by possessing potent
defensive chemicals. Animals that possess chemical defences often advertise this fact with aposematic
colouration that potential predators learn to avoid. One seemingly defenceless group that can present
bright colouration patterns are flatworms of the order Polycladida. Although members of this
group have typically been overlooked due to their solitary and benthic nature, recent studies have
isolated the neurotoxin tetrodotoxin from these mesopredators. This review considers the potential
of polyclads as potential sources of natural products and reviews what is known of the activity
of the molecules found in these animals. Considering the ecology and diversity of polyclads, only
a small number of species from both suborders of Polycladida, Acotylea and Cotylea have been
investigated for natural products. As such, confirming assumptions as to which species are in any
sense toxic or if the compounds they use are biosynthesised, accumulated from food or the product
of symbiotic bacteria is difficult. However, further research into the group is suggested as these
animals often display aposematic colouration and are known to prey on invertebrates rich in bioactive
secondary metabolites.
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1. Introduction

Animals in the marine environment host an assortment of secondary metabolites
that are used for a variety of interactions. The majority have yet to be described and our
understanding of the interplay of these compounds are slowly being investigated [1]. These
molecules can have subtle or profound effects on biological interactions ranging from potent
toxins that developed in a putative evolutionary arms races [2], to a range of antifouling
metabolites influence larval settlement [3]. In a simplistic sense, natural products found in
animals can be classified in three categories depending on their use: Defensive compounds,
offensive compounds and signalling compounds. Marine compounds used for signalling
are known as semiochemicals and can be produced by animals or sequestered from the
environment and utilised for various purposes [4].

Semiochemicals are critical in inter- and intra-species communication in marine organ-
isms. These bioactive molecules, when transported through a medium such as seawater,
are detected by animals and act as signals to mediate their behaviour [4,5]. Animals, and
especially invertebrates, have been investigated for semiochemicals that can be classified
in either pheromones or allelochemicals, based on the transmission of information they
relay [3,4,6-8]. Pheromones convey information about the emitter to a receiver of the same
species. For example, the sea hares Aplysia brasiliana and A. californica are typically solitary
animals but can form large mating aggregations that are coordinated by the discharge of
three waterborne pheromones [9,10]. These pheromones show a sympatric effect on Aplysia
and alone one will not attract an individual [10].
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Allelochemicals can be further categorised by how they mediate interactions of emit-
ters and receivers and include: Allomones, kairomones, apneumones and synomones.
Allomones are used to benefit the emitter by inhibiting the growth and development
of another receiver species [5]. Ascidians in the genus Eudistoma possess molecules that
are toxic to several sessile invertebrate larvae and that prevent larvae from settling on
the delicate exterior of the ascidian [11,12]. Kairomones convey beneficial information
about the emitter to a receiver that is ultimately to the detriment of the emitter. They are
colloquially known as “eavesdropping” chemicals because they are usually emitted as
a by-product of the emitter and not intended for the receiver. For example, carnivorous
polycerid nudibranchs such as Robastra tigris can locate their prey (Tambja spp.) via unique
aldehydes in their slime trails [13,14]. Apneumones are signals from non-living materials
that are utilised by a receiver to the detriment of an organism living on the material [15]. In
marine systems there are no clear cases of molecules that could be considered apneumones.
Synomones are used to benefit both the emitter and receiver of different species, such as the
symbiont attraction and recognition between dinoflagellates and their hosts species [16,17].
In this example, dinoflagellates will excrete a signalling compound that allows the host
to recognise and symbiotically sequester the cell [16]. The effects of semiochemicals are
often subtle and in the marine ecosystem are generally understudied. Both defensive and
offensive compounds are more comprehensively researched in marine systems as their
effects are generally more obvious and profound.

Offensive and defensive molecules are directly associated with either assisting or
preventing predation. These interactions are considered costly and metabolites are often
more expensive to use, as such they are likely to be advertised by other signals like
aposematic colouration or deimatic displays [18,19]. Marine invertebrates often adopt
aposematic colouration when advertising chemical defence and one group that is well
known for this are marine gastropods of the order Nudibranchia (nudibranchs), which are
the subject of extensive natural products research [14,19-22].

A very similar, yet understudied order of animals are marine flatworms. Flatworms of
the order Polycladida (referred to as polyclads herein) are generally considered to be toxic
to predators despite a clear lack of testing for defensive or offensive compounds in most
species [23-25]. This consideration is based on visual signals associated with polyclads
as fish and nudibranchs share colouration and patterns with these flatworms suggesting
Batesian or Mullerian mimicry [24,26,27]. Additionally, some juvenile fishes with shared
colouration behave similarly to polyclads to enhance mimicry, suggesting that they are
the Batesian mimics of polyclads [24,26]. Polyclad toxicity is advertised in aposematic
colouration most commonly seen in the Cotylea suborder, and fish associate flatworm
colouration with unpalatability [23]. However, the diversity of polyclad flatworms is large,
and only a small number of eclectic species have been directly investigated for either toxic
compounds or their ability to deter predators [23]. The first proof that polyclads were toxic
was the pioneering work by Arndt in 1943, in which polyclad extracts were injected into
isolated frog hearts and shown to produce cardiac arrest [28].

One compound that occurs within polyclad flatworms is the neurotoxin tetrodotoxin
(TTX). Although TTX has only been documented in a few genera, mostly from Japan, the
species that possess it are inconspicuous suggesting that it is not used in defence [29,30].
TTXillustrates the occurrence of bioactive metabolites in these polyclads and its distribution
in the group is still being investigated. Although this highlights that species that display
aposematic colouration could support this with chemical defences. This review synthesises
knowledge firstly on polyclads and their ecology, then focuses on the diversity of molecules
that have been isolated from polyclads to date, and then focuses on tetrodotoxin in a
marine context. Suggestions for further research regarding natural products in flatworms
are also given.
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2. Results and Discussion
2.1. Overview of Polycladida

Platyhelminthes, commonly known as flatworms, are a group of bilaterian unseg-
mented invertebrates that are well established taxonomically [31]. The group is char-
acterised by being acoelomate, dorsoventrally flattened, and possessing of a blind-sac
intestine without an anus [31]. Organisms belonging to this group can be free-living, how-
ever, this group is most classically known for its parasitic members [31]. Flatworms from
the order Polycladida are a group of free-living (non-parasitic) marine worms found in
a range of habitats including coral reefs, rocky shores, soft sediments and deep-sea en-
vironments [23,24]. Polyclads possess a plicate pharynx that they use to prey on other
small invertebrates such as molluscs or crustaceans. The feeding method usually involves
the eversion of the pharynx and swallowing of the prey whole, with any unassimilated
remains being discharged to the exterior of the mouth. These animals have minor amounts
of cephalisation with a central ganglion connected by a ladder nervous system [31]. They
are relatively limited when it comes to sensing their environment, only possessing basic
chemosensory receptors allowing the detection of changes in water flow [32]. Polyclads
also possess simple light sensitive ocelli or “eyespots” that detect the presence or absence
of light, but are unable to process images [24,31]. These eyespots are one of the few external
morphological traits used in species identification and come in four different arrangements
depending on their position: Cerebral, tentacular, marginal and frontal [31].

Polyclads are divided into two suborders: Acotylea and Cotylea. The apomorphy that
separates the two groups is the presence of a ventral sucker (cotyl) located in the posterior
end of their body, with acotyleans lacking a ventral sucker and cotyleans possessing a
ventral sucker behind the female genital opening [24,31]. Polyclads from the suborder
Cotylea are more commonly found subtidally inhabiting coral reefs and displaying con-
spicuous colouration patterns, while those of the suborder Acotylea are usually found
hiding beneath boulders in the intertidal region and possess inconspicuous colouration.
All polyclad flatworms are hermaphroditic, with the male and female genital systems
occurring sequentially, usually in the posterior region of the body [31]. Due to their rela-
tively simple anatomies, polyclad species are mainly identified by the reconstruction of the
internal anatomy of their reproductive systems, as variations of these occur between closely
related species enabling a clear distinction [24,33]. In present times, molecular data are
used alongside morphology as another source of evidence for species identification [34,35].

