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Marine Toxins and Nonmarine Toxins: Convergence or Symbiotic Organisms?’
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Bioactive marine natural products occur only rarely in nonmarine sources. The converse also is true.
Divergent evolutionary pathways for the biosynthesis of bioactive secondary metabolites seem to be the
rule. Marine biosynthetic pathways lead to a wide variety of different structural classes, among which
polyethers, macrolides, terpenes, unusual amino acids/peptides, and alkaloids are notable. Nonmarine
biosynthetic pathways also lead to a similar wide variety of structural classes. However, the structures
are usually quite different from the marine analogues. The alkaloids of plants are notable, but again
there appears little convergence between the marine and nonmarine alkaloids. However, tetrodotoxin, a
remarkable, highly polar, marine alkaloid, does occur in various amphibians. The occurrence and possible
origin of tetrodotoxin and congeners, including chiriquitoxin, and of the saxitoxin analogue zetekitoxin

in amphibians are reviewed.

The impact of marine and nonmarine natural products
on biomedical research and therapeutics has been formi-
dable. Without the extensive array of such secondary
metabolites as research probes and lead structures, it is
hard to imagine where biomedical science would be today.
The marine natural products that have had the greatest
impact typically occur only in the marine environment,
where they arise from algae, bacteria, bryozoans, di-
noflagellates, molluscs, sponges, tunicates, fish, etc.1~7 Such
products include polyethers, such as brevetoxin, ciguatoxin,
okadaic acid, maitotoxin, palytoxin, and yessotoxin, mac-
rolides, such as bryostatin and lophotoxin, terpenes, such
as manoalide, and alkaloids, such as calyculin, eudistomin,
neosurugatoxin, saxitoxin, and tetrodotoxin. Unique ma-
rine peptides, such as the conotoxins, and unique marine
amino acids, such as domoic and kainic acid, also have had
major biomedical impact. None of these important marine
natural products with the exception of tetrodotoxin and a
saxitoxin analogue have been found in a nonmarine organ-
ism structure. Sources, pharmacological activity, and po-
tential therapeutic targets of marine natural products are
to be found in various reviews.2=4.6.7

Conversely, the nonmarine natural products that have
had the greatest impact on biomedical research seem not
to occur in marine organisms. They have come primarily
from bacteria/fungi that have yielded antibacterials and
antifungals and from plants that have been a rich source
of alkaloids. Only a few alkaloids from animal sources have
had a significant impact. These include batrachotoxin,
histrionicotoxin, and epibatidine, all isolated from poison
frog skin, but all appearing to be obtained directly from
dietary arthropods.® Peptides, such as the antibiotic ma-
gainins from frog skin,® have opened up new areas of
research. Alkaloids from plants that have played critical
roles in biomedical research include atropine, caffeine,
camptothecin, cocaine, colchicine, ephedrine, galanthamine,
quinine, morphine, muscarine, nicotine, paclitaxel, phys-
ostigmine, reserpine, and vincristine. Plant steroids and
terpenes, such as artemisinin, digitalis, forskolin, and
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Figure 1. Structures of guanidinium toxins from atelopid frogs:
tetrodotoxin, chiriquitoxin, tetrodonic acid, and zetekitoxin AB.

thapsigargin, have markedly advanced biomedical re-
search. Such alkaloids, steroids, and terpenes have not
been forthcoming from marine sources. The divergence of
biosynthetic pathways that lead to bioactive compounds in
marine and nonmarine sources has been discussed.??
Structures and pharmacological activities of the above
nonmarine natural products are covered in standard refer-
ence works.!! The present minireview focuses on “marine
alkaloids” now found in nonmarine organisms, namely,
amphibians. These are the tetrodotoxins and a novel
saxitoxin analogue. A few classes of relatively simple
alkaloids found in both marine and nonmarine sources
appear to represent examples of convergent biosynthetic
pathways.

