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cCátedra de Qúımica Biológica, Facultad de

Nacional de La Plata (UNLP), La Plata, Arge

† Electronic supplementary infor
https://doi.org/10.1039/d2np00029f

‡ Current address: Department of Biology,
USA.

Cite this: DOI: 10.1039/d2np00029f

Received 15th April 2022

DOI: 10.1039/d2np00029f

rsc.li/npr

This journal is © The Royal Society
unds in the animal kingdom. A
comprehensive review†

Mat́ıas L. Giglio, ‡a Wilhelm Boland b and Horacio Heras *ac
Covering: 1951 to 2022

Packed with nutrients and unable to escape, eggs are the most vulnerable stage of an animal's life cycle.

Consequently, many species have evolved chemical defenses and teamed up their eggs with a vast array

of toxic molecules for defense against predators, parasites, or pathogens. However, studies on egg

toxins are rather scarce and the available information is scattered. The aim of this review is to provide an

overview of animal egg toxins and to analyze the trends and patterns with respect to the chemistry and

biosynthesis of these toxins. We analyzed their ecology, distribution, sources, occurrence, structure,

function, relative toxicity, and mechanistic aspects and include a brief section on the aposematic

coloration of toxic eggs. We propose criteria for a multiparametric classification that accounts for the

complexity of analyzing the full set of toxins of animal eggs. Around 100 properly identified egg toxins

are found in 188 species, distributed in 5 phyla: cnidarians (2) platyhelminths (2), mollusks (9), arthropods

(125), and chordates (50). Their scattered pattern among animals suggests that species have evolved this

strategy independently on numerous occasions. Alkaloids are the most abundant and widespread,

among the 13 types of egg toxins recognized. Egg toxins are derived directly from the environment or

are endogenously synthesized, and most of them are transferred by females inside the eggs. Their

toxicity ranges from rmol kg�1 to mmol kg�1, and for some species, experiments support their role in

predation deterrence. There is still a huge gap in information to complete the whole picture of this field

and the number of toxic eggs seems largely underestimated.
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1 Introduction

Filled with nutrients and vulnerable, eggs of most animals are
subject to intense attacks by pathogens, parasites, and preda-
tors alike. This strong selective pressure has shaped parental
investment, resulting in the evolution of various strategies to
defend their offspring, that range from direct protection,
mechanical or physical protection, to chemical defenses.1–5

Among them, chemical defenses can prevent egg predation
either by providing a warning coloration, a disguise, a bad taste
(unpalatable), or toxicity. Here, we will focus on toxins, i.e.
substances capable of causing dose-dependent pathophysio-
logical injury, either at a cellular or systemic level to another
living organism.6 The acquisition of toxins has been considered
a transformative event in the evolution of an animal, because
they remodel the predator–prey interaction from a physical to
a chemical battle, enabling animals to prey on, and defend
themselves against, much larger animals.7 These “biochemical
weapons” offer interesting and unique insights into several
biological elds, including chemical ecology (predator–prey
interactions), evolution (predator–prey coevolution), pharma-
cology (drug discovery), immunology (therapies for envenom-
ing), and structural biology (toxin binding and molecular
interaction).8,9 However, the study of toxic animals is rather
restricted, and most animal toxins have not been studied yet.7

Considering that studies usually focus on the later stages of the
Fig. 1 Occurrence and abundance of egg toxins in the animal kingdom
toxins out of total species studied for the presence of egg toxins (N ¼ 188
Nematostella vectensis (cnidaria), photo by Smithsonian Environmental
(CC0 1.0); Tylodina perversa (Mollusca), photo by Parent Géry (CC SA 3
pumilio (Chordata), photo by Geof Gallice (CC BY 2.0). All the images wer
in the animal kingdom expressed as the number of species. Dark grey, re
respectively; (C) presence of the toxin classes grouped by Phylum. C: p
indicates that the presence of toxins in bird eggs has been inferred but

This journal is © The Royal Society of Chemistry 2022
life cycle of the animals,10 the available information on egg
toxins is even more limited.

A search of the literature shows that a major limitation of the
current knowledge on egg toxins has been the very narrow tax-
onomical range studied: they have been extensively investigated
only in insects and sh (e.g. ref. 11 and 12), while reports in
other taxa are scattered and scarce. As a consequence, the
current reviews on egg toxins are restricted to these taxa (e.g. ref.
11–13) or a specic toxin class14–17 while an integrative approach
is missing. Here, we reviewed the egg toxic compounds of the
animal kingdom, including both vertebrate and invertebrate
phyla. Although some toxins could be playing a dual role,
providing toxicity and antifeedant defenses (e.g. bad taste), we
only include here compounds that proved directly or indirectly
to be toxic, excluding other deterrents. We review their ecology,
distribution, sources, occurrence, structure, function, relative
toxicity, and mechanistic aspects. In addition, we provide an
overview of their known targets and an exhaustive literature
survey that covers about 70 years. Besides, although the classi-
cation of egg toxins according to the taxa where they are found
or their chemical nature has been convenient so far, this clas-
sication is impractical for the wide range of toxins present in
the animal kingdom. We propose an integrative classication
scheme, combining toxin nature, sources, allocation, and
mechanism of toxicity. We also briey summarize the infor-
mation about each egg toxin highlighting whenever possible the
physiological signicance in the context of the reproductive
. (A) Phyla with eggs defended by toxins. Percent of species with egg
) in each phylum is indicated between parentheses. Image references:
Research Center (CC BY 2.0); Bipalium adventitium (platyhelminthes)
.0); Arctia caja (Arthropoda), photo by Ben Sale (CC BY 2.0); Oophaga
emodified to remove the background; (B) frequency of toxin structures
d and blue indicate proportion in land, freshwater, and marine habitats,
resence; B: absence. For a detailed species list, see Table S1.† The “?”
not formally proven.

Nat. Prod. Rep.
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biology of animals and, when known, the role as a defense
against predation. Finally, we make a short comment on the
relationship between the presence of toxins and the warning
coloration (aposematism) that advertises the presence of
noxious compounds, an area that still needs much research.
2 Occurrence

A comprehensive bibliographical search revealed 188 animal
species in which egg toxins have been unequivocally identied
(compiled in Table S1†), plus another 60 species with toxic eggs
but whose toxins have not been identied yet.2,13,18 These latter
toxic eggs are not included here.

An overview of the patterns of distribution of egg toxins in
the animal kingdom, frequency of appearance, and habitats is
summarized in Fig. 1 and described below. A striking nding
that emerged is that the 188 species having toxic eggs represent
less than 0.1% of the �220.000 known toxic animals.7 The
reasons for the low number of toxic animals (less than 15% of
the total species in the animal kingdom) and, even more
remarkably, these extremely few toxic eggs are not well under-
stood (see also Sections 5 and 7). Another unexpected nding
Fig. 2 Classification criteria for egg-toxins. (A) Source from which the a
chemical nature of the toxins; in cardiac glycosides, R* is 5C or a 6C la
structure; (D) cellular targets of the toxins.

Nat. Prod. Rep.
was that although toxic organisms are ubiquitous and most
animal phyla contain toxic species,7 the species with egg toxins
are restricted to only ve phyla, which in decreasing order of
relative abundance are: arthropods (insects, crustaceans, and
spiders), chordates (sh, amphibians, snakes and birds),
mollusks (snails and octopuses), cnidarians (jellysh and sea
anemones) and platyhelminths (atworms) (Fig. 1A). To avoid
excessive generalizations, we estimated the percent of species
with toxic eggs within these phyla (a detailed list of species is
given in Table S1†) and the numbers are extremely low: about
0.006% arthropods, 0.08% chordates, 0.01% mollusks, 0.02%
cnidarians, and 0.01% platyhelminths.

Animals lay toxic eggs in all environments including marine,
freshwater, and terrestrial habitats. Although there is no clear
association with a specic habitat, most toxic eggs are laid on
land (Fig. 1B). However, this trend might be due to a bias in the
studied taxa. Egg toxins comprise about 100 molecules that
span a dazzling variety of structures that were grouped in 13
classes (Fig. 1C). From these, alkaloid toxins stand out as the
most widespread among species (�40%) and are also ubiqui-
tously present in all environments (Fig. 1B). Notably, the high
proportion of alkaloids in marine eggs is mainly due to a single
nimal obtains the toxin; (B) allocation of the toxin; (C) overview of the
ctone group; palytoxin class is not included, please refer to Fig. 14 for

This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2np00029f


Review Natural Product Reports

Pu
bl

is
he

d 
on

 0
2 

A
ug

us
t 2

02
2.

 D
ow

nl
oa

de
d 

by
 M

ax
-P

la
nc

k-
In

st
itu

t f
ür

 c
he

m
is

ch
e 

O
ko

lo
gi

e 
on

 8
/5

/2
02

2 
10

:2
6:

48
 A

M
. 

View Article Online
toxin, the tetrodotoxin (TTX), which is also the most widespread
egg toxin in the animal kingdom, found in eggs of 35 species
(see Section 5.4). Peptides and proteins are the only other toxin
class found in all environments, though much less represented
(�4%). The rest of the toxin structures are restricted to either
land and/or sea eggs (Fig. 1B). In addition, alkaloids, peptides,
and protein toxins are also the most widespread among phyla (4
of 5, Fig. 1C). The phylum Arthropoda not only accounts for the
largest number of toxic eggs, but it also has the widest variety of
toxin structures, with 12 of the 13 toxin classes present in their
eggs. Moreover, arthropod eggs have 7 toxin classes restricted to
this phylum (Fig. 1C). On the other extreme, cnidarian and
platyhelminthes have only two records of egg toxins. Chordates,
which contain representatives from 5 toxin classes in their eggs,
are the only phylum displaying toxic phospholipids (Fig. 1C).
3 Classification

Previous classication criteria for insect eggs, the most studied,
were based on descriptive features.11

However, this classication is impractical for the wide range
of toxins present in all animal eggs, therefore, we propose
a new, comprehensive classication that considers four
features: source (i.e., where the toxins come from), allocation
(i.e., where they are located relative to the egg), chemical nature
(i.e., which type of molecules they are), and toxic mechanism
(i.e., how they affect cellular processes). These classication
criteria and their categories are summarized in Fig. 2 and
described below.
3.1 Source

While some animals produce their own defensive compounds,
most benet from the toxins already available in their envi-
ronments. In the former group, animals have evolved genes
coding for the toxin or specic pathways to synthesize it (see
Section 7). The latter group, on the other hand, needed to evolve
mechanisms to protect from the toxins, such as detoxication
routes. As a whole, two main sources, with two subcategories
each, could be recognized in the animal kingdom (Fig. 2A):

3.1.1 Exogenous. The toxin is produced by a species
different than the one using it to protect their eggs (i.e.
a bacterium, an alga, a plant, or another animal). This deni-
tion excludes products made by endosymbionts of the organism
with toxic eggs. There are two types of exogenous toxins:

3.1.1.1 Sequestered. The toxin is taken from the producing
organism, accumulated, and eventually transferred to the eggs
either unaltered or modied. This mechanism allows the
transfer of toxins through the food chain to many organisms
that can, in turn, use it to protect their own offspring.

3.1.1.2 Within a toxic matrix. In a few cases (e.g., parasitoid
hosts), instead of sequestering the toxin, these animals lay their
eggs within a toxic organism, where they remain protected until
hatching. The host organism could be either a toxic plant or
animal.

3.1.2 Endogenous. The toxin is produced within the
animals that use them. Products from endosymbionts are
This journal is © The Royal Society of Chemistry 2022
included in this category as sometimes, whether the endoge-
nous toxin is synthetized by the host or the symbiont is not
clear.

3.1.2.1 De novo synthesized small molecules. The organism
modies a diet-derived metabolite precursor with a specic set
of enzymes producing the toxin. The evolution of this class of
toxins relies on the evolution of the enzymes of their synthetic
pathway, particularly those changes affecting enzyme regula-
tion, or substrate binding.

3.1.2.2 De novo synthetized macromolecules. It only includes
toxic peptides and proteins. The toxin sequence is found in the
genome of the organism. Therefore, the evolution of these
toxins depends directly on mutations in their coding gene.

3.2 Allocation

Toxins can be found in three different locations (Fig. 2B).
3.2.1 Internal. Toxins are endowed within the egg, either in

the form of vitellus (a substance that nourishes and defends the
embryos of most animals) or in the form of a perivitelline uid
(the analogous of vitellus found in gastropods eggs).

3.2.2 Supercial. Toxins are deposited onto the egg surface
in the form of secretions or as part of the sticky mucus that
holds together the egg masses.

3.2.3 External. The toxins are located in the matrix within
which the eggs have been laid, e.g. a toxic plant or animal tissue.

3.3 Chemical nature

Egg toxins comprise a wide variety of molecular structures,
ranging from small organic compounds to large proteins with
complex quaternary structures. We grouped them into 13 cate-
gories according to their molecular nature (Fig. 2C), and, when
more than a functional group was present in their structure,
toxins were subclassied according to the active part i.e., the
one providing toxicity. In Section 5 and Fig. 4 and 5 we detail the
variety of toxins within each class.