2.2. Ecology of Polyclads
2.2.1. The Roles of Flatworms in Their Environments

Within the marine ecosystem, polyclads typically prey on in the communities they
inhabit. All polyclads are carnivorous and act as mesopredators of smaller invertebrates
such as crustaceans, ascidians, gastropods, and shellfish [36-39]. The specific diets of
polyclads are not always known, however, some species have been observed to overcome
the secondary metabolites of their prey and may act as specialised hunters [36,37,40].
Community impacts of flatworms remain undocumented, but this group has the potential
to affect populations of small invertebrates in communities they inhabit, particularly
intertidal rock pools and benthic systems [38,41]. In some areas flatworms have been
shown to impact the demography of sessile species such as barnacles but only in the
absence of higher trophic levels, suggesting that their influence on their community is
dynamic and complex [41].

2.2.2. Commercial Pests

The most studied cases of predation by polyclads are in relation to the damage they
cause to the commercial shellfish industry, and to a lesser extent the coral aquaculture
industry [42-47]. Globally, shellfish stocks such as oysters (pearl and food), mussels and
clams suffer predation by flatworms, with members of the family Stylochoidea typically
responsible for the majority of damage [48,49]. The polyclad Stylochus (previously Imogine)
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mcgrathi can consume up to 4.9 mg of oyster flesh per day, depending on size [42] and
current methods of control predation on commercial oyster stocks involve time consuming
treatments such as regular hypo- and hypersaline baths [42]. Despite the well documented
cases of polyclads predating on shellfish globally [43,44,49], how the flatworm enters the
shell of its prey remains controversial [45]. Discovering ways to control flatworms is of
high importance to aquaculture and wild harvest industries and could result in substantial
financial savings [43].

2.2.3. Symbiosis

Beyond their role as predators, some polyclads live in intimate association with other
invertebrates (e.g., corals, hermit crabs, echinoderms and molluscs), forming a variety
of symbiotic relationships [24]. The association between a polyclad and its host is purely
commensal and cases of true parasitism involving polyclads have not been established,
despite being well documented in the closely related acetol flatworms [32,50]. Bo, et al. [51],
for example, gives evidence of highly cryptic flatworms that are specific symbionts to black
corals (Order Antipatharia) in the Mediterranean Sea. The authors suggest a symbiotic
relationship exists between these organisms as there appears to be clear co-evolution
between the species. Colouration from the flatworm matches that of the coral, and there
are striking similarities between the flatworm egg morphology and the nodules of the coral
polyp [51]. This relationship is inferred, however, as polyclads do not contain spiracles in
their digestive tract, suggesting a lack of predation between the two animals [51]. As black
corals are grazed by mesopredators, such as ovulids, copepods and amphipods [51,52] that
are preyed upon by flatworms [53], a parsimonious suggestion is that the flatworms remove
the mesopredators from the corals and thus provide benefit that supports symbiosis.

Polyclads are also reported as being endosymbiotic to echinoderms [54,55] and some
molluscs [56-58]. In the instances of polyclads residing within the mantle cavities of
molluscs, the relationship is more one of commensalism than of true symbiosis [57]. In this
occasion, the coastal polyclad Comoplana pusilla (previously Stylochoplana) in Japan seeks
refuge within the shells of snails to avoid desiccation, the polyclads themselves do not
benefit the snails [57,58].

2.3. Chemical Ecology of Polyclads

Few secondary metabolites have been isolated from polyclads and the order remains
mostly a prospect for natural products research. However, their varied diets and apose-
matic coloration suggest the presences of toxic molecules associated with defence [37,59].
Investigated polyclads are in both suborders Acotylea and Cotylea and include species
from the genera: Pseudoceros and Prostheceraeus from Cotylea; and Planocera, Stylochoplana,
Stylochus, Notoplana and Notocomplana from Acotylea (Table 1).

2.3.1. Staurosporine

Including staurosporine (Figure 1, 1), ten other analogues (2-11) were also isolated
and confirmed by NMR spectroscopy from Pseudoceros sp. (later described as P. indicus),
of these, eight were new and found in both the polyclad and its food, the ascidian
Eudistoma toealensis [59,60]. Staurosporine is characterised by an indolocarbazole struc-
ture that is a non-specific inhibitor of protein kinases [61]. These molecules block the
binding of ATP to the catalytic domain in >95% of kinases and effectively prevents phos-
phorylation [61,62]. Staurosporine is accepted as a bacterial metabolite synthesised by
Gram-positive bacteria of the genus Actinomycetes which can be symbiotic in the ascidian,
this then allows the host to defend itself from predation due to its high cytotoxicity [61-63].
These compounds have a limited distribution and are typically confined to bacteria, as-
cidians and a prosobranch gastropod [64,65]. The notion that polyclads can sequester this
molecule from their prey implies an adaptation to prevent kinase inhibition. This molecule
would be valuable to the flatworms, however, the species that contain staurosporine are yet
to be tested for defensive capabilities. Other bioactive natural products have been isolated
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from these ascidians but not from the polyclads, including pentachlorooctatriene, and this
suggests that secondary metabolites are selectively sequestered by polyclads [66].
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Figure 1. Structures of compounds isolated from the Order Polycladida.
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2.3.2. Pseudocerosine

The alkaloid pseudocerosine (12) was isolated by Hemscheidt as a distinct blue pig-
ment located around the margin of P. indicus [67]. It was originally incorrectly described as
an azepinoindole molecule; however, a recent revision of its structure by Sperry identified it
as a pyridoacridine, but a new branch of the pyridoacridine family tree [68]. Pyridoacridines
are a unique group of purely marine alkaloids that are often cytotoxic. They have been
isolated from sponges, molluscs, tunicates, and cnidarians and it is suspected that 12 is
trophically sequestered from the polyclad’s prey [69,70]. It is unclear how 12 contributes to
the defence of the polyclad considering several staurosporines were also isolated from this
species [67,71]. Sperry reported a failed attempt to synthesise the incorrect structure and
then subsequently synthesised the correct structure to show that its spectral data matched
that of the natural product [71]. The corrected synthesis was done in 8 steps and created
two diastereomers of 12 in syn and anti-configuration, with yields of 30% for the former
and 43% for the latter (see supplementary material of [68]). The biological activity of 12 is
reported against only human adenocarcinoma (SKOV-3) cancer cells where it showed mild
cytotoxic activity (25 ug/mL) [67].

2.3.3. Villatamine

The North Sea cotylean flatworm Prostheceraeus vittatus contains one novel group of
molecules, the villatamines (13,14) as well as three lepadins (15-17), a group that had pre-
viously been isolated from its preferred prey species, the ascidian Clavelina lepadiformis [40].
Villatamines (13,14) are a long-chain pyrrolidine alkaloids from P. vittatus, from where the
name is derived [40,72]. In their pure form, villatamines are relatively unstable oils that oc-
cur at concentrations of 0.02 mg/individual for villatamine A (13), and 0.09 mg/individual
for villatamine B (14) [40,72]. There is not much research on these molecules but their
synthesis is described in Hu, et al. [73] with a 26% overall yield after six steps for 13, and
37% yield after five steps for 14. Villatamine B (14) showed cytotoxic activity to several
forms of cancer cells, including, murine leukaemia (P388, EDsj 11.4 pg/mL), and human
breast cancer (MCF?7, 2.8 nug/mL), glioblastoma/astrocytoma (U373, 1,9 ug/mL), ovarian
carcinoma (HEY, 2.8 pg/mL), colon (LOVO 1.7 ug/mL) and lung (A549, 2.8 pg/mL) cancer
cells [40,73]. In an ecological sense the cytotoxic activity observed in human cells is sus-
pected to translate to that of a feeding deterrent in other organisms, emulating sequestered
compounds in nudibranchs [40].