Tetrodotoxins and Saxitoxins

The principle toxin from the puffer fish Spheroides
rubripes was named tetrodotoxin in 1910.12 After isolation
from ovaries of the puffer fish!® and from eggs of the
California newt, Taricha torosa,!* the structure (Figure 1)
was elucidated and reported in 1964 at the IUPAC Natural
Product Symposium in Kyoto, Japan, by four groups,
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namely, those of K. Tsuda, T. Goto, R. B. Woodward, and
H. S. Mosher.15

Subsequently, tetrodotoxin and congeners have been
reported from a variety of marine organisms, as reviewed
by Miyazawa and Noguchi:16 (1) puffer fish from several
genera, including species from brackish waters; in the
freshwater puffer Takifuga fungi of Thailand, saxitoxin was
the major toxin;” (2) the marine goby fish Yongeichthys
criniger, where, unlike the puffer fish that have high levels
in liver and ovaries, tetrodotoxin levels were highest in
skin;!® the levels varied considerably for gobies collected
in Japanese versus Taiwanese waters; (3) various marine
worms of different phylla, namely, flatworms (Platyhel-
minthes), ribbon worms (Nemertea), arrow worms (Cha-
etognatha), and segmented worms (Annelida);'¢ (4) the
blue-ringed octopus, Hapalochloena maculosus, where the
toxin from venom glands was initially named maculotoxin
and then identified as tetrodotoxin;® (5) various gastro-
pods, first from the trumpet shell-fish Charonica sauliae®
and then from seven other genera;!® (6) the horseshoe crab,
Carcinoscorpius rotundicauda;¢ (7) xanthid crabs from five
different genera;1® paralytic shellfish toxins, namely, sax-
itoxins and gonyautoxins, were also found; (8) starfish of
the genus Astropectan.1®

The origin of tetrodotoxin found in the wide range of
marine organisms still needs to be definitively established.
It has been argued rather convincingly that symbiotic
bacteria are the putative source. A variety of marine
bacteria, in some cases isolated from tetrodotoxin-contain-
ing hosts, have been shown to produce tetrodotoxin.'® Most
studies have implicated bacteria of the genus Vibrio as the
putative source. Pseudomonas species also have been
proposed,?-22 as have Actinomycetes.?® A red algae of the
genus Jamia?* and a dinoflagellate?> appear to contain
tetrodotoxin, although for the algae a symbiotic bacteria
may be involved. In 1995, the possibility of false positives
for tetrodotoxin in the standard HPLC assays was raised.2®

Indirect evidence for a symbiont comes from studies on
hatchery-raised puffer fish, which are not toxic, but become
so when fed tetrodotoxin-containing liver of wild-caught
puffer fish?” and after being fed tetrodotoxin-producing
bacteria.?® Furthermore, although atelopid frogs in the wild
contained significant levels of tetrodotoxin in skin, the
same species when raised from eggs in captivity had no
detectable tetrodotoxin in skin extracts.?® A tetrodotoxin-
binding protein has been reported from toxic puffer fish.3°
Results, based on nerve electrophysiology with the Atlantic
puffer fish Spheroides maculates,3! confirm the well-known
resistance of puffer fish to the toxic effects of tetrodotoxin.

Tetrodotoxin was first discovered in an amphibian in
1964, where it was isolated from eggs of the Californian
newt Taricha torosa.'* Since that time tetrodotoxin and
congeners have been found in a wide range of amphibians
(see Table 1). Tailed amphibians (Caudata) from five
genera of the family Salamandridae have been reported
to have tetrodotoxin or tetrodotoxin-like toxins in extracts.
Only one of the species of this family that have been studied
did not contain tetrodotoxin. That was the European fire
salamander, Salamandra salamandra, known to contain
the highly toxic, steroidal alkaloid samandarine.5! In one
study,* tetrodotoxin was reported from the newt Am-
bystoma tigrinium of the family Ambystomatidae (Table
1). However, in another study on a variety of newts/
salamanders from eight families, tetrodotoxin-like activity
was not detected in Ambystoma tigrinium.3* Tetrodotoxin-
like activity also was not detected in newts/salamanders
of the following genera: Ambystoma, Amphiuma, Aneides,
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Batrachoseps, Crytobranchus, Ensatina, Necturus, Sala-
mandra, and Siren, nor was tetrodotoxin-like activity
detected in frogs/toads of the genera Bufo, Hyla, Rana, and
Xenopus.3