3.3.1 Terpenoids. With more than 30 000 members,
terpenoids are one of the largest classes of natural products.
These mostly lipophilic molecules have an enormous structural
diversity but a common biosynthetic origin: the condensation
of isoprene units (2-methyl-1,3-butadiene). Their classication
is based on the number of isoprene units in their structures.19

Toxic terpenoids from eggs include only monoterpenes (two
isoprene units), diterpenes (four units), and triterpenes (six
units).

3.3.2 Cyanogens. This group of compounds is character-
ized by their ability to release hydrogen cyanide (HCN) when
hydrolyzed.19 The most common cyanogens are cyanogenic
glycosides (CNgls), which are b-glycosides of a-hydroxynitriles
(cyanohydrins) derived from amino acids.19 They have been
found only in the eggs of arthropods. Other related compounds
are the pseudocyanogens, such as cycasin, that do not contain
cyano groups but can yield HCN under certain conditions.20

3.3.3 Cardiac glycosides (CGs). These compounds contain
a steroid backbone with a lactone group bound to C17 and
a sugar or glycanmoiety attached to C3. When the lactone group
is a ve-membered ring they are known as cardenolides,
Nat. Prod. Rep.

https://doi.org/10.1039/d2np00029f
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whereas a six-membered lactone ring denes the bufadieno-
lides.21 The name of this group is related to their effect on the
heart, the main target of CG poisoning.

3.3.4 Alkaloids. Alkaloid denition is rather controversial
but can be described as a biologically active, nitrogen-
containing, heterocyclic, basic compound with pharmacolog-
ical activity. This includes a wide variety of heterogenous
compounds, which can be classied in many ways (e.g., the
structure of their basic chemical nucleus, bioecological activity,
etc.).22 Alkaloids found in eggs include pyrrolizidine alkaloids,
tricyclic alkaloids, piperidine alkaloids, batrachotoxins, pum-
iliotoxins, tetrodotoxin, and saxitoxin.

3.3.5 Nitropropionic acids. These are carboxylic acids of
three carbons with a nitro group, usually at the C3 position,
therefore known as 3-nitropropionic acids (3NPAs). They are
found in the eggs of some chrysomelid beetles.17

3.3.6 Aristolochic acids (AAs). This is a group of nitro-
phenantrene carboxylic acids produced by plants and seques-
tered by some insects. Different AAs vary in the substituents of
the A ring.23 Only AA-I, Ia, II, and IVa have been reported in eggs.

3.3.7 Phenolics. This is a large group of compounds that
generally possess phenyl rings in their structure or are derived
from them.19 They are synthesized from the precursor amino
acids Phe or Tyr through the phenylpropanoid pathway that
culminates in the formation of structures containing a nucleus
of a six-carbon ring and a lateral chain with other three carbons
(the so-called C6–C3 core).18 Phenolics have a variety of func-
tions, including toxins and antifeedant defenses.18 The only
known phenolic reported in eggs is the glycoside salicin.

3.3.8 Polyketides. A class of molecules produced through
the successive condensation of small carboxylic acids. Poly-
ketides fall into two structural classes: aromatic and complex.
The former is built mainly from the condensation of acetate
units wherein the beta-carbonyl groups formed aer each
condensation cycle are le largely unreduced. Complex poly-
ketides are composed of acetates, propionates, or butyrates, and
the extent of beta-carbonyl reduction varies from one cycle to
the next.24 Among the toxic polyketides found in eggs are ped-
erin, anthraquinones and anthrones, macrolides, and
ciguatoxins.

3.3.9 Betaines. This group comprises compounds carrying
a cationic quaternary ammonium and an anionic carboxylic
group.25 Betaines are not usually involved in defense against
predation but are included here as N-methylquinolinum 2-
carboxylate which was reported as a putative toxic compound in
the eggs of the reies.

3.3.10 Thiocyanates. These compounds are esters of thio-
cyanic acid (HSCN) or isothiocyanic acid. Given their pungent
odor and mustard-like taste, they are usually referred to as
mustard oils.26 These compounds are produced by plants of the
order brassicales in the form of glucosinolates (sulfur-rich,
anionic b-thioglycosides). The enzymatic hydrolysis of glucosi-
nolates releases the respective mustard oil, oen a collection of
defensive compounds toxic to non-adapted animals.19,26

3.3.11 Palytoxins (PTXs). This group of highly potent
marine toxins has a unique structure, consisting of a large,
Nat. Prod. Rep.
complex polyhydroxylated and partially unsaturated aliphatic
backbone with many chiral centers.27

3.3.12 Phospholipids. These amphiphilic lipids usually
consist of one or two fatty acids and a phosphate-containing
polar head group joined to a glycerol or a sphingosine.28

Besides their varied functions, there is one phospholipid,
dinogunellin, with a unique structure and a toxic role in eggs.

3.3.13 Peptides and proteins. These are polymers of amino
acids joined in a specic sequence codied in the genome of the
organism.28 They range in size from small peptides to large
protein chains, or even multiple chains in oligomeric proteins.
Some egg toxic peptides and proteins have glycans, lipids, or
other groups attached.
3.4 Toxic mechanisms

Along with their large variety of structures, egg toxins seek out
molecular targets with exquisite potency and selectivity.
Although some toxic mechanisms remain unclear, we recog-
nized eight major egg toxin cell targets (Fig. 2D).

3.4.1 Ion-channel disruptors. These toxins affect
membrane ion permeability, either by keeping ion-channels
open or by blocking them, affecting the activity of the cells.

3.4.2 Enzyme inhibitors. These toxins interrupt key meta-
bolic routes that could lead to cell death. We exclude here the
digestive enzyme inhibitors, usually related to other, non-toxic,
antipredator defenses (i.e., antidigestion).

3.4.3 Protein synthesis inhibitors. These toxins bind to
specic sites of the ribosome and interrupt the RNA-to-protein
translation process.

3.4.4 Cytoskeleton disruptors. These toxins disorganize the
cytoskeleton by binding to their soluble protein monomers thus
inhibiting their polymerization.

3.4.5 Cell respiration inhibitors. These toxins alter cell
respiration either by blocking the respiratory chain or by acting
as decoupling agents.

3.4.6 DNA alkylating agents. These toxins add alkyl groups
to reactive groups in the DNA, preventing parts of the strands
from properly joining into the double helix. This DNA modi-
cation could lead to errors in the replication and transcription
processes or even inhibit it.

3.4.7 Cross-linkers. These toxins link cell macromolecules,
such as proteins and DNA, interfering with their normal
functions.

3.4.8 Pore-forming toxins. These toxins recognize and bind
to specic membrane receptors and, upon oligomerization and
structural reorganization, produce large holes in the plasma
membrane altering cell homeostasis and oen leading to cell
death.
4 General features of egg toxins

The general characteristics of egg toxins are summarized in
Table 1 and Fig. 3. When available, the lethality, expressed as
the mean lethal dose (LD50), is reported. When analyzing all egg
toxins taken together, some general patterns emerge. First of
all, we have already mentioned there is a low number of species
This journal is © The Royal Society of Chemistry 2022
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Table 1 Major features of egg toxins in the animal kingdoma

Name Class Allocation Source Mechanism LD50
a (mmol kg�1)

Cantharidin Terpenoid Internal De novo synthetized/
sequestered

Enzyme inhibitor 5.1 (i.p., mice)49

Palasoninimide Terpenoid Internal De novo synthetized Enzyme inhibitor >2219.8 (i.p., mice)49

Palasonin Terpenoid Internal De novo synthetized Enzyme inhibitor 17.1 (i.p., mice)49

Cantharidinimide Terpenoid Internal De novo synthetized/
sequestered

Enzyme inhibitor >2049.2 (i.p., mice)49

Cucurbitacin-D Terpenoid Supercial Sequestered Cytoskeleton
disruption

3.4 (i.p., mice)/9.7 (oral,
mice)323

Halimedatetraacetate Terpenoid Internal Sequestered ND ND
Linamarin Cyanogen Internal/external De novo synthetized/

sequestered/within
a toxic mechanism

Cell respiration
inhibitor

1820.4 (oral, rat)324

Lotaustralin Cyanogen Internal/external De novo synthetized/
sequestered/within
a toxic mechanism

Cell respiration
inhibitor

ND

(R)-Mandelonitrile Cyanogen Internal De novo synthetized/
sequestered

Cell respiration
inhibitor

871.5 (oral, rat)325

Prunasin Cyanogen Internal De novo synthetized/
sequestered

Cell respiration
inhibitor

1896.4 (oral, rat)326

Sarmentosin Cyanogen Internal Sequestered Cell respiration
inhibitor

ND

Cycasin Cyanogen Internal Sequestered DNA alkylating
agent

2230.2 (oral, rat)327

Cardenolides Cardiac
glycoside

Internal/
supercial

De novo synthetized/
sequestered

Enzyme inhibitor 2.8 (i.p., mice)b (ref.
328)

Bufadienolides Cardiac
glycoside

Internal/
supercial

De novo synthetized/
sequestered

Enzyme inhibitor 45.2 (i.p., mice)c (ref.
329)

Lucibufagins Cardiac
glycoside

Internal/
supercial

De novo synthetized/
sequestered

Enzyme inhibitor 20.1–40.1 (oral,
lizard)113

Pyrrolizidine alkaloids Alkaloid Internal/external Sequestered/within
a toxic mechanism

Cross-linker 153.2–4595.6 (i.p.,
rat)330

Tricyclic alkaloids Alkaloid Internal De novo synthetized Ion-channel
disruptor

ND

Homotropane Alkaloid Internal De novo synthetized Ion-channel
disruptor

ND

Piperidine alkaloids Alkaloid Internal De novo synthetized Ion-channel
disruptor

ND

Isoxazoline alkaloids Alkaloid Internal Sequestered Enzyme inhibitor ND
Batrachotoxins Alkaloid Internal Sequestered Ion-channel

disruptor
0.003 (s.c., mice)163

Plumiliotoxins Alkaloid Internal De novo synthetized Ion-channel
disruptor

0.08–0.8 (i.p., mice)331

Tetrodotoxin Alkaloid Internal De novo synthetized/
sequestered

Ion-channel
disruptor

0.03 (i.p., mice)/2.8
(oral, mice)186

Saxitoxin Alkaloid Internal Sequestered Ion-channel
disruptor

0.02 (i.p., mice)/2.8
(oral, mice)186

Isoxazolinone
glycosides

Nitropropionic
acid

Internal De novo synthetized Cell respiration
inhibitor

168.1 (i.v., mice)/225.0
(i.p., rat)332

Aristolochic acids Aristolochic acid Internal/
Supercial

Sequestered ND 113.7–209.4 (i.v., mice)/
167.5–317.1 (oral,
mice)210

Salicin Phenolic Internal Sequestered ND >1746.4 (i.p., mice)333

Anthrones Polyketide Intenal/
supercial

De novo synthetized ND ND

Anthraquinones Polyketide Intenal/
supercial

De novo synthetized ND ND

Pederin Polyketide Internal De novo synthetized Protein synhtesis
inhibitor

0.04 (mice)d (ref. 233)

Macrolides Polyketide Internal Sequestered Cytoskeleton
disruption/protein
synthesis inhibitor

ND

Ciguatoxin Polyketide Internal Sequestered Ion-channel
disruptor

0.0003–0.0008 (i.p.,
mice)334

This journal is © The Royal Society of Chemistry 2022 Nat. Prod. Rep.
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Table 1 (Contd. )

Name Class Allocation Source Mechanism LD50
a (mmol kg�1)

N-Methylquinolinum 2-
carboxylate

Betaine Internal De novo synthetized ND ND

Allyl isothiocyanate
(mustard oil)

Thiocyanate Internal Sequestered ND 1129.0 (oral, rat)26

Palytoxin Palytoxin Internal Unclear. De novo
synthetized/
sequestered

Enzyme inhibitor
(transformation into
ion channel)

0.00006–0.0003 (i.p.,
mice)261

Dinogunellins Phospholipid Internal De novo synthetized ND 34.2 (i.p., mice)271

O-Conotoxins Peptide Internal Genetically encoded Ion-channel
disruptor

ND

a-Conotoxins Peptide Internal Genetically encoded Ion-channel
disruptor

0.006–0.1 (mice)e (ref.
335)