2.3.4. Lepadins

Lepadins (15-17) are decahydroquinoline alkaloids that have been isolated from
the polyclad P. vittatus and its prey [40,66]. Lepadin A (15) was previously isolated
from C. lepadiformis by Steffan [66]. Lepadins sequestered by P. vittatus occur at dif-
ferent concentrations; 15 was found to occur at 0.2 mg/individual, 16 was occurring
at 0.04 mg/individual and 17 at 0.02 mg/individual [40]. These molecules similarly
show cytotoxic activity to an identical range of cancer cells including murine leukaemia
(15: 1.2 pg/mlL, 16: 2.7 ug/mL), human breast (15: 2.3 ug/mL, 16:,17 pug/mL), glioblas-
toma/astrocytoma (15: 3.7 ug/mL, 16: 10 ug/mL), ovarian carcinoma (15: 2.6 ug/mL,
16: 15 pg/mL), and colon (15: 1.1 ug/mL, 16: 7.5 pg/mL) and lung (15: 0.84 pg/mL,
16: 5.2 ug/mL) cancer cells [40]. Lepadins have additionally been demonstrated to inhibit
nicotinic acetylcholine receptors in the nervous system [40,74]. In a more ecological sense,
15 has previously been illustrated to be profoundly toxic to a range of different larvae,
including, tubeworm, bryozoan and hydroid larvae [12]. These results are inferred to
represent toxicity against predators and lepadins are expected to play a role in defence
within P, vittatus [12].
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2.3.5. Tetrodotoxin

Since the discovery of tetrodotoxin (TTX, 18) in polyclads in 1986, the presence of TTX
has been described in five polyclad genera in the Acotylea suborder. Unfortunately, con-
centrations are only reported for two genera (Table 1) [29,30,75-77]. The first occurrence of
TTX in flatworms was documented in Japan in 1986, where a study classified individuals in
loose groups based on body types, then tested individuals for TTX [75]. Individuals tested
contained a wide range of TTX from between <2 mouse units per gram (1 MU/g = a lethal
dose for one mouse) to dangerous levels of 1508 MU/g. The lack of taxonomic distinction
of species could mean that tested polyclads encompass species from both suborders.

The most recent evaluation of TTX in flatworms focused on the Acotylea suborder and
tested 12 species of polyclads from the Kanagawa prefecture, Japan [30]. In this study, only
two species of Planocera contained TTX, whist species previously described as toxic, includ-
ing Stylochus and Notoplana, were free of TTX [30]. This paper tested a wide range of genera
to obtain a more representative measure of Acotylea toxicity and found that TTX occurs
exclusively within the Planoceridae family [30]. Additionally, the authors suggest that indi-
viduals of another genera, Stylochoplana, which had been confirmed to contain TTX were
misclassified, and actually belong to Planocera [30]. This is understandable as polyclads are
classified on internal morphology and DNA samples were not taken [77]. As such, the most
recent evidence suggests that in Acotylea TTX is confined to flatworms in Planoceridae
(Table 1). This discovery is important as it has been observed that pufferfish selectively
consume these polyclads presumably to toxify themselves with TTX [76,78-80]. This may
be the primary natural source of tetrodotoxin in pufferfish which are known to become
non-toxic when net cultured and fed a non-toxic diet [81]. In this genus of flatworms, 18
and nine analogues (19-27) have been isolated from four different species (Table 1) [30,82].
The presence of this many analogues in flatworms resulted in Yotsu-Yamashita, Abe, Kudo,
Ritson-Williams, Paul, Konoki, Cho, Adachi, Imazu and Nishikawa [82] inferring that
several analogues could be used in TTX biosynthesis in animals as the analogues act as
precursors [82]. The process is thought to start with 27 which is then oxidised in two
intermediate steps into 18, the origin of the precursor molecule is only hypothesised as
being provided by microorganisms Yotsu-Yamashita, Abe, Kudo, Ritson-Williams, Paul,
Konoki, Cho, Adachi, Imazu and Nishikawa [82].

In planocerid flatworms, TTX is suggested to assist in prey capture and in defence
of their egg masses as the largest concentrations of the toxin are found in the pharynx,
eggs and ovaries [53,81,82]. Prey capture is reported to be greatly enhanced by TTX as
stated in Ritson-Williams, Yotsu-Yamashita and Paul [53], who noted a large range of
often mobile invertebrates that were preyed on by the tested flatworm. A puzzling feature
of TTX in flatworms is the lack of evidence of specific housing cells that might assist
in envenomation or movement of the toxin [53,80,83]. Such specialised cells or venom-
delivery systems are common in organisms known for harnessing secondary metabolites,
as they reduce any opportunity of autotoxicity and maximise the effectiveness of toxin [84].
This distinction is important as previous work has recognised that TTX is able to inhibit
neural cell depolarisation in polyclads, and if TTX encounters neural cells then the animal
could be negatively affected [85]. Other animals like octopi that house TTX for use as a
venom typically show the greatest concentration of TTX in salivary glands, which have
specialised morphology that gives them greater control of the venom as it is ecologically or
metabolically costly to use [86-88]. As such, further physiological studies with respect to
TTX usage in flatworms are warranted. Additionally, understanding the ubiquity of TTX
within polyclads requires assessment of species from both Acotylea and Cotylea.
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Table 1. Natural products from flatworms of the Order Polycladia.

Sub-Order Family Species Compound Location conc. (mg/g) Geography
Acotylea Planoceridae Planocera cf heda [79] 18 Whole body tested 2499 (n=1)+1351(n=1) Japan
Planocera multitentaculata [30,89] 18 Testis + Pharynx + Ovaries + Eggs 93 £+ 50 Japan
18 Testis + Pharynx + Ovaries + Eggs 272 £ 508 Japan
Planocera sp. [53,82] 18-27 Pharynx + Gastro-intestinal tract + Mantle Not reported Guam
Stylochoplanidae Stylochoplana sp. [77] 18 Eggs 108,000 + 2000 New Zealand
Stylochoplana clara [29] 18 Not mentioned Not reported Japan
Stylochoidea Stylochus orientalis [29] 19, 24 Whole body tested 22-50.6 Taiwan
Stylochus ijimai [29] 18 Not mentioned Not reported Japan
Notoplanidae Notoplana humilis [29] 18 Not mentioned Not reported Japan
Notopcomplanidae Notocomplana koreana [29] 18 Not mentioned Not reported Japan
Cotylea Pseudocerotidae Pseudoceros indicus [59,60] 1-12 Whole body tested Not reported Micronesia
Pseudoceros tristriatus [59] 1 (presumed) Not mentioned Not reported Micronesia
Euryleptidae Prostheceraeus vittatus [40] 13-17 Whole body tested Not reported North Sea
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2.4. Overview of Tetrodotoxin

Tetrodotoxin is a tricyclic guanidinium-based neurotoxin, it is heat stable and also water
soluble, making it relatively stable within the marine environment [90]. Tetrodotoxin works
by binding to voltage-gated sodium channels in neural and muscular cells (Kp = 10719 M,
Figure 2). This is achieved by binding to the sodium binding site, essentially blocking the
channel, and forcing the intracellular gate closed, rendering it unable to depolarise [90-92].
Specifically, TTX will bind in the SS2 region of sodium channels. In this region the hydroxyls
at C-6, C-9, C-10 and C-11 are essential for tetrodotoxin to bind with a high binding
affinity [93,94]. The effects of this binding inhibits the release of neurotransmitters from the
affected cell and leads to eventual paralysis as cells are unable to depolarise [90]. Organisms
that produce TTX also typically produce a variety of analogues of TTX, each with differing
toxicities due to different types of small alterations of the chemical structure that affect the
binding affinities of the toxin to sodium channels in different species [85,88].

Figure 2. Crystal structure of human Nav1.7 sodium channel in complex with auxiliary subunits and tetrodotoxin (gold) [92].

(a) Side view showing transmembrane helices in red and axillary proteins in yellow. TTX is in the centre of the ion channel.

(b) Side view showing TTX (gold) lodged in the top of the ion channel and (c) Top view showing molecular surface with
TTX (gold) blocking the ion channel.
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TTX has been adapted for different uses and as such is dispersed differently within
the animals that utilise it; however, similarities are seen based on usage and method of
sourcing TTX. Common locations of TTX storage include the mantle, the ovaries of animals
that use TTX defensively [95-97], the salivary or mandibular glands, or mouthparts of
animals that use it offensively [53,87,98]. Additionally, for animals that acquire TTX from
dietary sources, high concentrations of the toxin and its analogues have been observed in
detoxifying organs such as the gastrointestinal tracts, liver/nephridia and sometimes the
gills [29,88,99]. Animals that contain TTX are also widely distributed throughout the world;
with species of toxic pufferfish occurring throughout Asia [29,97,100], and toxic inverte-
brates occurring within the Oceania region [87,101,102] as well as from Europe [102-105].
This wide distribution of TTX in the marine environment suggests a more important
ecological role for this toxin than currently recognised.