The newts of the genus Taricha proved to be by far the
most toxic (Table 1). The toxicity®* reported for one collec-
tion of Taricha granulosus would equate to nearly 6 mg of
tetrodotoxin per newt, a rather remarkable amount. Levels
of tetrodotoxin-equivalents have been reported over a wide
range for different collections of the same species and even
among individuals of the same collection. An early paper
suggested that female newts might be more toxic than male
newts,> but apparently this possibility has not been
investigated in detail.3” Levels appear to be maintained or
even increased in newts in captivity.333637 However, puta-
tive radioactive precursors were not incorporated into the
tetrodotoxin.3>36 The small, brightly colored, terrestrial efts
of Notophthalmus were reported to be severalfold more
toxic than the dull-colored, aquatic adults.?* In contrast,
efts of Cynops ensicauda had only trace amounts of toxins.*!
Larvae of Taricha newts declined in toxicity as they
matured.52 Tetrodotoxin was the predominant alkaloid
identified from all the newts except for two instances, one
with Cynops where 6-epiTTX was a major alkaloid, and
one with Triturus alpestris where 11-deoxyTTX was a
major alkaloid (Table 1).

Tailless amphibians (Anura) appear to be much less toxic
than the Taricha newts (Table 1). Only three had toxicities
approaching those of the Taricha newts. These were
Atelopus oxyrhyncus,*84% one collection of Atelopus zeteki,*6
and a few specimens of a Polypedates species.>® Another
collection of A. zeteki was much less toxic.*® It would appear
that most anurans of Table 1 contain less than 20 ug of
tetrodotoxin-equivalents per frog/toad. The predominant
alkaloid in all anuran extracts was tetrodotoxin, with but
two exceptions. Small amounts of 4-epitetrodotoxin and 4,9-
anhydrotetrodotoxin were detected in some cases. One
exception was Atelopus chiriquensis, where about 70% of
the toxins proved to be a remarkable alkaloid, chiriquitoxin,
while the remainder was tetrodotoxin.*® Unlike the many
tetrodotoxin congeners, chiriquitoxin has an altered carbon
skeleton in which the 11-CH,OH of tetrodotoxins is re-
placed by a 11-CHOHCHNH,COOH moiety (Figure 1).53
Chiriquitoxin has not been detected from a marine source,
nor from any other amphibian. It is at least as toxic as
tetrodotoxin.*” The second exception was the Panamanian
golden frog, Atelopus zeteki, which had only small amounts
(<5%) of tetrodotoxin with the main toxins being two (or
three) closely related guanidinium toxins, originally termed
atelopid toxin®4%5 and later zetekitoxins AB and C.*6:56 The
spectral data indicated that the zetekitoxins were not of
the tetrodotoxin class. The structure of zetekitoxin AB
(C16H25Ng01,S) has now been elucidated through detailed
analysis of mass spectral and NMR spectral data.>” It
proved to be an unprecedented analogue of saxitoxin
(Figure 1), manyfold more potent than saxitoxin as a
sodium channel blocker.