NvePTx1 Protein Internal Genetically encoded Ion-channel
disruptor

ND

NEP3 Protein Supercial Genetically encoded Ion-channel
disruptor

ND

NEP3-like Protein Supercial Genetically encoded Ion-channel
disruptor

ND

NEP4 Protein Supercial Genetically encoded Ion-channel
disruptor

ND

NEP8 Protein Supercial Genetically encoded Ion-channel
disruptor

ND

Cajin Protein Internal Genetically encoded ND ND
Latroeggtoxin-I Protein Internal Genetically encoded Ion-channel

disruptor
ND

Latroeggtoxin-II Protein Internal Genetically encoded Ion-channel
disruptor

0.2 (i.p., mice)/0.5 (a.i.,
cockroaches)32

Latroeggtoxin-III Protein Internal Genetically encoded Ion-channel
disruptor

0.3 (a.i., cockroaches)30

Lamprey toxin Protein Internal Genetically encoded ND 0.0003 (i.v., mice)294

PcPV2 Protein Internal Genetically encoded Pore-forming toxin 0.001 (i.p., mice)36

PmPV2 Protein Internal Genetically encoded Pore-forming toxin 0.001 (i.p., mice)298

a References are given in the main text except for LD50.
aWhen necesary, LD50 was estimated from the LD50 values taken from the literature and the

molecular mass of the molecule. i.p. ¼ intraperitoneal; i.v. ¼ intravenous; a.i. ¼ abdominal injection; ND ¼ not determined. b determined on
ouabain. c determine for cinobufagin. d via not specied. e range of alpha-conotoxins, but values vary depending on species and route of
exposure employed in the assays.
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with toxic eggs. Many of these species are also toxic as adults but
there are marked differences associated with the source of egg
toxins and the set of toxic compounds found in adults and eggs.
For instance, the majority of toxic animals who sequester or de
novo synthetize small toxic molecules as the defensive
compounds share the same defensive chemistry with their eggs.
An exception to this generalization is found in some chryso-
melid beetles that, although adults and eggs share some
defensive molecules as derivatives of isoxazolinone, salicin
seems to be exclusively used to protect their eggs (see Section
5.7).29 In contrast, those animals with de novo synthetized toxic
macromolecules have entirely different toxin arrays between
adults and eggs.30–33 This difference in toxin composition, such
as in the black widow spider or the cone snails, may reect
differences in the environmental pressures to which each life
stage is subjected to, as well as in the function of the toxin's
ecological role (i.e., defense against predation in eggs and prey
attack in adults). There are even some species, such as apple
snails, that have poisonous eggs with de novo synthetized toxic
macromolecules, but with non-toxic adults.34–37
Nat. Prod. Rep.
Another general feature found is the location of the toxin.
Most animals having toxic eggs defend them with internal
toxins (Fig. 3A), which implies that these species must have
evolved a mechanism to cope with autotoxicity in the embryo
stage.38 Considerable numbers of animals have also been re-
ported to apply toxins on the surface of their eggs; these toxins
are usually constituents of the sticky mucus that glues the eggs
together (Fig. 3A). The strategy of laying eggs within a toxic
organism is the least common (Fig. 3A). This latter observation
is a priori intriguing since it seems inexpensive in terms of
parental investment for egg protection; however, recent reports
show that other mechanisms, such as the host immune
responses, may have acted as a selective pressure against this
defensive strategy.39

Regarding the sources of toxins, sequestration and de novo
synthesis of small molecules are the most widespread in the
animal kingdom (Fig. 3A). Animals sequestering toxins do so
from bacteria, algae, plants, or other animals. However, we
could not nd any report of poisonous fungi as a source of egg
toxins. This observation is intriguing since fungi are ubiquitous
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Emerging patterns of egg toxins. (A) Bubble plot showing the relative frequency of toxin classes regarding sources (green), allocation
(purple), and toxic mechanisms (orange). The area of the bubble is proportional to the number of toxins in each category. Toxins are listed in the
same order as in Table 1 and Fig. 1 to integrate more easily the information. (B) Comparison of the toxicity for the 13 toxin classes. Lethality of egg
toxins (LD50) range from picomoles (reddish zone) to millimoles (yellowish zone) per kilogram of assayed model animal. ND indicate classes that
contain members where the LD50 has not been determined yet. More information on these aspects for each toxin subclass is provided in the text
and Table 1.

This journal is © The Royal Society of Chemistry 2022 Nat. Prod. Rep.
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and known to be a source of a vast variety of toxins, even those
that are part of the gut microbiota.40 This suggests that the lack
of fungi as a source of egg toxins is most likely due to a gap in
the available information. Interestingly, de novo synthetized
macromolecules are restricted to invertebrates, except for the
lamprey toxin (see Section 5.12).

Another general pattern is that species pack eggs with
a limited number of toxin classes, usually only one or two. In
fact, of the plethora of available toxic structures, only eggs of 3
species of chrysomelidae, 1 lampyridae, and 1 erebidae insect
have recruited two or more toxin classes while the vast majority
have only one (Table S1†). In other words, the presence of toxin
cocktails observed for venoms8 is usually not a feature of
poisonous eggs. In some species, however, the eggs can be
defended by a large set of toxins but from the same class
accounting for as many as nearly 30.41 Notably, tetrodotoxin, the
most widespread toxin in eggs, is absent in insects but has been
independently recruited into the eggs of 1 species of horseshoe
crab, and gastropod, 2 atworms, and 2 octopuses, and
specially chordata, where TTX has been reported in the eggs of
25 sh species, a toad and 6 salamanders (Table S1†). It is worth
recalling that, although these species are phylogenetically
distant, the sources of TTX are varied (see Section 5.4)
precluding evolutionary interpretations other than the result of
convergent evolution or perhaps that as several of these species
cohabit the same environment, the presence of TTX in those
taxa could simply be an indication of common food sources.

Of the eight recognized toxic mechanisms, ion imbalance is
prevailing in egg toxins (Fig. 3A). These egg toxins act by dis-
rupting ion channels (Fig. 2D), thus having a direct impact on
excitable cells such as neurons and myocytes. Three toxin
classes – alkaloids, phenolics, and peptides – converge in this
mechanism of action (Fig. 3A). In addition, the pore-forming
toxin perivitellin-2 also induces ion imbalance by opening
holes in the plasma membrane of target cells, rapidly altering
cellular homeostasis (Fig. 3A). Finally, palytoxins have an
interesting mechanism of action because they transform the
transmembrane enzyme Na+/K+ ATPase into an unspecic
cation channel (see Section 5), also interfering with cell ion
balance. Ion channels are extraordinary ampliers; the opening
of a single channel can allow the ow of millions of ions per
second. Consequently, a relatively small number of toxin
molecules with high affinity for ion channels can have
a pronounced effect. In addition, the dominance of this toxic
mechanismmay be related to the speed of action as it causes an
immediate, fast, and lasting response in the predator.9 These
features are probably the reason why targeting ion imbalance
has evolved convergently on multiple occasions and is used by
different phyla through quite different toxin structures. Apart
from palytoxins, three other toxin classes act by inhibiting the
activity of key enzymes, which represents the second most
common toxic mechanism among egg toxins (Fig. 3A). Mostly
associated with cyanogens, cellular respiration is the third most
common target of egg toxins (Fig. 3A). The other toxin targets
are less represented (Fig. 3A). This analysis reveals a remarkable
degree of convergence in the types of targets for the toxins
Nat. Prod. Rep.
regardless of their structure and sheds light on what makes
a molecule amenable for use as a toxin in the animal kingdom.

Egg toxins display an extremely varied lethality, ranging from
picomolar to millimolar per kilogram of the assayed model
animals (Table 1 and Fig. 3B). The most toxic egg compounds
(LD50 # 10�3 mmol kg�1) come from the aquatic environment
and belong to only 3 molecular classes. These include, in
decreasing order of toxicity: palytoxin, the polyketide cigua-
toxin, and the proteins perivitellin-2 and lamprey toxin (Fig. 3B).
The polyketide pederin, the conopeptides, and latroeggtoxins
(peptide and protein, respectively), together with the alkaloids
tetrodotoxins and batrachotoxins follow in toxicity (Fig. 3B). All
the other molecular classes have moderate toxicity (LD50 > 1
mmol kg�1). However, it should be noted that most of the
lethality assays were made on rodents, and only some were
assayed in other animals, such as larvae and adult insects. This
questions the conclusions on the activity the toxins might have
on the true predators. In other words, are the toxic effects
observed in model animals equivalent to those the actual target
would experience? This issue could partially account for the
variation found in LD50s. Unfortunately, many toxins do not
have their LD50 determined, precluding further comparisons
(Table 1 and Fig. 3B). Another important aspect to consider is
the amount of toxin present in one egg. A strategy used by many
species is to cluster the eggs in clutches which also increases
visibility in aposematic eggs (see Section 6). In addition,
a marked difference regarding the ability to increase toxin
accumulation between the proteins/peptidic toxins class, and
the other classes emerged. Thus, their amount is usually
determined by the regulation of their gene expression. Besides,
amplication by extensive gene duplication has been associated
with an increase in the amount of mRNA needed for the toxin
production in perivitellin-2, a toxin massively accumulated in
the eggs of apple snails.37 While eggs provided with proteina-
ceous or peptide toxins need just the expression of those genes
encoding the toxins, eggs with de novo produced small molecule
toxins need on the one hand the precursor and on the other
hand the expression of all those genes encoding the enzymes
relevant for the biosynthesis of the toxin. Toxins directly
sequestered from food entirely depend on the availability in the
food web42 (Section 5.7).

Despite the recognizable patterns discussed above, it must
be stressed that a bias in the available information could be
interfering with the interpretations (see Section 7).
5 Description of egg toxins

Following is a description of egg toxins grouped in the 13
classes described in Section 3.3. For each toxin, information on
the taxa where they appear, molecular class, source, allocation,
mechanism of action, and biological effects is provided.
5.1 Terpenoids

5.1.1 Cantharidin. Cantharidin is an atypical monoterpene
(Fig. 4A) only produced by true blister beetles (coleoptera:
meloidae) and false blister beetles (coleoptera:
This journal is © The Royal Society of Chemistry 2022
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oedemeridae).43,44 Although more than 1500 species of blister
beetles produce cantharidin,45 the presence of this toxin in the
eggs has been reported in only a few species46–49 (Table S1†). In
meloid beetles (Hycleus, Epicauta, and Mylabris genera), only
adult males can synthesize cantharidin, most likely in their
reproductive system. The newly synthesized toxin moves
sequentially to accessory glands, the epididymis, and vas def-
erens, and accumulates in the testes. Females, in turn, acquire
cantharidin from male-derived spermatophores stored in the
female spermatophoral receptacle. Finally, the toxin spreads
through the ovaries, from which is transferred to the eggs.46,48,49

In oedemerid beetles (genera Oedemera and Nacerdes) on the
contrary, adults of both sexes have the ability to synthesize
cantharidin but those transferred to the eggs are mainly
provided by females and little or no transfer from male to
female was observed.43,44,48,50 In species of false blister beetles,
however, females have spines in their reproductive system that
enhance the use of cantharidin provided by males.50 Other
beetles called “canthariphilous” that lack the capacity to
synthesize cantharidin, have evolved resistance to the toxin and
are attracted to cantharidin-containing beetles (oen dead
specimens), sequester the toxin from them.51 They only extract
the defensive chemical without obtaining any other compound
(e.g., nutrients),47,52 a behavior dened as “pharmacophagy”.42

These canthariphilous species then transfer the sequestered
toxin to their eggs in Neopyrochroa and Schizotus beetles, and
the small y Atrichopogon.47,48,52,53 In addition, in canthar-
iphilous species, males also contribute with cantharidin
through spermatophores.54 Cantharidin is a systemic poison to
Fig. 4 Representative structures of terpenoids. (A) Cantharidin (CID:
5944), (B) cucurbitacin D (CID: 5281318), (C) halimedatetraacetate
(CID: 101326884). Structures were obtained from the PubChem server
(https://pubchem.ncbi.nlm.nih.gov/). The compound identification
number (CID) is specified after each name. Molecules were
visualized using BIOVIA Draw v.21.1.