Animals that contain TTX maintain different ecological roles; however, testing for
ecological significance is not standard practice when studying this toxin. Animals that
possess TTX span several trophic levels from higher order predators like pufferfish or octopi
to primary producers [2,98,106]. This toxin is observed in a widespread distribution of
animals from different niches, including detritovores and filter-feeders, parasites, predators,
and omnivores [88,102,107,108]. With such a broad phylogenetic spread of animals utilising
TTX, the bioaccumulation pathways that this molecule travels from primary producers
to predators are difficult to track. To date, pufferfish, gobies and nudibranch are the only
examples of animals predating on other species specifically for the purpose of toxifying
themselves with TTX exist [77,80,97].

3. Conclusions

Marine natural products research has knowledge gaps especially in the benthic com-
munities and invertebrates such as polyclad flatworms. These are often overlooked because
reliable sources of individuals of the same species are hard to come by. However, due to
the diverse range of environments they inhabit, their often-aposematic colouration and
the fact that novel natural products have recently been isolated from them, these animals
could be host for more compounds and deserve further research. In the context of TTX,
our understanding of which species contain the toxin, and which do not is still unclear. For
those that do contain TTX the ecological relevance of the activity of the natural product to
the species also needs to be clarified.

Tetrodotoxin is suggested to act as a keystone chemical as it occurs in a range of phyla,
shows potent effects with small concentrations in animals it infects, and as such causes
cascading changes to the ecology of systems it inhabits [109]. This effect is most evident in
freshwater riparian ecosystems but is yet to be illustrated in a marine context [110]. Addi-
tionally, TTX has several analogues that differ structurally from TTX and as such, affect
sodium channels differently. The cause of this difference could be to maintain this toxin’s
effectiveness against adapted sodium channels or ion channel from many different species.
Another molecule that we suggest is a prospective keystone chemical is staurosporine
for similar reasons. Staurosporine is found in unrelated phyla including ascidians, flat-
worms, and molluscs [59,65]. This molecule and its analogues are pan-kinase inhibitors
and cytotoxic to cancer cells (monocyclic leukaemia MONO-MACS, ICsy 13.3 ng/mL),
which translates to a high toxicity against ecologically relevant sources such as fish and
crustaceans [65,111-113].

To classify TTX and staurosporine as a keystone chemical, the ecological consequences
of this molecules” occurrence must be investigated. Namely, how animals that possess
these molecules deter their predators, and what the cascading ecological effects from those
interactions are. This could be done through better describing predator prey interactions,
investigating the range of organisms that possess these molecules in an ecosystem and by
comparing biological communities to a control site.

Of the roughly 800 described species of polyclads [114] only about 12 species have
been tested for natural products (Table 1) with some only being investigated for TTX
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(see [30] for details), from those, 27 bioactive metabolites have been isolated, with 15 of
those being novel. The 15 novel compounds all originated from flatworms of the Cotylean
suborder, and as these species are typically aposematic, it is highly likely that other species
contain novel compounds. To this end, we suggest further studies be conducted on the
natural products of Cotylean flatworms. Studying this group will likely not only reveal
unique molecules, but it will also clarify if polyclads are Batesian or Mullerian mimics of
the nudibranchs and fish that they share aposematic colours with.

Several of the molecules isolated from polyclads, such as staurosporine and its ana-
logues (1-11) and TTX and its analogues (18-27), are known to be sourced from bacteria,
including Streptomyces, Actinomycetes, Pseudomonas and Vibrio [62,115]. For both these
groups of molecules, the compound is accumulated by the animal from the bacteria that
produces it, in the case of staurosporine, ascidians that consume the bacteria or have it
as a symbiont, are the source that polyclads use to obtain the toxin [59,60]. In the case of
TTX and analogues, the source of the toxin in polyclads is unclear, these molecules are
known to trophically accumulate to animals, but symbiotic relationships between bacteria
and animals with TTX are also common [115]. As such it is possible that flatworms could
either be accumulating TTX from their diet or from symbiotic relationships with bacteria.
Discovering where polyclads acquire their toxins from could give a clearer understanding
of the ecology of these molecules and their influences on the biological communities. As
such we suggest sequencing the gut microbiome of polyclads to understand the sources of
their toxins.

Author Contributions: ].M.M. Writing—original draft preparation, review and editing, funding
acquisition. PK., J.R. and J.E.W. Writing—review and editing, supervision. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by The Linnean Society of NSW, under the Joyce W Vickery
Scientific Research Fund, 2020 and Macquarie University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Paul, V.J. Ecological Roles of Marine Natural Products; Comstock Pub. Associates: Ithaca, NY, USA, 1992.

2. Turner, ].T,; Tester, P.A. Toxic marine phytoplankton, zooplankton grazers, and pelagic food webs. Limnol. Oceanogr. 1997, 42,
1203-1213. [CrossRef]

3. Paul, VJ; Ritson-Williams, R. Marine chemical ecology. Nat. Prod. Rep. 2008, 25, 662-695. [CrossRef] [PubMed]

4. Bakthavatsalam, N. Semiochemicals. In Ecofriendly Pest Management for Food Security; Elsevier: Amsterdam, The Netherlands,
2016; pp. 563-611.

5. Mori, K. Semiochemicals-Synthesis, stereochemistry, and bioactivity. Eur. |. Org. Chem. 1998, 1998, 1479-1489. [CrossRef]

6. Hay, M.E. Marine chemical ecology: what’s known and what’s next? J. Exp. Mar. Biol. Ecol. 1996, 200, 103-134. [CrossRef]

7. Fox,].W,; Serrano, S.M. Approaching the golden age of natural product pharmaceuticals from venom libraries: An overview of
toxins and toxin-derivatives currently involved in therapeutic or diagnostic applications. Curr. Pharm. Des. 2007, 13, 2927-2934.
[CrossRef]

8. Puglisi, M.P; Sneed, ]. M.; Sharp, K.H.; Ritson-Williams, R.; Paul, V.J. Marine chemical ecology in benthic environments. Nat. Prod.
Rep. 2014, 31, 1510-1553. [CrossRef]

9.  Painter, S.D.; Clough, B.; Garden, RW.; Sweedler, ].V.,; Nagle, G.T. Characterization of Aplysia attractin, the first water-borne
peptide pheromone in invertebrates. Biol. Bull. 1998, 194, 120-131. [CrossRef]

10. Cummins, S.F; Nichols, A.E.; Amare, A.; Hummon, A.B.; Sweedler, J.V.; Nagle, G.T. Characterization of Aplysia enticin and
temptin, two novel water-borne protein pheromones that act in concert with attractin to stimulate mate attraction. J. Biol. Chem.
2004, 279, 25614-25622. [CrossRef]

11. Davis, A.; Wright, A. Interspecific differences in fouling of two congeneric ascidians (Eudistoma olivaceum and E. capsulatumy): Is
surface acidity an effective defense? Mar. Biol. 1989, 102, 491-497. [CrossRef]

12.  Teo, S.L.-M.; Ryland, ].S. Potential antifouling mechanisms using toxic chemicals in some British ascidians. J. Exp. Mar. Biol. Ecol.
1995, 188, 49-62. [CrossRef]

13. Carté, B.; Faulkner, D.]. Defensive metabolites from three nembrothid nudibranchs. J. Org. Chem. 1983, 48, 2314-2318. [CrossRef]

14. Karuso, P. Chemical Ecology of the Nudibranchs. In Bioorganic Marine Chemistry; Scheuer, PJ., Ed.; Springer: Berlin/Heidelberg,
Germany, 1987; Volume 1, pp. 31-60.