Tetrodotoxin has been detected in almost all bufonid
species of Atelopus that have been examined (Table 1).
There have been two exceptions. Extracts of Atelopus
cruciger were found to be nontoxic.*® In addition, the
preserving alcohol of one museum specimen of Atelopus
spumarius was nontoxic.*® Tetrodotoxin has not been found
in other bufonids (see above). Tetrodotoxin also has been
detected in anurans from three other families. The den-
drobatid Colostethus inguinalis, a riparian frog of Central
America, had very low levels of tetrodotoxin in skin
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Table 1. Occurrence of Tetrodotoxin (TTX) and Congeners, Chiriquitoxin (CTX) and Zetekitoxin (ZTX) in Amphibians

order
family major TTX equivalents,?
genus species source alkaloids M.U. other alkaloids reference
Caudata
Salamandridae
Cynops ensicauda Japan TTX 60—120 14, 34
Japan TTX 1400 4-epiTTX, 6-epiTTX, 4,9-anhydroTTX? 32
Japan TTX, 6-epiTTX 4400—7000 11-deoxyTTX 39
Cynops pyrrhogaster ~ Japan TTX 60—100 14, 34
Japan TTX 50 33
Japan TTX, 6-epiTTX 1800—-2800 11-deoxyTTX 39
Japan TTX, 6-epiTTX 400 4,9-anhydroTTX, 4,9-anhydro-6-epiTTX 40
Paramesotriton China TTX 50 33
hongkongensis
China TTX 90 39
Notopthalmus USA (Northeast) TTX 60 14, 34
viridescens
USA (Northeast) TTX 180 40
USA (Northeast) TTX 130—-350 4-epiTTX, 6-epiTTX, 4,9-anhydroTTX 33, 34, 39
USA (Northeast) TTX 1000 6-epiTTX, 11-deoxyTTX 39
USA (Northeast) TTX 200—540 6-epiTTX 38
Taricha granulosa USA (West) TTX 26 000 33
USA (West) TTX 14 000 36
USA (West) TTX 6200 39
USA (West) TTX 13 000 1-hydroxy-5,11-dehydroTTX 35
Taricha rivularis USA (West) TTX 600 34
USA (West) TTX 2500 33
Taricha torosa USA (West) TTX 1200 33
USA (West) TTX 800—1200 34
USA (West) TTX 3800—6000 36
Triturus alpestris Europe TTX <1 34
Europe TTX, 11-deoxyTTX 190 6-epiTTX 39
Triturus cristatus Europe TTX <1 34
Triturus marmoratus Europe TTX 1-3 14, 34
Triturus vulgaris Europe TTX 1 34
Europe TTX 50 6-epiTTX, 11-deoxy TTX 39
Ambystomatidae
Ambystoma tigrinium¢ North America TTX 80 6-epiTTX, 11-deoxyTTX 39
Anura
Brachycephalidae
Brachycephalus Brazil TTX 140 4-epiTTX, 6-epiTTX, 4,9-anhydroTTX, 42-44
ephippium 11-0x0oTTX tetrodonic acid,
11-nor-6-hydroxyTTX
Dendrobatidae
Colostethus inquinalis Panaméa TTX 0.5-6 45
Bufonidae
Atelopus chiriquiensis Costa Rica CTX>TTX 350 46
Atelopus ignescens Colombia TTX 1-3 4-epiTTX 45
Atelopus oxyrhynchus? Venezuela TTX 200 900 4-epiTTX, 4,9-anhydroTTX a7
" Venezuela TTX 900 48
Atelopus peruensis? Peru TTX 20 49
Atelopus spumarius Brazil TTX 10—-16 4-epiTTX, 4,9-anhydroTTX 45
Atelopus spurelli Colombia TTX 3-5 45
Atelopus subornatus?  Colombia TTX 20-80 4-epiTTX, 4,9-anhydroTTX 49
Atelopus varius varius Costa Rica TTX 100 46
Atelopus varius Costa Rica TTX 100 46
ambulatorius
Atelopus varius Panama TTX 10-13 4-epiTTX, 4,9-anhydroTTX 29, 45
Atelopus zeteki El Valle, Panama ZTX 1200 TTX 46
" Cope, Panama ZTX 23 45
Rhacophoridae
Polypedates sp.¢ Bangladesh TTX 30—900 50