This journal is © The Royal Society of Chemistry 2022
higher vertebrates45 that is able to inhibit protein phosphatase 1
(PP1) and protein phosphatase 2A (PP2A).55 The inhibition of
these enzymes increases the phosphorylation state of regulatory
enzymes, altering cell functions.55 Cantharidin also acts as
a deterrent for ground beetles, spiders, heteropterans, and
ants.44,56,57

In addition to cantharidin, there are a few chemically similar
toxic terpenoids known as cantharidin-related compounds
(CRCs). In particular, the CRCs palasonin, palasoninimide, and
cantharidinimide have been identied in the eggs of Hycleus
scabiosae.49 Although less studied, the mechanism of action of
CRCs seems to be similar to that of cantharidin.58–60

5.1.2 Cucurbitacins. Cucurbitacins are tetracyclic triterpe-
noids (Fig. 4B) present in cucurbitaceae plants and found in the
eggs of rootworms of the genera Diabrotica and Acalymma
(coleoptera: chrysomelidae) that feeds on these plants61,62 (Table
S1†). These compounds are strong antifeedants that protect
cucurbitaceae from herbivory. Thus, the ability of some chrys-
omelid beetles to feed and live upon bitter cucurbitaceae indi-
cates the development of many effective mechanisms including
avoidance of uptake, sequestration in specic tissues, and
detoxication, among others to deal with these toxic terpe-
noids.62 These toxins are sequestered by larvae or adults and
transferred to the sticky mucous surrounding the eggs either
unchanged or with some modications.62,63 These compounds
were isolated from adult hemolymph, the most likely source of
egg cucurbitacins.62 The mechanism by which cucurbitacins are
deposited in the eggs is still unclear. Cucurbitacins are
extremely bitter compounds that are unpalatable and toxic to
invertebrates, vertebrates, and fungi.64–66 For instance, the
dihydro-form of cucurbitacin D repels sparrows67 and egg
cucurbitacins provide protections against entomopathogens
such as the fungus Metarhizium anisopliae.68 The main toxic
effect of cucurbitacins would be the inhibition of cell adhesion,
caused by their actin-depolymerization effect on the cytoskel-
eton.69 However, they have also been reported to affect other cell
processes, such as inhibition of the JAK/STAT3 signaling
pathway, and inhibition of pro-inammatory mediators, among
others, that led to their application as antitumor, anti-
inammatory, and immunosuppressor agents.70

5.1.3 Halimedatetraacetate. Halimedatetraacetate and its
derivatives are diterpenoids (Fig. 4C) produced by the marine
algae of the genus Halimeda.71 The marine sea hare slug Elysia
pusilla (gastropoda: sacoglossa) feeding upon these algae,
sequesters halimedatetraacetate, and produce a reduced deriv-
ative that protects both adults and egg masses alike.71 Both, the
algae compound and the gastropod-derivative are effective
deterrents towards herbivorous and carnivorous sh, and toxic
to starsh larvae and generalist shes.71 However, several
aspects of the biology of this toxin, including the mechanism of
its transfer to the eggs and the toxicity mechanisms, remain
unexplored.
5.2 Cyanogens

Cyanoglycosides (CNglcs) and cyanohydrins are groups of
toxins restricted to arthropods.72 These compounds were found
Nat. Prod. Rep.
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in the eggs of the tortoise beetle from the genus Paropsis
(coleoptera: chrysomelidae),73 zygaenid moths (lepidoptera:
zygaenidae),74,75 and butteries of the families nymphalidae,76–78

and papilionidae79 (Table S1†). The most common cyanogenic
compounds are prunasin, (R)-mandelonitrile, linamarin,
lotaustralin, and sarmentosin (Fig. 5A–E), which, depending on
the species, can be either sequestered from host plants (e.g.
Prunus, Locus, and Sedum), de novo biosynthesized, or both.11,80

Cyanogens derive from the amino acids Val, Ile, Leu, Phe, and
Tyr, and the non-proteinogenic amino acid cyclopentenyl
glycine.19 In arthropods, the ability to synthesize CNglcs showed
a scattered phylogenetic distribution, indicating that it prob-
ably evolved independently several times.80 Cyanogenesis has
been well studied in the moth Zygaena lipendulae, which are
able to de novo biosynthesize CNglcs, as well as to sequester
them at the larval stage. These toxins are produced mainly in
the integument or the fat body of both larvae and adult
females.80 Although constitutively active, the intervening genes
are regulated by the content of CNglcs in the food plant, being
Fig. 5 Representative structures of cyanogens. (A) Linamarin (CID:
11128); (B) lotaustralin (CID: 441467); (C) R-mandelonitrile (CID:
9548674); (D) prunasin (CID: 119033); (E) sarmentosin (CID: 5281123);
(F) cycasin (CID: 5459896). Structures were obtained from the Pub-
Chem server (https://pubchem.ncbi.nlm.nih.gov/). The compound
identification number (CID) is specified after each name. Molecules
were visualized using BIOVIA Draw v.21.1.

Nat. Prod. Rep.
downregulated when the larvae sequester it.80 In adult females,
CNglcs are transported from the site of synthesis to the rest of
the body organs via hemolymph. Eventually, these toxins are
transferred by an unknown mechanism to the eggs before they
are laid.80 A related compound, cycasin (Fig. 5F), is a pseudo-
CNglc sequestered from Zamia plants and then found in all
life-stages of the buttery Eumaeus atala (lepidoptera: lycaeni-
dae).81 Some of these species provide their eggs of an additional
line of defense through warning colorations (see Section 6 and
Fig. 17). Several other insects, particularly wasps, also protect
their embryo with these compounds through parasitoidism, i.e.
laying their eggs within the early stages of cyanogenic-
containing butteries. For instance, species of parasitic wasps
braconidae, eupelmidae, ichneumonidae, and chalcididae
(hymenoptera) have overcome the cyanogen-based defense in
Zygaena and deposit their eggs inside them.75,82 Many other
parasitoids were reported in papilionidae and zygaenidae
species that may also take advantage of this chemical defense,80

however further analyses are needed to conrm this scenario.
Fig. 6 Representative structures of cardiac glycosides. Cardenolides
(A–E) and bufadienolides (F–I). (A) Ouabain (CID: 439501); (B) oua-
bagenin (CID: 12313812); (C) strophanthidin (CID: 6185); (D) digitoxin
(CID: 441207); (E) digitoxigenin (CID: 4369270); (F) bufalin (CID:
9547215); (G) telocinobufagin (CID: 259991); (H) bufotalin (CID:
12302120); (I) lucibufagin C (CID: 15924888). Structures were obtained
from the PubChem server (https://pubchem.ncbi.nlm.nih.gov/). The
compound identification number (CID) is specified after each name.
Molecules were visualized using BIOVIA Draw v.21.1.

This journal is © The Royal Society of Chemistry 2022
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Table 2 Specific cardenolides identified in eggsa

Species Cardenolides

Danaus plexippus, Danaus chrysippus Calactin, calotropin, calotropagenin, calotoxin, uzarigenin
Poekilocerus bufonius Calactin, calotropin
Caenocoris nerii Odoroside-A, adigoside, nerigoside, stropeside, neritaloside
Oncopeltus fasciatus Ouabain, strophanthin-K, digitoxin
Chrysolina fuliginosa Sarmentogenin, digitoxigenin

a For references see Table S1.

Table 3 Characteristic bufadienolides identified in eggsa

Species Bufadienolides

Bufo bufo gargarizans Cinobufagin, bufalin, bufotalin, bufotalinin, marinobufagenin,
hellebrigenol, arenobufagin

Rhinella marina Telocinobufagin, resibufagin, bufalin, marinobufagenin, hellebrigenol,
arenobufagin

Photinus marginellus, Photinus ignitus Lucibufagin A, lucibufagin B, lucibufagin C
Ellychnia corrusca Lucibufagin C, lucibufagin D, lucibufagin E, lucibufagin F, lucibufagin

G, lucibufagin H, lucibufagin I, lucibufagin J

a For references see Table S1.
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These toxins are accumulated as pro-toxins, which upon
predator's enzymatic breakdown in their gut, release the toxic
hydrogen cyanide (HCN) and deterrent aldehydes or ketones.80

Cyanogenic compounds have a dual defense activity as deter-
rents and toxins. They act as feeding deterrents on herbivores
and predators due to their bitter taste provided by aldo and keto
groups.83 Besides, the released HCN is a strong inhibitor of the
mitochondrial respiratory chain.84 Cycasin, which lacks CN
groups, release methylazoxymethanol (MAM), which spontane-
ously decomposes to toxic formaldehyde and methyl-
diazonium. This latter compound is a potent DNA methyl-
ating agent associated with genotoxic effects.85
5.3 Cardiac glycosides

5.3.1 Cardenolides. Cardenolides are a group of cardiac
glycosides in the form of aglycones or cardenolide glycosides
with a ve-membered lactone ring at the C-17 (Fig. 6A–E),
produced by plants and certain groups of insects as a defense
against predators. Cardenolides differ in their sugar moiety, or
the hydroxyl groups attached to the sterol core. The most
frequent sugars of cardenolides are glucose, galactose,
mannose, rhamnose, and digitalose, but xylose, lyxose, ribose,
and allose can also be found in chrysomelid beetles.14,86 The
main identied cardenolides are summarized in Table 2 and
examples of their structures are given in Fig. 6A–E. Eggs
endowed with cardenolides include those of monarch butter-
ies Danaus (lepidoptera: nymphalidae),87 leaf beetles Chrys-
olina and Oreina (coleoptera: chrysomelidae),86,88–91 seedbugs
Caenocoris and Oncopeltus (coleoptera: lygaeidae),92,93 and
locusts Poekilocerus (orthoptera: pyrgomorphidae)94,95 (Table
S1†). Except for chrysomelid beetles, cardenolides are seques-
tered from host plants of the genera Asclepias, Calotropis, Heli-
anthus, and Nerium, and then maternally transferred to the eggs
This journal is © The Royal Society of Chemistry 2022
unchanged or with minor modications.87,92–95 In monarch
butteries, cardenolides are also paternally transferred.96

Chrysomelid beetles, on the other hand, have evolved the
enzymes that allow them to de novo synthesize cardenolides
from ingested cholesterol.86,88,97 These compounds are usually
deposited by an unknown mechanism within the eggs but can
also be found in the secretions surrounding them.95

Cardenolides have a dual defense activity being toxic as well
as providing a strong bitter taste that can be an effective
deterrent to some generalist predators, including birds, spiders,
and mice;87,98–100 however, it has been shown that the ladybird
Hippodamia convergens can prey upon eggs of Caenocoris nerii.92

Their toxic effect is mediated by their capacity to inhibit the
Na+/K+ ATPase, a ubiquitous animal cation pump with high
specicity.21 The steroid structure is recognized by a receptor-
enzyme and their interaction seems to be enough to produce
the inhibition, although the lactone ring and sugar moieties
may enhance this binding.101,102 Their cardiovascular effects on
vertebrates are due to the blockage of the Na+/K+-ATPase current
in the heart14 and are hence called heart poisons.

5.3.2 Bufadienolides. Bufadienolides are cardiac glycosides
in the form of aglycones or bufadienolide glycosides with a six-
membered lactone ring at the C-17 (Fig. 6F–I). They are found in
the eggs of the toads Rhinella, Bufo, and Anaxyrus (anura:
bufonidae)41,103–105 and in the egg of the Asian snake Rhabdophis
tigrinus (squamata: colubridae)106 (Table S1†). Bufadienolides
known as lucibufagins are also found in the eggs of reies (see
below). Toads can synthesize their defensive bufadienolides
from cholesterol,107 and transfer them to their eggs by an
unknown mechanism. The snake R. tigrinus sequesters these
toxins when preying upon toads for their own defense. They can
also transfer them to their eggs through two mechanisms: by
deposition in yolk during vitellogenesis and by diffusion across
the egg membranes within the oviduct.106 Interestingly,
Nat. Prod. Rep.

https://doi.org/10.1039/d2np00029f
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developing embryos sequester these egg bufadienolides and
therefore newly hatched snakes are also protected by these
toxins.106 It has been demonstrated that toad eggs containing
bufadienolides are avoided by potential predators and are toxic
to Australian oophagous tadpoles.108

Lucibufagins are a group of bufadienolides found in the eggs
of Photinus, Photuris, and Ellychnia reies (coleoptera: lamp-
yridae)109–111 (Table S1†). In most reies, these toxins are
sequestered from host plants, except for the genus Photuris,
which obtains them by preying upon the Photinus rey. To do
that, the carnivorous Photuris females attract Photinus males
mimicking Photinus female light calls.109 An alternative source
of lucibufagins has been proposed for Photinus and Ellychnia,
where Mycoplasma bacteria seem responsible for the endo-
symbiotic production of these toxins.112 Besides, male reies
can also transfer lucibufagins to the female through
Fig. 7 Representative structures of alkaloids. (A) usaramine (CID: 52817
indicine (CID: 73614); (E) lycopsamine (CID: 107938); (F) hippodamine (C
193710); (I) convergine (CID: 11983967); (J) adaline (CID: 11789036); (K)
chotoxin (CID: 6324647), (N) homobatrachotoxin (CID: 15559654); (O) pu
(Q) tetrodotoxin (CID: 11174599); (R) saxitoxin (CID: 56947150).
pubchem.ncbi.nlm.nih.gov/). The compound identification number (C
BIOVIA Draw v.21.1.

Nat. Prod. Rep.
spermatophores, constituting a biparental endowment to the
eggs,109,110 similarly as cantharidin in blister beetles (see terpe-
noid toxins above). The mechanism for lucibufagins to reach
the eggs is still unknown. Lucibufagins are effective deterrents
for birds and spiders109,110 and are also toxic to lizards and frogs
when ingested.113 Acting as cardiotonic steroids, lucibufagins
induce ventricular arrhythmia in dogs.113 The toxic mechanism
of bufadienolides is the same as cardenolides, i.e. inhibition of
Na+/K+-ATPase pump affecting the cardiovascular system.114

Identied bufadienolides from egg sources are summarized in
Table 3.