15. Barbosa, P; Letourneau, D.K. Novel Aspects of Insect-Plant Interactions; John Wiley & Sons: Hoboken, NJ, USA, 1988.


http://doi.org/10.4319/lo.1997.42.5_part_2.1203
http://doi.org/10.1039/b702742g
http://www.ncbi.nlm.nih.gov/pubmed/18663390
http://doi.org/10.1002/(SICI)1099-0690(199808)1998:8&lt;1479::AID-EJOC1479&gt;3.0.CO;2-
http://doi.org/10.1016/S0022-0981(96)02659-7
http://doi.org/10.2174/138161207782023739
http://doi.org/10.1039/C4NP00017J
http://doi.org/10.2307/1543042
http://doi.org/10.1074/jbc.M313585200
http://doi.org/10.1007/BF00438350
http://doi.org/10.1016/0022-0981(95)99069-K
http://doi.org/10.1021/jo00162a003

Mar. Drugs 2021, 19, 47 12 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.
27.
28.
29.
30.
31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Markell, D.A.; Wood-Charlson, E.M. Immunocytochemical evidence that symbiotic algae secrete potential recognition signal
molecules in hospite. Mar. Biol. 2010, 157, 1105-1111. [CrossRef]

Davy, S.K.; Allemand, D.; Weis, V.M. Cell biology of cnidarian-dinoflagellate symbiosis. Microbiol. Mol. Biol. Rev. 2012, 76,
229-261. [CrossRef] [PubMed]

Eisner, T.; Grant, R.P. Toxicity, Odor Aversion, and Olfactory Aposematism. Science 1981, 213, 476. [CrossRef] [PubMed]

Haber, M.; Cerfeda, S.; Carbone, M.; Calado, G.; Gaspar, H.; Neves, R.; Maharajan, V.; Cimino, G.; Gavagnin, M.; Ghiselin, M.T.
Coloration and defense in the nudibranch gastropod Hypselodoris fontandraui. Biol. Bull. 2010, 218, 181-188. [CrossRef]
[PubMed]

Faulkner, D.J.; Ghiselin, M.T. Chemical defense and evolutionary ecology of dorid nudibranchs and some other opisthobranch
gastropods. Mar. Ecol. Prog. Ser. 1983, 13, 295-301. [CrossRef]

Fahey, S.J.; Garson, M.]. Geographic variation of natural products of tropical nudibranch Asteronotus cespitosus. J. Chem. Ecol.
2002, 28, 1773-1785. [CrossRef]

Winters, A.E.; White, A.M.; Dewi, A.S.; Mudianta, LW.; Wilson, N.G.; Forster, L.C.; Garson, M.].; Cheney, K.L. Distribution of
defensive metabolites in nudibranch molluscs. J. Chem. Ecol. 2018, 44, 384-396. [CrossRef]

Ang, H.P; Newman, L.J. Warning colouration in pseudocerotid flatworms (Platyhelminthes, Polycladida). A preliminary study.
Hydrobiologia 1998, 383, 29-33. [CrossRef]

Newman, L.J.; Cannon, L.R.G. Marine Flatworms: The World of Polyclads; CSIRO Publishing: Clayton South, Australia, 2003.

Jie, W.-B.; Kuo, S.-C.; Wu, S.-C.; Lee, K.-S. Unreported predatory behavior on crustaceans by Ilyella gigas (Schmarda, 1859)
(Polycladida: Ilyplanidae), a newly-recorded flatworm from Taiwan. Platax 2013, 10, 57-71.

Randall, J.E. A review of mimicry in marine fishes. Zool. Stud. 2005, 44, 299.

Tan, YK. Apparent mimicry of marine flatworm and nudibranch. Rec. Singap. Biodivers. 2015, 2015, 85-86.

Arndt, W. Polycladen und maricole tricladen als gifttrager. Mém. Estud. Museu. Zool. Univ. Coimbra. 1943, 148, 1-15.

Lin, S.-J.; Chai, T.-].; Jeng, S.-S.; Hwang, D.-F. Toxicity of the puffer Takifugu rubripes cultured in northern Taiwan. Fish. Sci. 1998,
64, 766-770. [CrossRef]

Kashitani, M.; Okabe, T.; Oyama, H.; Noguchi, K.; Yamazaki, H.; Suo, R.; Mori, T.; Sugita, H.; Itoi, S. Taxonomic Distribution of
Tetrodotoxin in Acotylean Flatworms (Polycladida: Platyhelminthes). Mar. Biotechnol. 2020, 22, 805-811. [CrossRef]

Hyman, L. The Invertebrates, Vol II: Platyhelminthes and Rhynchocoela; McGraw-Hill Book Company, Inc.: New York, NY, USA, 1951;
Volume 2.

Prudhoe, S. A Monograph on Polyclad Turbellaria; Oxford University Press: British Museum (Natural History), London, UK, 1985.
Rodriguez, J.; Grande, C.; Bulnes, V.N.; Almon, B.; Perez, J.; Norefia, C. Systematic revision of the family Pleioplanidae Faubel,
1983 (Polycladida, Acotylea): New genus and combinations. Eur. J. Taxon. 2017, 264, 1-30. [CrossRef]

Oya, Y.; Kajihara, H. Description of a new Notocomplana species (Platyhelminthes: Acotylea), new combination and new records
of Polycladida from the northeastern Sea of Japan, with a comparison of two different barcoding markers. Zootaxa 2017, 4282,
526-542. [CrossRef]

Velasquez, X.; Bolanos, D.M.; Benayahu, Y. New records of cotylean flatworms (Platyhelminthes: Polycladida: Rhabditophora)
from coastal habitats of Israel. Zootaxa 2018, 4438, 237-260. [CrossRef]

Jennings, J. Studies on feeding, digestion, and food storage in free-living flatworms (Platyhelminthes: Turbellaria). Biol. Bull.
1957, 112, 63-80. [CrossRef]

Pérez-Portela, R.; Turon, X. Prey preferences of the polyclad flatworm Prostheceraeus roseus among Mediterranean species of the
ascidian genus Pycnoclavella. Hydrobiologia 2007, 592, 535-539. [CrossRef]

Aldana, M.; Maturana, D.; Pulgar, J.; Garcia-Huidobro, M.R. Predation and anthropogenic impact on community structure of
boulder beaches. Sci. Mar. 2016, 80, 543-551. [CrossRef]

Janiak, D.S.; Adams, J.N.; Rubinoff, B.; Osman, R.W. Predator-prey interactions of the polyclad, Euplana gracilis, and the
amphipod, Apocorophium lacustre, in the Chesapeake Bay. Estuaries Coast. 2016, 40, 513-521. [CrossRef]

Kubanek, J.; Williams, D.E.; de Silva, E.D.; Allen, T.; Andersen, R.J. Cytotoxic alkaloids from the flatworm Prostheceraeus villatus
and its tunicate prey Clavelina lepadiformis. Tetrahedron Lett. 1995, 36, 6189-6192. [CrossRef]

Bolton, D.K.; Clark, G.F; Johnston, E.L. Novel in situ predator exclusion method reveals the relative effects of macro and
mesopredators on sessile invertebrates in the field. J. Exp. Mar. Biol. Ecol. 2019, 513, 13-20. [CrossRef]

O’connor, W.; Newman, L. Halotolerance of the oyster predator, Imogine mcgrathi, a stylochid flatworm from Port Stephens,
New South Wales, Australia. Hydrobiologia 2001, 459, 157-163. [CrossRef]

Sluys, R.; Faubel, A.; Rajagopal, S.; Van Der Velde, G. A new and alien species of “oyster leech” (Platyhelminthes, Polycladida,
Stylochidae) from the brackish North Sea Canal, The Netherlands. Helgol. Mar. Res. 2005, 59, 310-314. [CrossRef]

Bahia, J. First records of polyclads (Platyhelminthes, Polycladida) associated with Nodipecten nodosus (Linnaeus 1758) aquacul-
ture. Mar. Biodivers. 2016, 46, 911-915. [CrossRef]

Gammoudi, M.; Ben Ahmed, R.; Bouriga, N.; Ben-Attia, M.; Harrath, A.H. Predation by the polyclad flatworm Imogine
mediterranea on the cultivated mussel Mytilus galloprovincialis in Bizerta Lagoon (northern Tunisia). Aquacult. Res. 2017, 48,
1608-1617. [CrossRef]

Rawlinson, K.; Gillis, J.; Billings, R.; Borneman, E. Taxonomy and life history of the Acropora-eating flatworm Amakusaplana
acroporae nov. sp. (Polycladida: Prosthiostomidae). Coral Reefs 2011, 30, 693. [CrossRef]


http://doi.org/10.1007/s00227-010-1392-x
http://doi.org/10.1128/MMBR.05014-11
http://www.ncbi.nlm.nih.gov/pubmed/22688813
http://doi.org/10.1126/science.7244647
http://www.ncbi.nlm.nih.gov/pubmed/7244647
http://doi.org/10.1086/BBLv218n2p181
http://www.ncbi.nlm.nih.gov/pubmed/20413794
http://doi.org/10.3354/meps013295
http://doi.org/10.1023/A:1020509117545
http://doi.org/10.1007/s10886-018-0941-5
http://doi.org/10.1023/A:1003449226586
http://doi.org/10.2331/fishsci.64.766
http://doi.org/10.1007/s10126-020-09968-1
http://doi.org/10.5852/ejt.2017.264
http://doi.org/10.11646/zootaxa.4282.3.6
http://doi.org/10.11646/zootaxa.4438.2.2
http://doi.org/10.2307/1538879
http://doi.org/10.1007/s10750-007-0807-2
http://doi.org/10.3989/scimar.04444.27A
http://doi.org/10.1007/s12237-016-0148-3
http://doi.org/10.1016/0040-4039(95)01246-E
http://doi.org/10.1016/j.jembe.2019.02.002
http://doi.org/10.1023/A:1012525015850
http://doi.org/10.1007/s10152-005-0006-3
http://doi.org/10.1007/s12526-015-0425-6
http://doi.org/10.1111/are.12995
http://doi.org/10.1007/s00338-011-0745-3