a A mouse unit (M.U.) corresponds to 0.16—0.22 ug of tetrodotoxin. Values are per individual. In some cases, a tentative value was
estimated from the cited literature data. ® Trace amounts of 11-deoxyTTX, 11-deoxy-4-epiTTX, and 11-deoxy-4,9-anhydroTTX also were
isolated. ¢ Another study on Ambystoma34 reported no TTX. 4 Analyses were conducted on alcohol used to preserve specimen(s). ¢ Frogs

from another location had no TTX.4°

extracts.*®> Tetrodotoxin was not detected in eight other
species of Colostethus. The tiny, golden, brachycephalid frog
Brachycephalus epihippium had much higher levels, with
tetrodotoxin being high in both skin and liver.*® Finally,
in a rhacophorid frog of the genus Polypedates, the highest
levels of tetrodotoxin approached those of the Taricha
newts, but there was great variation in levels for individual
frogs.5°

There are many problems with the mouse unit (M.U.)

estimates of Table 1. Each M.U. probably is equivalent to
0.16—0.22 ug of tetrodotoxin. In particular, tetrodotoxin
does not extract well into alcohol alone, but needs alcohol—
acetic acid or aqueous acetic acid to extract well (see ref
45). In some cases, the alcohol used to preserve a museum
specimen of the atelopid species was analyzed.*® Stability
of tetrodotoxin at room temperatures in alcohol over years
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could be a factor. Finally, not all tetrodotoxin congeners
have the same activity in mouse or binding assays, with
some, like 11-oxotetrodotoxin, being very toxic.**

A range of anurans from the following genera of eight
families have been reported to lack tetrodotoxin-like alka-
loids.354549 Bufonidae: Bufo, Dendrophryniscus, Mel-
anophryniscus, Oreophrynella. Dendrobatidae: Aroma-
bates, Dendrobates, Phyllobates. Hylidae: Cyclorana,
Hemiphractus, Hyla, Litoria, Nyctimystes, Osteocephalus,
Phrynohyas. Leptodactylidae: Eleutherodactylus. Micro-
hylidae: Otophryne, Phrynomerus, Scaphiophryne. Man-
tellidae: Mantella. Myobatrachidae: Heleioporus, Notaden,
Pseudophryne. Pipidae: Xenopus. Ranidae: Rana. All but
the Hyla, Oreophrynella, and Xenopus results are based
wholly or in part on lack of inhibition of [*H]saxitoxin
binding.*® Such an assay also would detect saxitoxins.

The presence of tetrodotoxins, chiriquitoxins, and now
the saxitoxin analogue zetekitoxin in certain lineages of
amphibians raises questions as to their origin. As in marine
organisms, a symbiotic microorganism, presumably a
bacteria, is a possible source. However, it is difficult to
rationalize how three species of Central American atelopid
frogs found in similar montane, riparian habitats would
contain mainly tetrodotoxin for Atelopus varius, a mixture
of chiriquitoxin and tetrodotoxin for Atelopus chiriquiensis,
and mainly the saxitoxin analogue zetekitoxin for Atelopus
zeteki. Of course, it is possible that species in different
watersheds might contain different symbiotic organisms.
With regard to saxitoxins, marine dinoflagellates®® and
certain freshwater algae® %1 produce such alkaloids. Such
algae could be considered a possible source of zetekitoxin.
It, however, is remarkable that zetekitoxin, rather than
saxitoxin itself, was the alkaloid found in that montane
atelopid frog of Panama.

When Atelopus varius was raised from eggs at the
National Aquarium in Baltimore, the frogs at adulthood
2—3 years later had no detectable tetrodotoxin in skin
extracts.?® Certainly, this result is consonant with the
necessity of a dietary source or a symbiotic microorganism.
In the wild, eggs of Atelopus chiriquiensis contain both
tetrodotoxin and chiriquitoxin,®? as might be expected,
since the egg-laying parent contains such alkaloids and the
eggs may merely have been sequestered from ovarian
sources.