5.4 Alkaloids

5.4.1 Pyrrolizidine alkaloids (PAs). Pyrrolizidine alkaloids
(PAs) (Fig. 7A–E) are a group of alkaloids produced by several
plants of the genera Senecio, Eupatorium (Asteraceae), Crotalaria
56); (B) senecionine (CID: 5280906); (C) heliotrine (CID: 906426); (D)
ID: 11217776); (G) precoccinelline (CID: 181570); (H) coccinelline (CID:
adalinine (CID: 10585296); (L) isofistularin-3 (CID: 159041); (M) batra-
miliotoxin 237A (CID: 6443202); (P) pumiliotoxin 251D (CID: 6440480);
Structures were obtained from the PubChem server (https://
ID) is specified after each name. Molecules were visualized using

This journal is © The Royal Society of Chemistry 2022
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(Fabaceae), Heliotropium (Boraginaceae), Prestonia (Apoc-
ynaceae), and Solanum (Solanaceae). These compounds are
sequestered by lepidopterans, such as moths from the family
erebidae115–123 and butteries from the family nymphalidae124–126

(Table S1†). Most moths sequester alkaloids in the larval stage,
and transfer them to the subsequent life stages and, eventually,
to the eggs. In contrast, the moth Cosmosoma as well as all
butteries, sequester alkaloids in the adult stage and transfer
them to the eggs. Interestingly, some dipterans and hymenop-
terans (see Table S1†), also take advantage of the PAs seques-
tered by the moth Utetheisa ornatrix (lepidoptera: erebidae)
through parasitoidism, not only protecting their eggs by the
oviposition into the moth pupae but also sequestering the toxin
for the protection of the subsequent stages.127 Apart from lepi-
dopterans, it has been shown that some populations of the leaf
beetle Oreina elongata (coleoptera: chrysomelidae) and the
ladybug Coccinella septempunctata (coleoptera: coccinellidae)
can also sequester PAs from Adenostyles and Senecio plants,
respectively, and transfer them to their eggs.90,128 Identied
alkaloids are summarized in Table 4.

Sequestered PAs are immediately transformed into the N-
oxide form, which reduces its toxicity, and stored as proto-
xins.119,129 In the gut environment of their predators, the N-oxide
is then reduced, and the toxic form is released and passively
absorbed.130 Among lepidopterans, there are examples of
paternal121,125 and biparental118,119 transfer of PAs to the eggs.
This has been intensively studied in the moth Utetheisa. In this
species, females allocate some of their own PAs to protect their
eggs, but they also receive and take advantage of PAs transferred
from males through the spermatophores. Moreover, it has been
shown that females mate with multiple males to ensure the
Table 4 List of specific alkaloids identified in eggs

Species

Utetheisa ornatrix
Creatonotos transiens
Hyalurga syma
Tyria jacobaeae
Cosmosoma myrodora
Tylodina perversa

Coccinella septempunctata

Adalia bipunctata
Epilachna paenulata
Hippodamia convergens
Harmonia axyridis
Exochomus quadripunctatus
Phyllobates terribilis
Melanophryniscus simplex

Various speciesb

Chonerhinos naritus, Pao leiurus, Pao suvattii

a Codes correspond to a classication made by ref. 197. b Please refer to Ta
For references see Table S1.

This journal is © The Royal Society of Chemistry 2022
adequate provision of the defensive compounds in the eggs.131

The process by which PAs reach the eggs is still unknown. Some
lepidopterans exclusively sequester alkaloids from their host
plants, being examples of pharmacophagy.132 Utetheisa eggs
proved to be defended against ants, coccinellid beetles, and
chrysopid green lacewings larvae.118,133,134

The toxicity of the PAs is associated with their capacity to
cross-link proteins or DNA.135 This activity induces in verte-
brates the occlusion of small blood vessels, affecting several
organs, notably the liver, lungs, and kidneys. Besides, the cross-
link of nucleic acids leads to genotoxicity, associated with
chromosomal aberrations and the appearance of tumors.135

They are also neurotoxic, causing necrotic lesions in the central
nervous system.136

5.4.2 Tricyclic and piperidine alkaloids. Tricyclic and
piperidine alkaloids, are found in coccinellid beetles, which are
mainly de novo synthesized in their fat bodies and secreted as
defensive uids in both larvae and adults.137–139 These alkaloids,
such as coccinelline, hippodamine, and adaline (Fig. 7F–K and
Table 4), were reported in the eggs of ladybug beetles (coleop-
tera: coccinellidae)140–145 (Table S1†). In Epilachna paenulata,
there is evidence of biparental endowment.146 The mechanism
by which these toxins are transferred to the eggs remains
unexplored. Interestingly, qualitative and quantitative differ-
ences among life stages have been shown.140,141,146 As mentioned
before, apart from the endogenously produced alkaloids, Coc-
cinella septempunctata can also sequester PAs from Senecio
plants and/or Aphis (hemiptera: aphididae) colonizing
Senecio.128 The sequestered alkaloids account for 10–50% of the
coccinellid total alkaloids. Some coccinellid eggs are apose-
matic (see Section 6 and Fig. 17). Apart from ladybugs, some
Alkaloidsa

PAs (usaramine)
PAs (heliotrine, senecionine, seneciphylline)
PAs (indicine, intermidine, lycopsamine, supinine, amabiline)
PAs (senecionine, seneciphylline, jacoline)
PAs (intermedine, lycopsamine)
Isoxazoline alkaloids (aeroplysinin-1, aerophobin-1, aerophobin-2,
aplysinamisin-1, aerothionin, isostularin-3)
Tricyclic alkaloids (precoccinelline, coccinelline, hippodamine,
convergine) PAs (senecivernine, senecionine, seneciphylline,
integerrimine, jacobine, eucifoline, retrorsine)
Homotropane (adaline); piperidine alkaloids (adalinine)
Piperidine alkaloids (1-(6-methyl-2-piperidyl)-propane-2-ose)
Tricyclic alkaloids (hippodamine, convergine)
Aliphatic alkaloids (harmonine)
Tricyclic alkaloids (exochomine)
Batrachotoxins (batrachotoxin, homobatrachotoxin)
PAs (trans-251K,a trans-233B, cis-233B); piperidine alkaloids (225I);
pumiliotoxins (251D, 237A); indolizidine alkaloids (223AB, 223D, 207A,
235E, 197H); spiropyrrolizidine alkaloids (252B); izidine alkaloids (211C)
Tetrodotoxin
Saxitoxin

ble S1 for a detailed list, including the taxonomic position of the species.

Nat. Prod. Rep.
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piperidine alkaloids have also been identied in the eggs of the
toad Melanophryniscus simplex (anura: bufonidae)147 (Table 4).

The piperidine alkaloids found in some coccinellids and
toads can also be toxic to mammals.148 However, the current
knowledge of piperidine alkaloid toxicity is more focused on
livestock intoxication by plant consumption than on animal
defenses. Intoxication causes tachycardia, muscle weakness,
muscle fasciculations, ataxia, collapse, and death due to respi-
ratory failure.148 Piperidine alkaloids inhibit nicotinic acetyl-
choline receptors (nAChRs).149 The nAChRs are ligand-gated
ion-channels found in the postsynaptic membranes of
neurons and muscle cells, where they mediate the chemical
transmission of electrical signals.150 Inhibition of nAChRs in the
neuromuscular junction, for instance, evokes transient skeletal
muscle fasciculations that are rapidly followed by paralysis,
progressing to respiratory failure.148 Coccinellid-originated
tricyclic alkaloids hippodamine and coccinelline and the
aliphatic alkaloid harmonine also inhibit nAChRs of several
organisms.151–153 However, the consequences of this nAChR
inhibition by coccinellid alkaloids remain unexplored.

5.4.3 Brominated isoxazoline alkaloids. In the marine
environment, the yellow umbrella slug Tylodina perversa
(umbraculida: tylodinidae) is a specialist consumer of the
sponge Aplysina aerophoba, a rich source of brominated iso-
xazoline alkaloids that protect the sponge from the attack of
sh.154,155 Tylodina perversa sequester isoxazoline alkaloids from
the sponge protecting both their body and egg ribbons (Table
4).156 Unfortunately, there are few reports and the study of their
chemical defense has been discontinued, leaving several
aspects of their biology and chemical ecology unexplored.
Among the alkaloids detected in the eggs of T. perversa,
isostularin-3 (Fig. 7L) proved to be cytotoxic.157 It has been
recently described that the toxic mechanism of the isostularin-
3 involves the inhibition of DNAmethyltransferase 1, indicating
that its toxicity may be related to epigenetic modulations.158

However, further analyses are needed to better understand this
process.

5.4.4 Batrachotoxins and pumiliotoxins. Lipophilic alka-
loids such as batrachotoxins (BTXs) and pumiliotoxins (PTXs)
were described in the eggs of some amphibians (Table 4 and
S1†). These alkaloids are obtained from feeding on arthropods
including ants, mites, beetles, and millipedes (reviewed in ref.
159). The poisonous dart frogs of South America Phyllobates
terribilis (anura: dendrobatidae) ll their eggs with the highly
lethal steroid alkaloids batrachotoxin and homobatrachotoxin
(Fig. 7M and N), with a putative defensive role against preda-
tion.160 Another dendrobatid, the strawberry frog Oophaga
pumilio, also transfers defensive lipophilic alkaloids to their
offspring.161 In this case, although some alkaloids were detected
in oocytes, they are mostly transferred to unfertilized eggs upon
which tadpoles fed, gaining toxicity. Lipophilic alkaloids,
including the PTXs 251D and 237A (Fig. 7O and P), were also
detected in the oocytes of the toad Melanophryniscus simplex.147

Although egg alkaloids in amphibians are gaining interest,
several aspects of the chemical ecology of these toxins remain
poorly understood. Apart from amphibians, a few species of
passerine birds from New Guinea have been suggested to
Nat. Prod. Rep.
possess BTXs as potential egg defenses. The birds draw BTXs
from their prey insects and concentrate them on their bellies.
Females rub the underbellies on their eggs and nest presumably
to repel potential oophagous predators;162 however, further
analyses are needed to conrm this hypothesis.

BTXs act on ion-channels irreversibly increasing the
membrane permeability to Na+ ions by drastically blocking the
Na+ channel in the open state in the axon.163–165 As a conse-
quence, batrachotoxins have several effects on a variety of
systems, notably the nervous and cardiac systems, causing
membrane depolarization, spontaneous neurotransmitter
release, neuromuscular transmission blockage, and muscle
contracture, among others.163 PTXs 307A and 323A have a toxic
mechanism similar to BTXs, on voltage-gated Na+ channels,
resulting in cardiotonic effects.166,167 The PTX 251D, in contrast,
inhibits ion ow in both voltage-gated Na+ and K+ channels,
acting as a cardiac depressor.167,168

5.4.5 Tetrodotoxin. Tetrodotoxin (TTX) is a ubiquitous
toxic alkaloid (Fig. 7Q) and is the most widespread egg toxin in
the animal kingdom (Sections 2, 3, Fig. 1B and Table S1†).169,170

Tetrodotoxin takes its name from the teleost sh order tetrao-
dontiformes from which the toxin was rst isolated and
described.15 The presence of TTX has been conrmed in eggs of
atworms,171,172 horseshoe crabs,173 gastropods,174 octo-
puses,175,176 shes (rev. in ref. 12 and 177), frogs,178 and sala-
manders.15,179–182 For a detailed list of species see Table S1.† The
presence of TTX in such a wide array of organisms could reect
the convergent evolution of their use as defense withinMetazoa.
TTX origin is rather controversial and several sources have been
proposed depending on the species, including exogenous, de
novo synthesized, endosymbiotic, or even a combination of
these.183 There is even a report of embryo production in the
puffersh Fugu niphobles.184 TTX has been extensively studied in
vertebrates, where it usually accumulates in specic tissues
(e.g., skin and skin glands of amphibians), and usually in the
female reproductive system of those species that transfer it to
the eggs.15 Despite the intensive study of this toxin, several
aspects of its chemical ecology remain unclear.