Mar. Drugs 2021, 19, 47 13 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

Barton, J.A.; Humphrey, C.; Bourne, D.G.; Hutson, K.S. Biological controls to manage Acropora-eating flatworms in coral
aquaculture. Aquac. Environ. Interact. 2020, 12, 61-66. [CrossRef]

Galleni, L.; Tongiorgi, P; Ferrero, E.; Salghetti, U. Stylochus mediterraneus (Turbellaria: Polycladida), predator on the mussel
Mytilus galloprovincialis. Mar. Biol. 1980, 55, 317-326. [CrossRef]

Newman, L.; Cannon, L.; Govan, H. Stylochus (Imogene) matatasi n. sp. (Platyhelminthes, Polycladida): Pest of cultured giant
clams and pearl oysters from Solomon Islands. Hydrobiologia 1993, 257, 185-189. [CrossRef]

Bock, S. Papers from Dr. Th. Mortensen’s Pacific Expedition 1914-16. XXVII. Planarians, Part IV, New Stylochids. Videns. Medd.
Nat. For. KjoBenhavnbd 1925, 79, 8-14.

Bo, M.; Bavestrello, G.; Di Muzio, G.; Canese, S.; Betti, F. First record of a symbiotic relationship between a polyclad and a black
coral with description of Anthoplana antipathellae gen. et sp. nov.(Acotylea, Notoplanidae). Mar. Biodivers. 2019, 49, 2549-2570.
[CrossRef]

Love, M.S.; Yoklavich, M.M.; Black, B.A.; Andrews, A.H. Age of black coral (Antipathes dendrochristos) colonies, with notes on
associated invertebrate species. Bull. Mar. Sci. 2007, 80, 391-399.

Ritson-Williams, R.; Yotsu-Yamashita, M.; Paul, V.J. Ecological functions of tetrodotoxin in a deadly polyclad flatworm. Proc. Natl.
Acad. Sci. USA 2006, 103, 3176-3179. [CrossRef]

Deheyn, D.; Eeckhaut, I.; Moens, J. A new species of polyclad (Plathelminthes), endosymbiont of the ophiuroid Ophiothrix
purpurea. In Echinoderms: San Francisco, Proceedings of the Ninth International Echinoderm Conference, San Francisco, CA, USA, 5-9
August 1998; AA Balkema: Rotterdam, The Netherlands, 1998; pp. 347-350.

Doignon, G.; Artois, T.; Deheyn, D. Discoplana malagasensis sp. nov., a new turbellarian (Platyhelminthes: Polycladida:
Leptoplanidae) symbiotic in an ophiuroid (Echinodermata), with a cladistic analysis of the Discoplana/Euplana species. Zool. Sci.
2003, 20, 357-369. [CrossRef]

Faubel, A ; Sluys, R.; Reid, D.G. A new genus and species of polyclad flatworm found in the mantle cavities of gastropod molluscs
in the high-intertidal zone of the Pacific coast of Central America. ]. Mar. Biol. Assoc. UK 2007, 87, 429-434. [CrossRef]
Fujiwara, Y.; Urabe, ].; Takeda, S. Host preference of a symbiotic flatworm in relation to the ecology of littoral snails. Mar. Biol.
2014, 161, 1873-1882. [CrossRef]

Fujiwara, Y.; Iwata, T.; Urabe, ].; Takeda, S. Life history traits and ecological conditions influencing the symbiotic relationship
between the flatworm Stylochoplana pusilla and host snail Monodonta labio. J. Mar. Biol. Assoc. UK 2016, 96, 667—672. [CrossRef]
Schupp, P,; Eder, C.; Proksch, P.; Wray, V.; Schneider, B.; Herderich, M.; Paul, V. Staurosporine Derivatives from the Ascidian
Eudistoma toealensis and Its Predatory Flatworm Pseudoceros sp. J. Nat. Prod. 1999, 62, 959-962. [CrossRef] [PubMed]
Schupp, P; Proksch, P.; Wray, V. Further New Staurosporine Derivatives from the Ascidian Eudistoma t oealensis and Its Predatory
Flatworm Pseudoceros sp. J. Nat. Prod. 2002, 65, 295-298. [CrossRef]

Riiegg, U.T.; Gillian, B. Staurosporine, K-252 and UCN-01: Potent but nonspecific inhibitors of protein kinases. Trends Pharmacol.
Sci. 1989, 10, 218-220. [CrossRef]

Omura, S.; Sasaki, Y.; Iwai, Y.; Takeshima, H. Staurosporine, a potentially important gift from a microorganism. J. Antibiot. 1995,
48, 535-548. [CrossRef]

Steinert, G.; Taylor, M.W.; Schupp, PJ. Diversity of actinobacteria associated with the marine ascidian Eudistoma toealensis. Mar.
Biotechnol. 2015, 17, 377-385. [CrossRef]

Cantrell, C.L.; Groweiss, A.; Gustafson, K.R.; Boyd, M.R. A new staurosporine analog from the prosobranch mollusk Coriocella
nigra. Nat. Prod. Lett. 1999, 14, 39—46. [CrossRef]

Proksch, P; Ebel, R.; Edrada, R.; Schupp, P.; Lin, W.; Wray, V.; Steube, K. Detection of pharmacologically active natural products
using ecology. Selected examples from Indopacific marine invertebrates and sponge-derived fungi. Pure Appl. Chem. 2003, 75,
343-352. [CrossRef]

Steffan, B. Lepadin A, a decahydroquinoline alkaloid from the tunicate Clavelina lepadiformis. Tetrahedron 1991, 47, 8729-8732.
[CrossRef]

Schupp, PJ.; Kohlert-Schupp, C.; Yoshida, W.Y.; Hemscheidt, T.K. Structure of pseudocerosine, an indolic azafulvene alkaloid
from the flatworm Pseudoceros indicus. Org. Lett. 2009, 11, 1111-1114. [CrossRef]

Kim, S.H.; Sohnel, T.; Sperry, ]J. Structural Revision of Pseudocerosine and Validation of a Biosynthetic Proposal for E-ring
Formation in Pyridoacridine Alkaloids. Org. Lett. 2020, 22, 3495-3498. [CrossRef] [PubMed]

Bontemps, N.; Gattacceca, F.; Long, C.; Thomas, O.P; Banaigs, B. Additional Cytotoxic Pyridoacridine Alkaloids from the
Ascidian Cystodytes violatinctus and Biogenetic Considerations. J. Nat. Prod. 2013, 76, 1801-1805. [CrossRef] [PubMed]

Joule, J.A.; Alvarez, M. Pyridoacridines in the 21st Century. Eur. J. Org. Chem. 2019, 2019, 5043-5072. [CrossRef]

Kim, S.H.; Sperry, J. Synthetic Studies Toward the Flatworm-Derived Alkaloid Pseudocerosine. ChemistrySelect 2019, 4, 11367—
11369. [CrossRef]

Kubanek, ]. M. Chemical Studies on the Origin of Secondary Metabolites in Selected Marine Invertebrates; University of British Columbia:
Vancouver, BC, Canada, 1998.