As well-known for the puffer fish, the tetrodotoxin-
containing newts of the genera Taricha and Notophthalmus
are resistant to tetrodotoxin,#314163 put remarkably not
to saxitoxin.®! Newts and a predator garter snake, Tham-
nophis sirtalis, seem in an arms-race, with snakes being
highly resistant to tetrodotoxin at sites where the newts
are highly toxic.6364

The extent to which tetrodotoxin and perhaps zetekitoxin
occur in other toxic amphibians requires further study. A
facile method to detect other species with tetrodotoxin-
equivalents would be based on an [3H]saxitoxin assay,
much as ouabain-equivalents, determined with [3H]Joua-
bain, were used to assay a wide range of frogs/toads for
bufadienolide-like steroids.®®

Other Alkaloids

There may well be other bioactive marine secondary
metabolites that also occur in nonmarine organisms.
Certainly, ring systems often have evolved in both spheres,
probably reflecting similar biosynthetic pathways or pre-
cursor amino acids. Simple pyrrolidines and piperidines are
known from plants, with hygrine, solenopsin, coniine,
arecoline, and lobeline being notable examples. Such
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alkaloids find analogues in the pyrrolidine villatamines
from a marine flatworm® and the piperidine pseudodis-
tomins from a marine tunicate.®” Decahydroquinolines
occur in many poison frogs, probably arising from dietary
arthropods.® Such decahydroquinolines find a parallel in
the decahydroquinoline lepadine from a marine flatworm.8
Simple izidines are common in plants, with swainsonine,
castanospermine, sparteine, cytosine, and lupinine being
notable. Marine parallels include the quinolizidine pictamine
from a marine tunicate.®® Similar parallels exist for simple
pyridines, where in plants nicotine and cytosine and in
frogs epibatidine are most notable. The pyridine alkaloid
anabaseine occurs in both a myrmicine ant’ and a marine
nemertine worm.”* Other relatively simple pyridines occur
in marine organisms, as in ikimines from sponges’? and
louludinium chloride from a marine alga.”® Many j-carbo-
lines and analogous tetrahydroquinolines are known from
plants, notably emetine. Manzamine from a sponge repre-
sents an example of a marine B-carboline alkaloid.” The
eudistomins from marine tunicates are another example.”
The indolic plant alkaloid physostigmine and the pseudo-
phrynamines of Australian Pseudophryne frogs find a
parallel in the flustramines from a marine bryozoan.”” The
imidazole alkaloid spinacine occurs in marine sharks/fish,’®
while a close analogue, spinceamine, occurs in a leptodac-
tylid frog.”® Staurosporine was originally isolated from the
bacteria Streptomyces stauroporeus,® and such indolocar-
bazoles also are known from fungi and blue-green algae.
In 1992, a hydroxystaurosporine was described from a
marine tunicate.8? The polyether mycalamide A from a
marine sponge®? has nearly the same complex structure
as pederin from a blister beetle,® differing only in the
nature of the oxy substitution. Finally, macrocyclic peptides
occur from both marine®¢ and nonmarine®* sources, but a
comparison is beyond the scope of the present overview.

Undoubtedly, many other parallels exist, but identity of
marine and nonmarine natural products is not common.
The macrolides, terpenes, and polyethers of marine organ-
isms appear to have few if any counterparts from nonma-
rine sources, while the diversity of tyrosine- and tryptophan-
derived alkaloids found in plants finds few parallels in the
marine world. Both spheres have yielded a rich harvest of
unique bioactive natural products, and perhaps fortunately
the divergence of biosynthetic strategies has increased the
harvest and made for few redundant discoveries of struc-
tures relevant to biomedical research.
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