Since its discovery, TTX has become an extremely popular
chemical tool in physiological and pharmacological studies,
being subject to a large body of work (reviewed in ref. 185). TTX
is a highly potent neurotoxin,186,187 famous for several human
food poisoning caused upon consumption of puffersh esh or
sh roes.2 TTX is recognized as a chemical defense against
predation,188,189 that binds and blocks a subpopulation of
voltage-gated Na+ channels with high efficiency in excitable cells
of muscle and nerve tissues.190 Upon consumption, TTX causes
muscle paralysis and/or death of the predator.15

5.4.6 Saxitoxin. Saxitoxin (STX) is a tetrodotoxin-like alka-
loid (Fig. 7R) found in the eggs of some puffershes (tetrao-
dontiformes: tetraodontidae) from both marine and freshwater
environments such as Chonerhinos naritus, Pao suvattii, and Pao
leiurus (Table 4).191,192 This toxin is usually found associated
with tetrodotoxin and both are considered defensive
compounds.193 Saxitoxins are produced by dinoagellates and
pass through the food chain to invertebrates and vertebrates.194

This toxin is of human health concern since it is the etiologic
This journal is © The Royal Society of Chemistry 2022
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agent of paralytic shellsh poisoning (PSP).193,194 STX is highly
toxic186 and acts on multiple voltage-gated ion-channels. Among
them, STX, like TTX, blocks voltage-gated Na+ channels,
producing the neurological and motor signs observed in PSP
poisoning, and eventually leading to predator death.193,194 This
toxin also acts on voltage-gated K+ channels,195 and can also
partially block Ca2+ currents.196
Fig. 9 Representative structures of aristolochic acids. (A) AA-I (CID:
2236); (B) AA-Ia (CID: 148297); (C) AA-II (CID: 108168); (D) AA-Iva (CID:
161218). Structures were obtained from the PubChem server (https://
pubchem.ncbi.nlm.nih.gov/). The compound identification number
(CID) is specified after each name. Molecules were visualized using
BIOVIA Draw v.21.1.
5.5 Nitropropionic acids

5.5.1 Nitropropionic acid glycosides. 3-Nitropropionic acid
(3NPA) and its derivatives are naturally occurring toxins known
to be present in plants, fungi, and even insects. In the eggs and
hemolymph of some leaf beetles (coleoptera: chrysomelidae)
(Table S1†), 3NPA is esteried to the C60 position of the
isoxazolin-5-one glucoside (Fig. 8).198 3NPA is de novo synthe-
sized from b-alanine and indirectly from aspartic acid by the
beetles.199,200 The 3NPA is maternally transferred to the eggs for
protection. These compounds are found in the eggs, the
hemolymph, and the adult pronotal and elytral defense
glands.17,198 The genera Gastrophysa, Chrysomela, Plagiodera,
and Phratora have this toxin at two sites, within the eggs and in
the yellow gluey secretion that covers the eggs.198 However, the
mechanism by which eggs are provided with these toxins is still
unknown. The isoxazolinone precursor is neither toxic nor
deterrent, whereas its nitropropionic acid derivatives such as 3-
nitropropionic acid glycoside are slightly toxic but function as
a deterrent to heteroptera, neuroptera, and hymenoptera.29,198

The hydrolysis of the glycoside releases free 3NPA which is toxic
to both vertebrates and invertebrates, acting as an irreversible
inhibitor of the enzyme succinate dehydrogenase from the
mitochondrial respiratory chain and being neurotoxic at least to
mammals.17
5.6 Aristolochic acids

Aristolochic acids (AAs) are a group of toxins biosynthetically
related to benzoquinoline alkaloids (Fig. 9A–D) unique to the
plant family aristolochiaceae.201,202 A group of aposematic
swallowtail butteries (lepidoptera: papilionidae) from the tro-
dini tribe are attracted to AAs produced by this plant family, that
also stimulate oviposition on these plants. The larvae stages
Fig. 8 Structure of the 3-nitropropionic acid isoxazolinone glycoside.
Modified from Pasteels 2000. Molecules were visualized using BIOVIA
Draw v.21.1.

This journal is © The Royal Society of Chemistry 2022
feed on these plants, rendering both larvae and adults chemi-
cally defended by sequestering AAs.79,203–206 A few records indi-
cate that some trodini species can transfer the AAs to their eggs
(Table S1†).203,207,208 For instance, Atrophaneura alcinous females
selectively transfer the aristolochic acid-I (AA-I) and its deme-
thoxylated derivative, aristolochic acid-II (AA-II), to their eggs.203

During egg passage through the oviduct, a gland from the
female tract covers the eggs with a bright orange-colored, resin-
like material that glues the eggs onto the leaf. Gradually, this
coating becomes hard and rough-textured, giving the eggs their
typical onion-like shape. During this process, both the yolk and
the coating material are provided with AAs.203 In addition,
Battus philenor transfer, together with AA-I and AA-II, the aris-
tolochic acids AA-Ia and AA-IVa to the egg coating.208 However,
the content of AAs in the egg yolk of this buttery has not been
determined. Given the conspicuous coloration of their coating,
some of these eggs were reported as aposematic (Section 6 and
Fig. 17). The AAs provide a bitter taste that would result
unpalatable for predators.11,209 These compounds are also toxic
to vertebrates, including mice, frogs, and humans, with the
kidneys as their main target.201,210–212 The exact toxic mechanism
of AAs is still largely unknown.
Fig. 10 Structures of the phenolic salicin (CID: 439503). The structure
was obtained from the PubChem server (https://
pubchem.ncbi.nlm.nih.gov/). The compound identification number
(CID) is specified. Molecules were visualized using BIOVIA Draw v.21.1.

Nat. Prod. Rep.
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Fig. 11 Representative structures of the polyketides. (A) Dithranol (CID: 2202); (B) chrysarobin (CID: 10288); (C) chrysazin (CID: 2950); (D)
chrysophanol (CID: 10208); (E) pederin (CID: 5381287); (F) ulapualide A (CID: 131704227); (G) dihydrohalicondramide (CID: 10259927); (H)
kabiramide D (CID: 53262875). (I) ciguatoxin (CID: 5311333). Structures were obtained from the PubChem server (https://
pubchem.ncbi.nlm.nih.gov/). The compound identification number (CID) is specified after each name. Molecules were visualized using
BIOVIA Draw v.21.1.
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5.7 Phenolics

5.7 1 Salicin. Salicin (Fig. 10) is a phenolglycoside
produced by Salicaceae plants, sequestered by Chrysomela and
Phratora beetles (coleoptera: chrysomelidae), and eventually
transferred to eggs (Table S1†).198 Adult chrysomelids sequester
this compound from Salix or Populus.213 However, not all the
chrysomelids having those host plants have salicin in their eggs
(e.g., Plagiodera versicolora, Phratora laticollis, and Phratora
tibialis),198 indicating species-specic specialization for their
use for egg defense. Interestingly, adult chrysomelid beetles are
also chemically defended but with other defensive compounds
instead of salicin (e.g. isoxazolinone derivatives, cardenolides,
and cucurbitacins), which they either produce or sequester,
Table 5 Specific anthraquinones and anthrones identified in eggsa

Species A

Galeruca tanaceti C
Galerucella tenella, Galerucella pusilla,
Galerucella calmariensis, Galerucella lineola,
Galerucella nymphaeae, Lochmaea suturalis

C

Trirhabda geminata C
Pyrrhalta viburni C
Dactylopius confusus C
Adelges tsugae C
Laricobius nigrinus, Laricobius osakensis N

a For references see Table S1.

Nat. Prod. Rep.
indicating that the salicin is playing a predominant role in
reproduction.29 Salicin is both deterrent and toxic to Myrmica
rubra ants when ingested.198 Salicin also provides defense for
the newly hatched larvae, which transform it into salicylalde-
hyde, a potent ant repellent releasing at the same time glucose
that is used as fuel.198,214 The information regarding the use of
salicin as egg defense is scarce, and several aspects of its biology
are still unknown.
5.8 Polyketides

5.8.1 Anthraquinones and anthrones. Anthraquinones and
anthrones are a group of polyketides (Fig. 11A–D) found in the
eggs of several chrysomelid beetles (coleoptera:
nthraquinones Anthrones

hrysazin, chrysophanol Dithranol, chrysarobin
hrysazin, chrysophanol Dithranol

hrysazin, chrysophanol Null
hrysophanol Null
arminic acid Null
hrysophanol Chrysarobin
ull Chrysarobin

This journal is © The Royal Society of Chemistry 2022
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Fig. 12 Structure of the betaine N-methylquinulinium 2-carboxylate
(CID: 12226281). The structure was obtained from the PubChem
server (https://pubchem.ncbi.nlm.nih.gov/). The compound
identification number (CID) is specified. Molecules were visualized
using BIOVIA Draw v.21.1.
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chrysomelidae),10,91,215–217 the tooth-neck fungus beetles Lar-
icobius (coleoptera: derodontidae),218 the scale insect Dactylo-
pius confusus (hemiptera: dactylopiidae),219 and the hemlock
woolly adelgid Adelges tsugae (hemiptera: adelgidae)218 (Table
S1†). These compounds are regarded as both toxic and reac-
tive.206,220 The most common anthraquinones chrysazin and
chrysophanol, and their derivative anthrones dithranol and
chrysarobin act as ant,10,91,97,217 and bird221,222 deterrents. The
coccid Dactylopius confusus have a colored glycosylated deriva-
tive of anthraquinone, the carminic acid, which also acts as an
ant deterrent and provides eggs with presumably an aposematic
red color.219 Specic anthraquinones and anthrones identied
in eggs are summarized in Table 5. Their host plants lack these
compounds, indicating an endogenous origin for these insect
polyketides. However, whether these compounds are produced
de novo by the animal itself and/or by associated endosymbionts
is still unclear.10,223,224 Anthraquinones and anthrones are
maternally transferred either to the eggs217 or the wax-like
secretions that cover them.218 The mechanism by which the
toxin is deposited into the eggs remains unclear. The toxic
mechanism is also scarcely known for these compounds. It has
been suggested for the anthraquinone chrysophanol that the
toxic mechanism could involve intercalation to the double-
stranded DNA inducing DNA damage (genotoxicity) and muta-
genesis,225 but its capacity to bind to the DNA is much lower
than that of other known intercalating agents.226 Further anal-
yses are needed to corroborate this hypothesis.

5.8.2 Pederin. Pederin (Fig. 11E) is a complex polyketide
found within the eggs of the rove beetles Paederus (coleoptera:
staphylinidae) (Table S1†).227–229 The amount of pederin in eggs
depends on the adult toxin content. Males and some females,
referred to as (�)-females, lack the capacity to biosynthesize the
toxin relying solely on the small amount of toxin maternally
transferred. Other females, known as (+)-females, however,
retain the ability to produce pederin and contain higher levels
of toxin. Consequently, (+)-females can transfer pederin into
every egg whereas the (�)-females can transfer only minute
amounts of the toxin to a few eggs.230 The toxin is produced by
endosymbiotic Pseudomonas bacteria in the female accessory
gland, from which it is excreted to be incorporated into the eggs
by a still unknown mechanism.227,230,231 The toxin, together with
the symbiont itself are transferred to eggs, from where some
newly hatched larvae can incorporate the toxin and become
(+)-females.232 Pederin is a deterrent and toxic to mice;233 and it
is also a potent vesicant, producing skin eruptions to
mammals.234 The toxin inhibits protein synthesis by binding to
ribosomes228,235,236 and, as a side effect, it inhibits DNA and RNA
synthesis228,233 due to protein synthesis inhibition during the G1
phase of the cell cycle.237

5.8.3 Macrolides. Macrolides are macrocyclic compounds
that have a characteristic large lactone ring to which one or
more deoxy sugars, usually cladinose and desosamine, may be
attached (Fig. 11F–H).238 These compounds are found in several
tissues of the nudibranch Hexabranchus sanguineus (nudi-
branchia: hexabranchidae), which sequesters them from Hal-
ichondria sponges and transfers them to their brightly colored
egg ribbons, which are presumably aposematic (see Section 6
This journal is © The Royal Society of Chemistry 2022
and Fig. 17).239–241 Among the macrolides isolated from H. san-
guineus eggs are kabiramide A–F, dihydrohalichondramide, 33-
methyldihydrohalichondramide, and ulapaulide A and B, some
described for the rst time in this species.239–241 Before transfer
to the eggs, some molecular modications occur;240 however,
the mechanism by which the toxins are deposited in the eggs
remains unexplored. These compounds deter sh and crab
predators240 and, in effect, the eggs of H. sanguineus have
virtually no predators, except for the aeolid nudibranch Favor-
inus japonicus.241 Several macrolides are highly toxic toward
eukaryotic cells in in vitro assays, acting by two mechanisms. As
actin-polymerization inhibitors, macrolides interfere with
cytoskeleton functions, eventually leading to cell death.242,243

They also inhibit protein synthesis by binding to mitochondrial
ribosomes, causing cell arrest,244 further contributing to their
cytotoxicity. No toxicity assays have been made at whole-
organism levels and further analyses are needed to determine
the role of these toxins in defense against predation.

5.8.4 Ciguatoxins. Ciguatoxins (CTXs) are polyether
compounds made of several rings fused by ether linkages
(Fig. 11I).245 These polyketides are produced by dinoagellates
and transferred through the food chain to several sh.245–247 To
date, a single report of ciguatoxins in sh roe (eggs) has been
described for barracuda sh (perciformes: sphyraenidae).246

Unfortunately, the study is only a case report and no further
work on the toxin in the context of egg defense has been made.
Ciguatoxins block voltage-gated Na+ channels in an open state
(reviewed in ref. 245). Ciguatoxins cause a systemic syndrome
involving gastrointestinal, cardiovascular, and neurological
signs, known as ciguatera poisoning.245,247 Most of the studies
on this toxin are related to human poisoning and their role in
nature has been scarcely explored. However, it has been shown
that upon consumption, accumulation of ciguatoxins can affect
some sh and even kill them,245 leading to consider it as
a defensive compound.