Hu, L.; Zhang, L.; Zhai, H. Syntheses and Configuration Determination of (+)-Villatamines A and B, Two Marine Natural Products.
J. Org. Chem. 2009, 74, 7552-7555. [CrossRef]

Tsuneki, H.; You, Y.; Toyooka, N.; Sasaoka, T.; Nemoto, H.; Dani, J.A.; Kimura, I. Marine alkaloids (—)-pictamine and (—)-lepadin
B block neuronal nicotinic acetylcholine receptors. Biol. Pharm. Bull. 2005, 28, 611-614. [CrossRef]


http://doi.org/10.3354/aei00347
http://doi.org/10.1007/BF00393784
http://doi.org/10.1007/BF00765011
http://doi.org/10.1007/s12526-019-00982-8
http://doi.org/10.1073/pnas.0506093103
http://doi.org/10.2108/zsj.20.357
http://doi.org/10.1017/S0025315407055245
http://doi.org/10.1007/s00227-014-2469-8
http://doi.org/10.1017/S0025315415001009
http://doi.org/10.1021/np980527d
http://www.ncbi.nlm.nih.gov/pubmed/10425116
http://doi.org/10.1021/np010259a
http://doi.org/10.1016/0165-6147(89)90263-0
http://doi.org/10.7164/antibiotics.48.535
http://doi.org/10.1007/s10126-015-9622-3
http://doi.org/10.1080/10575639908045433
http://doi.org/10.1351/pac200375020343
http://doi.org/10.1016/S0040-4020(01)96194-0
http://doi.org/10.1021/ol8027785
http://doi.org/10.1021/acs.orglett.0c00953
http://www.ncbi.nlm.nih.gov/pubmed/32283031
http://doi.org/10.1021/np400284z
http://www.ncbi.nlm.nih.gov/pubmed/23961991
http://doi.org/10.1002/ejoc.201900401
http://doi.org/10.1002/slct.201903659
http://doi.org/10.1021/jo901606r
http://doi.org/10.1248/bpb.28.611

Mar. Drugs 2021, 19, 47 14 of 15

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Jeon, ] K.; Miyazawa, K.; Noguchi, T.; Narita, H.; Matsubara, S.; Nara, M.; Ito, K.; Hashimoto, K. Occurrence of paralytic toxicity
in marine flatworms. Bull. Jpn. Soc. Sci. Fish. 1986, 52, 1065-1069. [CrossRef]

Miyazawa, K.; Jeon, ].K.; Maruyama, J.; Noguchi, T.; Ito, K.; Hashimoto, K. Occurrence of tetrodotoxin in the flatworm Planocera
multitentaculata. Toxicon 1986, 24, 645-650. [CrossRef]

Salvitti, L.; Wood, S.; Winsor, L.; Cary, S. Intracellular immunohistochemical detection of tetrodotoxin in Pleurobranchaea
maculata (gastropoda) and Stylochoplana sp. (turbellaria). Mar. Drugs 2015, 13, 756-769. [CrossRef]

Yamada, R.; Tsunashima, T.; Takei, M.; Sato, T.; Wajima, Y.; Kawase, M.; Oshikiri, S.; Kajitani, Y.; Kosoba, K.; Ueda, H. Seasonal
changes in the tetrodotoxin content of the flatworm Planocera multitentaculata. Mar. Drugs 2017, 15, 56. [CrossRef]

Ueda, H.; Itoi, S.; Sugita, H. TTX-bearing planocerid flatworm (Platyhelminthes: Acotylea) in the Ryukyu Islands, Japan. Mar.
Drugs 2018, 16, 37. [CrossRef] [PubMed]

Itoi, S.; Sato, T.; Takei, M.; Yamada, R.; Ogata, R.; Oyama, H.; Teranishi, S.; Kishiki, A.; Wada, T.; Noguchi, K. The planocerid
flatworm is a main supplier of toxin to tetrodotoxin-bearing fish juveniles. Chemosphere 2020, 249, 126217. [CrossRef] [PubMed]
Okabe, T.; Oyama, H.; Kashitani, M.; Ishimaru, Y.; Suo, R.; Sugita, H.; Itoi, S. Toxic Flatworm Egg Plates Serve as a Possible Source
of Tetrodotoxin for Pufferfish. Toxins 2019, 11, 402. [CrossRef] [PubMed]

Yotsu-Yamashita, M.; Abe, Y.; Kudo, Y.; Ritson-Williams, R.; Paul, V.J.; Konoki, K.; Cho, Y.; Adachi, M.; Imazu, T.; Nishikawa, T.
First identification of 5, 11-dideoxytetrodotoxin in marine animals, and characterization of major fragment ions of tetrodotoxin
and its analogs by high resolution ESI-MS/MS. Mar. Drugs 2013, 11, 2799-2813. [CrossRef] [PubMed]

Jacubowa, L. A new species of Planocera (P. gilchristi) from South Africa. Trans. R. Soc. S. Afr. 1907, 17, 145-149. [CrossRef]
Kardong, K.V. Snake toxins and venoms: An evolutionary perspective. Herpetologica 1996, 52, 36—46.

Keenan, L.; Koopowitz, H. Tetrodotoxin-Sensitive action potentials from the brain of the polyclad flatworm, Notoplana acticola. J.
Exp. Zool. 1981, 215, 209-213. [CrossRef]

Sheumack, D.; Howden, M.; Spence, I.; Quinn, R. Maculotoxin: A neurotoxin from the venom glands of the octopus Hapalochlaena
maculosa identified as tetrodotoxin. Science 1978, 199, 188-189. [CrossRef]

Williams, B.L.; Caldwell, R.L. Intra-organismal distribution of tetrodotoxin in two species of blue-ringed octopuses (Hapalochlaena
fasciata and H. lunulata). Toxicon 2009, 54, 345-353. [CrossRef]

Bane, V.; Lehane, M.; Dikshit, M.; O’Riordan, A.; Furey, A. Tetrodotoxin: Chemistry, toxicity, source, distribution and detection.
Toxins 2014, 6, 693-755. [CrossRef]

Itoi, S.; Tabuchi, S.; Abe, M.; Ueda, H.; Oyama, H.; Ogata, R.; Okabe, T.; Kishiki, A.; Sugita, H. Difference in tetrodotoxin content
between two sympatric planocerid flatworms, Planocera multitentaculata and Planocera reticulata. Toxicon 2020, 173, 57-61.
[CrossRef] [PubMed]

Patockaa, J.; Stredab, L. Brief review of natural nonprotein neurotoxins. ASA Newslett 2002, 89, 16-24.

Williams, B.L. Behavioral and chemical ecology of marine organisms with respect to tetrodotoxin. Mar. Drugs 2010, 8, 381-398.
[CrossRef]

Shen, H.; Liu, D.; Wu, K; Lei, J.; Yan, N. Structures of human Nav1. 7 channel in complex with auxiliary subunits and animal
toxins. Science 2019, 363, 1303-1308. [CrossRef] [PubMed]

Kaneko, Y.; Matsumoto, G.; Hanyu, Y. TTX resistivity of Na+ channel in newt retinal neuron. Biochem. Biophys. Res. Commun.
1997, 240, 651-656. [CrossRef]

Yotsu-Yamashita, M.; Sugimoto, A.; Takai, A.; Yasumoto, T. Effects of specific modifications of several hydroxyls of tetrodotoxin
on its affinity to rat brain membrane. . Pharmacol. Exp. Ther. 1999, 289, 1688-1696. [PubMed]

Daly, J.W.; Gusovsky, E.; Myers, C.W.; Yotsu-Yamashita, M.; Yasumoto, T. First occurrence of tetrodotoxin in a dendrobatid frog
(Colostethus inguinalis), with further reports for the bufonid genus Atelopus. Toxicon 1994, 32, 279-285. [CrossRef]

Mahmud, Y.; Okada, K.; Takatani, T.; Kawatsu, K.; Hamano, Y.; Arakawa, O.; Noguchi, T. Intra-tissue distribution of tetrodotoxin
in two marine puffers Takifugu vermicularis and Chelonodon patoca. Toxicon 2003, 41, 13-18. [CrossRef]

Itoi, S.; Ueda, H.; Yamada, R.; Takei, M.; Sato, T.; Oshikiri, S.; Wajima, Y.; Ogata, R.; Oyama, H.; Shitto, T. Including planocerid
flatworms in the diet effectively toxifies the pufferfish, Takifugu niphobles. Sci. Rep. 2018, 8, 12302. [CrossRef] [PubMed]

Tanu, M.B.; Mahmud, Y.; Arakawa, O.; Takatani, T.; Kajihara, H.; Kawatsu, K.; Hamano, Y.; Asakawa, M.; Miyazawa, K;
Noguchi, T. Inmunoenzymatic visualization of tetrodotoxin (TTX) in Cephalothrix species (Nemertea: Anopla: Palaeconemertea:
Cephalotrichidae) and Planocera reticulata (Platyhelminthes: Turbellaria: Polycladida: Planoceridae). Toxicon 2004, 44, 515-520.
[CrossRef] [PubMed]