5.9 Betaines

5.9.1 N-Methylquinolinium 2-carboxylate. The betaine N-
methylquinolinium 2-carboxylate (Fig. 12) was identied in the
rey Photuris versicolor (coleoptera: lampyridae), which seems
to produce it autogenously and transfer it to the eggs.248 Eggs
become protected by the toxin that deters Leptothorax
Nat. Prod. Rep.
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longispinosus ants, coccinellid Harmonia axyridis larvae, and to
some extent the earwig Forcula auricularia.249 The Betaine co-
occurs with another protective compound, the steroid lucibu-
fagin, but eggs with or without lucibufagin are equally rejected
by insects.249 By endowing their eggs with both compounds,
Photuris females double the protection of eggs if they feed on
lucibufagin-containing Photinus, but they are not entirely
defenseless when this option is not available.249 The consump-
tion of adult Photuris reies was reported toxic to the lizard
Pogona vitticeps, indicating the potential toxicity of both
compounds toward vertebrates.113 Other aspects of egg beta-
ines, such as endowment, and toxic mechanisms, remain
unexplored.
5.10 Thiocyanates

5.10.1 Mustard oils. Mustard oils are derived from gluco-
sinolates produced by many Brassicaceae plants as a defense
against herbivory being irritants, deterrents, and toxic to some
animals.26,250 The mustard oil allyl isothiocyanate (AITC)
Fig. 13 Structure of the thiocyanate allyl isothiocyanate (CID: 5971).
The structure was obtained from the PubChem server (https://
pubchem.ncbi.nlm.nih.gov/). The compound identification number
(CID) is specified. Molecules were visualized using BIOVIA Draw v.21.1.

Fig. 14 Structure of the palytoxin (CID: 4660115). The structure was obt
The compound identification number (CID) is specified. Molecules were

Nat. Prod. Rep.
(Fig. 13) derived from the glucosinolate sinigrin, was found in
the eggs (as well as in other life stages) of the white buttery
Pieris brassicae (lepidoptera: pieridae), where it has a putative
role on egg defense.251 It should be mentioned that some facts
cast doubt on the true transfer of mustard oil to the eggs in this
species. First, the eggs were obtained from plants that are
a source of glucosinolates and mustard oils and the precautions
taken to avoid contamination have not been specied.251

Secondly, only free mustard oils have been found in the eggs
instead of the glycoside form in which they are commonly
stored.251 Furthermore, experiments made using some other
Pieris butteries showed that they fail in sequestering glucosi-
nolates.252 Other insects, such as the harlequin bug Murgantia
histrionica and the turnip sawy Athalia rosae do sequester
glucosinolates from their host plants,253 but whether they
transfer them into the eggs have not been studied.

The toxic role of mustard oil in white butteries is also rather
controversial. Although both pupa and adult of P. brassicae
cause higher mortality than a congeneric species that lack this
compound, when reared deprived of sinigrin, they are still
lethal to mice. Even more, relatively large doses of sinigrin and
AITC had no apparent effect onmice.254 These results pointed to
a dissuasive role of the mustard oil due to its distasteful taste
rather than a toxic role. Regardless of its role in white butter-
ies, AITC is toxic, acting as a strong skin and respiratory
mucosae irritant, causing rst- or second-degree acid burns. If
ingested, it causes burning, pain, vomiting, cramp, uncon-
sciousness, complete loss of reexes, reduction in blood pres-
sure, and even death.26 Its mechanism of action is unknown.
ained from the PubChem server (https://pubchem.ncbi.nlm.nih.gov/).
visualized using BIOVIA Draw v.21.1.

This journal is © The Royal Society of Chemistry 2022

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://doi.org/10.1039/d2np00029f


Review Natural Product Reports

Pu
bl

is
he

d 
on

 0
2 

A
ug

us
t 2

02
2.

 D
ow

nl
oa

de
d 

by
 M

ax
-P

la
nc

k-
In

st
itu

t f
ür

 c
he

m
is

ch
e 

O
ko

lo
gi

e 
on

 8
/5

/2
02

2 
10

:2
6:

48
 A

M
. 

View Article Online
5.11 Palytoxins

Palytoxins (PTXs) are complex, highly toxic molecules (Fig. 14)
mainly found in so corals of the genus Palythoa (zoantharia:
sphenopidae), which use them for their own defense; however,
PTXs origin is not clear and probably deriving from symbiotic
microorganisms.255 They are also produced by dinoagellates of
the genus Ostreopsis, where they are called ostreocins.255 In
Palythoa tuberculosa, toxicity varies among colonies, and even
among different parts of a given colony or polyp sexually biased
toward females and absent in male polyps.256,257 This sex bias is
explained by their high concentration in eggs, the life stage with
the highest PTX accumulation.256 The distribution pattern of this
toxin indicates that it may be produced by female reproductive
structures; however, more studies are needed to unveil the origin
of PTXs in this species. PTXs are also reported in crabs cohabiting
with Palythoa, which most likely sequester them when preying
upon the zoanthid.258 Among them, the mosaic reef crab Lopho-
zozymus pictor (decapoda: xanthidae) transfers PTXs to their
eggs.258 PTXs are also found along with the food web in several
coral reef shes that consume Palythoa colonies and associated
fauna such as crabs and worms, and notably in the eggs of the
buttery sh Chaetodon (chaetodontiformes: chaetodontidae).259

Egg PTXs have been scarcely studied and several aspects of their
biology, such as how the toxin reaches the eggs, remain unclear.
PTXs alter the membrane Na+/K+-ATPase pump, thus changing
the ion homeostasis of excitable and non-excitable cells. The
interaction of PTXs with the Na+/K+-ATPase transforms it into
Fig. 15 Representative structures of toxic phospholipids. (A) Dinogu-
nellin A (CID: 101485748); (B) dinogunellin-B (CID: 101485750); (C)
dinogunellin-C (CID: 101485749); (D) and dinogunellin-D (CID:
101485751). X ¼ eicosapentaenoic acid, Y ¼ stearidonic acid. Struc-
tures were obtained from the PubChem server (https://
pubchem.ncbi.nlm.nih.gov/) unless otherwise specified. The
compound identification number (CID) is specified after each name.
Please, refer to PubChem server for stereochemistry information.

This journal is © The Royal Society of Chemistry 2022
a relatively non-selective pore that allows the passive transport of
cations across the plasma membrane (rev. in ref. 260). Together
with CTX, they are the most toxic compounds found in animal
eggs (Table 1 and Fig. 3B). Mice intraperitoneally injected with
this toxin showed neurological damage, including stretching of
the rare limbs, bent-down position, hirsute hair and advancing to
convulsions, gasping for breath, and eventually death.261
5.12 Phospholipids

5.12.1 Dinogunellin. Dinogunellin is a toxic phospholipid
found in the roe of some shes (Table S1†) and so-called
Fig. 16 Structures of peptide and protein toxins. (A) a-Conotoxin Vc1.1
from marine snail Conus victoriae with 3D map 2H8S (based on
ref. 320). (B) PmPV2 from freshwater snail Pomacea maculata. Sche-
matic architecture of PmPV2 protomer (above). Three-dimensional
map of the PmPV2 (EMD-21097)298 overimposed with 3D homology
modeling of the MACPF (purple) and the lectin (cyan) domains (below)
using perforin-1 (3NSJ)321 and fish-egg lectin (4RUS)322 as templates,
respectively. Both molecules, Vc1.1 and PmPV2, were edited using
Chimera v 1.14.

Nat. Prod. Rep.
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ichthyotoxins. The presence of toxic sh eggs with dinogunellin
was rst reported in the cabezon sh Scorpaenichthys marmor-
atus (scorpaeniformes: cottidae).262,263 The rst attempts to
identify the toxin of the cabezon sh roe2 described it as
a protein-bound compound; later a toxic lipoprotein, called
lipostichaerin, was described in the roe of the blenny sh Sti-
chaeus grigorjewi (perciformes: stichaeidae).21,22,103,163,251,255,264–269

In the seventies, the toxin was nally identied as an unusual
lysophospholipid containing adenosine, 2-aminosuccinamide,
and u3 fatty acids – either eicosapentaenoic acid (EPA) or
octadecatetraenoic acid (stearidonic acid) – attached to the
nucleotide instead of glycerol or sphingosine, and dubbed
dinogunellin (Fig. 15), indicating that previous work failed to
separate it from the protein moiety.270–273 Since then, dinogu-
nellin was also found in another blenny sh Stichaeus nozawae,
and the killish Fundulus heteroclitus (cyprinodontiformes:
fundulidae).274 In a study on the dinogunellin structure of Sti-
chaeus grigorjewi eggs, four forms of the molecule were identi-
ed, named dinogunellin-A, B, C, and D.242 The site of
production and mechanism of transfer to the eggs remain
unexplored. If ingested, dinogunellin is toxic to mice and
guinea pigs, causing illness and death.263 Its effects include
diarrhea, hirsute hair, nasal discharge, followed by a comatose
state, and death.2 There is no evidence of local toxic factors in
the sh diet, suggesting that the toxin would be de novo
synthesized by the sh. Cabezon toxin showed cytotoxicity on
broblast in culture.2,275 Besides, toxin administration increases
white blood cell number, but with a decrease in lymphocytes
associated with spleen necrosis.275 This toxin has a deleterious
effect on humans.2
5.13 Peptides and proteins

5.13.1 Conopeptides. Conopeptides or conotoxins are an
extremely large and diversied group of toxic peptides found in
Conus marine snails for prey hunting and defense deterring
predators and competitors.276,277 Unlike adults, there is only
a single report of eggs defended by conotoxins, the eggs of
Conus victoriae (neogastropoda: conidae). These eggs contain
functional conotoxins synthesized by the developing embryos.33

This is the only known example hitherto of embryonically
expressed mRNA for any egg toxin. Interestingly, the repertoire
of embryo conopeptides differs markedly from that of adults,
indicating different ecological roles along the life-cycle stages.
In fact except for a small amount of the a-conopeptide Vc1.1
Table 6 BLAST non-redundant re-analysis of N-terminal sequence of la

Name Nt-sequence Accession

Latroeggtoxin-I NSIADDRYRWPGYPGAGLIPYIIDSa XP_015921356

Latroeggtoxin-II ESIQTSTYVPNTPNQKFDYEVGKDYb Null
Latroeggtoxin-
III

STKSSESLYLEALYIDKMTHEPVADc XP_015930209
XP_015930210

a The analyses were performed in July 2020. Ref. 31. b Ref. 32. c Ref. 30.

Nat. Prod. Rep.
(Fig. 16A) also detected in adults, all of the other conopeptides
are exclusively found in eggs, including two novel a-con-
opeptides (Vc1.2, Vc1.3) and ve novel O-conopeptides (Vc6.13,
Vc6.14, Vc6.15, Vc6.16, and Vc6.17).33 Conotoxins are expressed
as pre-propeptide precursors, including a signal peptide for the
secretion pathway (the “pre” region), a spacer sequence (the
“pro” region), and the toxin.278 They are usually Cys-rich
peptides, and the arrangement of cysteines in the primary
sequence is restricted to only a few patterns, which usually
correspond to specic disulde connectivity. These cystine
frameworks, which dene the overall fold of the peptides, are
diagnostic of the conotoxin superfamilies, and in many cases
can be indicative of their pharmacological target.278 The
mechanism of action of many conopeptides has been thor-
oughly studied. a-Conotoxins inhibit nicotinic acetylcholine
receptors (nAChRs) and N-type calcium channels via activation
of the GABAB receptor.279–283 O-Conotoxins block different types
of Ca2+, K+, Na+, and pacemaker voltage-gated ion channels
through occlusion of the ion permeation channel or other
mechanisms not yet clear.278

An anti-predation role of conotoxins in cone snail eggs was
hypothesized among other alternative functions in an attempt
to explain the presence of these toxins in such early life stages.33

5.13.2 Nematostella toxins NvePTx1 and NEP3. Cnidarians
have two groups of toxic arsenals in their nematocyst, the
NvePTx1, and the “NEP3 family”. Both were recently found also
in the eggs of the starlet sea anemone Nematostella vectensis
(actinaria: edwardsiidae).284 Unlike other toxins, NvePTx1 is
highly expressed only in unfertilized eggs and adult females,
which is maternally transferred to the eggs in the form of both
mRNA and functional proteins.284 NvePTx1 is an orthologue of
the nematocyst toxin BCsTx3 from the sea anemone Bunodo-
soma caissarum, which is a type-5 potassium channel blocker.285

Larvae of the sh Danio rerio exposed to NvePTx1 dissolved in
the tank water, displayed neurological signs, and died.284