Williams, B.L.; Stark, M.R.; Caldwell, R.L. Microdistribution of tetrodotoxin in two species of blue-ringed octopuses (Hapalochlaena
lunulata and Hapalochlaena fasciata) detected by fluorescent immunolabeling. Toxicon 2012, 60, 1307-1313. [CrossRef]
Chulanetra, M.; Sookrung, N.; Srimanote, P.; Indrawattana, N.; Thanongsaksrikul, J.; Sakolvaree, Y.; Chongsa-Nguan, M.;
Kurazono, H.; Chaicumpa, W. Toxic marine puffer fish in Thailand seas and tetrodotoxin they contained. Toxins 2011, 3,
1249-1262. [CrossRef] [PubMed]

McNabb, P.; Selwood, A L; Munday, R.; Wood, S.A.; Taylor, D.I.; MacKenzie, L.A.; van Ginkel, R.; Rhodes, L.L.; Cornelisen, C.;
Heasman, K. Detection of tetrodotoxin from the grey side-gilled sea slug-Pleurobranchaea maculata, and associated dog
neurotoxicosis on beaches adjacent to the Hauraki Gulf, Auckland, New Zealand. Toxicon 2010, 56, 466—473. [CrossRef] [PubMed]
Biessy, L.; Boundy, M.].; Smith, K.E; Harwood, D.T.; Hawes, I.; Wood, S.A. Tetrodotoxin in marine bivalves and edible gastropods:
A mini-review. Chemosphere 2019, 236, 124404. [CrossRef]


http://doi.org/10.2331/suisan.52.1065
http://doi.org/10.1016/0041-0101(86)90027-9
http://doi.org/10.3390/md13020756
http://doi.org/10.3390/md15030056
http://doi.org/10.3390/md16010037
http://www.ncbi.nlm.nih.gov/pubmed/29351203
http://doi.org/10.1016/j.chemosphere.2020.126217
http://www.ncbi.nlm.nih.gov/pubmed/32088461
http://doi.org/10.3390/toxins11070402
http://www.ncbi.nlm.nih.gov/pubmed/31373322
http://doi.org/10.3390/md11082799
http://www.ncbi.nlm.nih.gov/pubmed/23924959
http://doi.org/10.1080/21560382.1907.9526086
http://doi.org/10.1002/jez.1402150211
http://doi.org/10.1126/science.619451
http://doi.org/10.1016/j.toxicon.2009.05.019
http://doi.org/10.3390/toxins6020693
http://doi.org/10.1016/j.toxicon.2019.11.008
http://www.ncbi.nlm.nih.gov/pubmed/31778684
http://doi.org/10.3390/md8030381
http://doi.org/10.1126/science.aaw2493
http://www.ncbi.nlm.nih.gov/pubmed/30765606
http://doi.org/10.1006/bbrc.1997.7696
http://www.ncbi.nlm.nih.gov/pubmed/10336569
http://doi.org/10.1016/0041-0101(94)90081-7
http://doi.org/10.1016/S0041-0101(02)00169-1
http://doi.org/10.1038/s41598-018-30696-z
http://www.ncbi.nlm.nih.gov/pubmed/30120305
http://doi.org/10.1016/j.toxicon.2004.06.014
http://www.ncbi.nlm.nih.gov/pubmed/15450926
http://doi.org/10.1016/j.toxicon.2012.08.015
http://doi.org/10.3390/toxins3101249
http://www.ncbi.nlm.nih.gov/pubmed/22069694
http://doi.org/10.1016/j.toxicon.2010.04.017
http://www.ncbi.nlm.nih.gov/pubmed/20466016
http://doi.org/10.1016/j.chemosphere.2019.124404

Mar. Drugs 2021, 19, 47 15 of 15

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

115.

Rodriguez, P.; Alfonso, A.; Vale, C.; Alfonso, C.; Vale, P; Tellez, A.; Botana, L.M. First toxicity report of tetrodotoxin and 5, 6,
11-trideoxyTTX in the trumpet shell Charonia lampas lampas in Europe. Anal. Chem. 2008, 80, 5622-5629. [CrossRef] [PubMed]
Bane, V.; Brosnan, B.; Barnes, P.; Lehane, M.; Furey, A. High-resolution mass spectrometry analysis of tetrodotoxin (TTX) and its
analogues in puffer fish and shellfish. Food Addit. Contam. 2016, 33, 1468-1489. [CrossRef]

Bane, V.; Hutchinson, S.; Sheehan, A.; Brosnan, B.; Barnes, P.; Lehane, M.; Furey, A. LC-MS/MS method for the determination of
tetrodotoxin (TTX) on a triple quadruple mass spectrometer. Food Addit. Contam. Part A 2016, 33, 1728-1740. [CrossRef]
Williams, B.L. Distribution, Ontogenetic Profile, and Anti-Predator Efficacy of Tetrodotoxin in Two Species of Blue-Ringed Octopuses
(Hapalochlaena lunulata and H. fasciata); University of California, Berkeley: Berkeley, CA, USA, 2008.

Tsai, Y.-H.; Ho, P.-H.; Jeng, S.-S.; Hwang, D.-F. Paralytic toxins in Taiwanese crab Xanthias lividus. Fish. Sci. 2002, 68, 659—661.
[CrossRef]

Ito, K.; Okabe, S.; Asakawa, M.; Bessho, K.; Taniyama, S.; Shida, Y.; Ohtsuka, S. Detection of tetrodotoxin (TTX) from two
copepods infecting the grass puffer Takifugu niphobles: TTX attracting the parasites? Toxicon 2006, 48, 620-626. [CrossRef]
Ferrer, R.P.; Zimmer, R.K. Molecules of keystone significance: Crucial agents in ecology and resource management. Bioscience
2013, 63, 428-438. [CrossRef]

Zimmer, RK; Ferrer, R.P. Neuroecology, chemical defense, and the keystone species concept. Biol. Bull. 2007, 213, 208-225.
[CrossRef] [PubMed]

Utz, I; Hofer, S.; Regenass, U.; Hilbe, W.; Thaler, J.; Grunicke, H.; Hofmann, J. The protein kinase C inhibitor CGP 41251, a
staurosporine derivative with antitumor activity, reverses multidrug resistance. Int. J. Cancer 1994, 57, 104-110. [CrossRef]
[PubMed]

Proksch, P; Ebel, R.; Edrada, R.; Wray, V.; Steube, K. Bioactive natural products from marine invertebrates and associated fungi.
In Sponges (Porifera); Springer: Berlin/Heidelberg, Germany, 2003; pp. 117-142.

Tuttle, R. The Chemical Ecology of Marine Bacteria and the Sediments They Inhabit. Ph.D. Thesis, UC, San Diego, CA, USA, 2018.
Tyler, S. Turbellarian Taxonomic Database. University of Maine, 2012. Available online: http:/ /turbellaria.umaine.edu/ (accessed
on 15 December 2020).

Chau, R; Kalaitzis, J.A.; Neilan, B.A. On the origins and biosynthesis of tetrodotoxin. Aquat. Toxicol. 2011, 104, 61-72. [CrossRef]
[PubMed]


http://doi.org/10.1021/ac800769e
http://www.ncbi.nlm.nih.gov/pubmed/18558725
http://doi.org/10.1080/19440049.2016.1218070
http://doi.org/10.1080/19440049.2016.1235801
http://doi.org/10.1046/j.1444-2906.2002.00474.x
http://doi.org/10.1016/j.toxicon.2006.06.020
http://doi.org/10.1525/bio.2013.63.6.5
http://doi.org/10.2307/25066641
http://www.ncbi.nlm.nih.gov/pubmed/18083963
http://doi.org/10.1002/ijc.2910570119
http://www.ncbi.nlm.nih.gov/pubmed/7908658
http://turbellaria.umaine.edu/
http://doi.org/10.1016/j.aquatox.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21543051

	Introduction 
	Results and Discussion 
	Overview of Polycladida 
	Ecology of Polyclads 
	The Roles of Flatworms in Their Environments 
	Commercial Pests 
	Symbiosis 

	Chemical Ecology of Polyclads 
	Staurosporine 
	Pseudocerosine 
	Villatamine 
	Lepadins 
	Tetrodotoxin 

	Overview of Tetrodotoxin 

	Conclusions 
	References