Members of the NEP3 family (including NEP3, NEP3-like,
NEP4m, and NEP8 toxins) have a different allocation in the
eggs. This protein family is also expressed in different nema-
tocyst populations of female adult anemones, which transfer
them to the gelatinous egg package, but not within the eggs.284

Whether the toxins are deposited as entire nematocyst or dis-
charged into the gelatinous package has been not determined.
These �10 kDa proteins are also toxic to sh larvae when dis-
solved in the tank. The structure of the toxin includes SHKT
structural motifs which are conserved in other cnidarian
troeggtoxins

Name E-value i.d. (%)

.1 Astacin-like metalloprotease
toxin 5 [Parasteatoda tepidariorum]

8 � 10�7 69.23

Null Null Null
.1,
.1

Vitellogenin-4-like isoform X1 and X2
[Parasteatoda tepidariorum]

1.62 � 10�2 71.43

This journal is © The Royal Society of Chemistry 2022
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toxins.284 The killing sh Fundulus heteroclitus preys upon
chemically isolated eggs and larva, but rejects mechanically
isolated eggs or the eggs package, further indicating their
putative role in the defense against predation.284

5.13.3 Cajin. Cajin is a toxic protein isolated from the eggs
and female abdomen of the garden tiger moth Arctia caja
(lepidoptera: erebidae).11,286 Cajin was rst described as a 1 kDa
unstable polypeptide,286 but later, a re-examination determined
a molecular weight of 50 kDa.287 Isolated cajin is toxic to both
invertebrates and vertebrates when injected, but inactive if
orally administered.286,288 It caused irreversible spastic paralysis
in locusts (Schistocerca gregaria), cockroaches (Periplaneta
americana), adult cabbage white butteries (Pieris brassicae) and
adult house ies (Musca domestica).286,287 In locusts, cajin stim-
ulates muscles directly and would act as a calcium ionophore or
an analog of an insect neurotransmitter;286 however, further
analyses are needed to decipher its toxic mechanism. In
mammals, the lethal effect of cajin is related to marked cardio-
respiratory responses, including tachycardia, apnea, abnor-
malities in the blood pressure, respiratory arrest, and convul-
sions aer i.v. injection.286 No structural information is
available for this toxin. In fact, the study of this toxin seems
discontinued and several aspects of their biology, including the
site of production and mechanism of transfer to the eggs,
remain unexplored.

5.13.4 Latroeggtoxins. Latroeggtoxins are protein toxins
found in the eggs of the black widow spider Latrodectus trede-
cimguttatus (araneae: theridiidae).30–32 In contrast with other
venomous animals, black widow spiders have toxins not only in
their venom glands, but throughout their body, and also
transfer them to the eggs.289–291 Similar to egg conotoxins (see
above) proteins found in these spider eggs show no resem-
blance to those found in the adult venom repertoire, indicating
that these species have evolved a distinct toxic arsenal in their
eggs.292 The origin and mechanism of transfer to the eggs
remain unexplored. Three toxic proteins named latroeggtoxin-I,
II, and III were puried and partially characterized from L. tre-
decimguttatus eggs.30–32 For the three latroeggtoxins, only the N-
terminal sequence is available, which we used here to re-analyze
the protein identication by BLASTnr (Table 6). In the original
study, latroeggtoxin-I was described as a novel 23.8 kDa
neurotoxic protein from the black widow spider, showing no
resemblance to known proteins.31 Our current BLASTnr analysis
(July-2020), however, relates latroeggtoxin-I to astacin-like
metalloprotease toxins, a group of proteolytic toxins found in
the venoms of other spiders.293 Latroeggtoxin-I is neurotoxic to
mice, which reversibly blocks neuromuscular transmission.31

Latroeggtoxin-II is a 28.7 kDa protein toxic to mice and cock-
roaches (Periplaneta americana), which display a series of signs,
including depression, slow movement, and lagging in response.
This toxin inhibits tetrodotoxin-resistant voltage-gated Na+

channel current in rat dorsal root ganglion neurons.32

Latroeggtoxin-II had only a few sequence similarities to the
existing proteins in the databases,32 and the current BLASTnr
reanalysis also indicates that it is a novel protein. Latroeggtoxin-
III is a 36.0 kDa protein neurotoxic to cockroaches (P. ameri-
cana) but with no effects on mice, suggesting that is an insect-
This journal is © The Royal Society of Chemistry 2022
specic toxin. Whole-cell patch-clamp measurements in the
dorsal unpaired median neurons of cockroaches indicated that
latroeggtoxin-III would inhibit K+, Na+, and Ca2+ ion channels.30

This toxin is a proteolytically cleaved product of spider vitello-
genin,30 so its origin is likely linked to the vitellogenesis process.

5.13.5 Lamprey toxin. The role of the lamprey Lethenteron
camtschaticum (petromyzontiformes: petromyzontidae) is toxic
to mice when injected, but not via oral application.294 The single
report of this toxin have shown that it consists of a dimeric
protein of 36 kDa that, upon reduction of the disulde bond
per s, separates into two subunits of 28 kDa and 10 kDa.294 To
date, no further information on its structure is available. Mice
injected with this toxin showed violent walking, followed by
jumping and ending with the mice laying down with tonic
convulsion and death in a few minutes.294 Several aspects of the
biology of this toxin, including the site of production, mecha-
nism of transfer to the eggs, and its role, have not been explored
yet.

5.13.6 Perivitellin-2. Perivitellin-2 or PV2 is the most
structurally complex toxin so far found in an egg (Fig. 16B).
Found in the eggs of two freshwater apple snails (caenogas-
tropoda: ampullariidae), Pomacea maculata (PmPV2), and
Pomacea canaliculata (PcPV2),3,295 they are present in a clade-
dependent fashion restricted to the most derived, specious
and invasive species of the genus.296 PV2s were rst reported as
a storage protein with a role in nourishing the embryo being the
second most abundant protein of the perivitelline uid (PVF) of
the eggs.297 Later, their toxicity was demonstrated and proposed
as part of a defensive system against egg predation (see below).

They are large (�172 kDa) glycoproteins with a very unusual
structure consisting of a dimer of a binary toxin, where each pro-
tomer is composed of a carbohydrate-binding protein of the
tachylectin family (ca. 31 kDa) disulde-linked to a pore-forming
protein of the Membrane Attack Complex and Perforin (MACPF)
family (ca. 68 kDa)34,298 (Fig. 16B). Both activities (lectin and per-
forin) have been conrmed in PV2 by in silico, in vitro, and in vivo
experiments. The combination of two immune proteins into a new
toxic entity is an example of protein exaptation.34,298 PV2s are “AB-
toxins”, a group of toxins only described in bacteria and plants
before.34,299,300 They are synthesized and stored in the secretory cells
of the albumen gland-capsule gland complex, an accessory gland
of the female reproductive tract, and, together with other PVF
components, deposited surrounding the fertilized eggs during
their way out through the oviduct.301,302 Other defensive mecha-
nisms are also present in these eggs that include a warning
coloration, protease inhibitors, and other proteins that conform
a very effective protection preventing Pomacea egg predation.3,302–304

Experiments have shown that the ingestion of poisonous apple
snail eggs affects the digestive tract of amphibians, birds, and
mammals alike.305 In fact, no predators other than the re ant
Solenopsis geminata have been reported.306 Other evidence of the
effectiveness of these egg defenses comes from the behavior of
adult snail predators. When snail kites (Rostrhamus sociabilis), the
limpkins (Aramus guarauna), Norwegian rats (Rattus norvegicus), or
racoons (Procyon lotor) are preying upon female snails, they
systematically discard the albumen gland-capsule gland
complex,301,307–311 where PV2 is stored already biologically active.312
Nat. Prod. Rep.
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PV2 toxins are highly toxic to mice when injected and those
receiving sublethal doses display neurological signs including
weakness and lethargy, among others.36,298 They affect the
dorsal horn of the spinal cord of mice, alter calcium homeo-
stasis, and induce neuron apoptosis.36 PV2s are also enterotoxic
to mice when ingested, being cytotoxic to intestinal cells.298 Oral
administration of PV2 induces large morphological changes in
mice and frog intestine mucosa, reducing its absorptive
surface.35,305 Additionally, PV2 activates lymphoid follicles and
triggers apoptosis in Peyer's patches.35 The overall toxic mech-
anism of the PV2s has been recently elucidated. The lectin acts
as a delivery “B” subunit recognizing and binding to target
membranes through specic glycans, and then the “A” toxic
subunit would disrupt lipid bilayers forming large trans-
membrane pores leading to cell death.298

There are other proteinaceous toxins in sh, insects, and
snails that have either not been unequivocally identied or are
non-toxic defenses such as proteinase inhibitors and dietary
lectins. These other defensive proteins have not been included
in this review.
Fig. 17 Representative aposematic eggs containing toxins. (A) Egg
clutch of the ladybird beetle Coccinella septempunctata. Photo by G.
San Martin (CC BY-SA 2.0). (B) Eggs of the oleander seedbug Caeno-
corus nerii. K. Schulz (CC BY 2.0). (C) Eggs from the swallowtail
butterfly Battus philenor (CC0 1.0). (D) Egg mass of the green dock
beetle Gastrophysa viridula (CC0 1.0). (E) Egg ribbon from the Spanish
dancer nudibranch Hexabranchus sanguineus. Photo by B. Dupont
(CC BY-SA 2.0). (F) Egg clutch of the apple snail Pomacea canaliculata.
Photo by H. Heras. All images were cropped focusing on the eggs or
egg clutches.
6 Warning the presence of toxins:
egg aposematism

Besides endowing eggs with noxious compounds, some animals
use an additional line of protection by signals to warn egg
predators of the presence of such compounds.313 The pairing of
both defensive phenotypes – a repellent secondary defense that
renders prey unprotable and a warning signal that indicates
the presence of that defense – is referred to as aposematism.314

In this section, we analyze the relation between egg toxins and
aposematic coloration. When reviewing the literature on apo-
sematism in eggs, some drawbacks were recognized. On one
hand, researchers not always follow the same criteria to dene
whether the eggs have aposematic coloration. Usually, they look
for the pairing of conspicuous coloration and a secondary
defense, such as a toxin, and assume that it is aposematic.
However, some researchers consider that a more nuanced set of
diagnostic criteria considers that the colored phenotype must
have evolved as a signal, not preceding the secondary defense,
and must primarily act as a deterrent that prevents predators'
attack behaviors.314 At least, evidence that both features are
correlated with predation avoidance should be provided. On the
other hand, there is more than one driving force to acquire color
and additional functions of egg coloration are possible, such as
camouage, intra-specic signals, thermoregulation, or UV
protection.313,315

In this review, we include those eggs that simply combine
a conspicuous coloration with the presence of toxins as
a secondary defense. We found that even with this lax deni-
tion, only a few insects and gastropod eggs meet these criteria.
The aposematic eggs of these animals have a bias toward the
reddish or yellowish colorations (Fig. 17). Aposematic eggs were
recognized in coleopterans and lepidopterans.315 In a compre-
hensive study on the ladybug Coccinella septempunctata
(Fig. 17A), a positive correlation between egg color saturation
Nat. Prod. Rep.
and hue, and toxic alkaloid concentration was reported.4 Other
aposematic insect eggs include the cardenolide-containing
yellowish eggs of the oleander bug Caenocoris nerii (Fig. 17B),
and the eggs of the butteries Eumaeus atala, Atrophaneura
alcinous, and Actinote species, which are defended by cycasin,
aristolochic acids, and cyanogens, respectively.315 In several
other insect eggs no clear association between color and apo-
sematism has been made, such as those of some chrysomelid
beetles [Chrysomela spp., Phratora spp., Plagiodera versicolora
and Gastrophysa viridula (Fig. 17C)], the butteries Battus phil-
enor (Fig. 17D) and some Zygaena species.198,208,316

Outside insects, the few other aposematic eggs are found in
aquatic gastropods. In the marine environment, the Spanish
dancer nudibranch Hexabranchus sanguineus have pink-reddish
egg ribbons (Fig. 17E) defended by macrolides240 and the opis-
tobranch Tylodina perversa laid yellowish egg ribbons
This journal is © The Royal Society of Chemistry 2022
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containing isoxazoline alkaloids.240 In the freshwater environ-
ment, only eggs from apple snails (Ampullariidae) of the genus
Pomacea comply with the aposematic criteria. These snails lay
pink-reddish aerial egg clutches (Fig. 17F) defended by a cock-
tail of neuro-enterotoxins, proteinase inhibitors, and undi-
gestible (antinutritive) proteins. Interestingly the antinutritive
protein complexes are also responsible for the conspicuous
coloration.35,298,303,317,318

It is worthy to mention that, although the aposematic status
of conspicuously colored eggs is generally accepted, there is no
experimentally validated evidence, and much work is still
needed to fully appreciate egg aposematism.
7 Concluding remarks and future
directions

We felt that the time had come for an assessment of the present
state of knowledge on all egg toxins taken together. Toxic eggs
have evolved on very few occasions throughout the animal
kingdom, probably driven by predation among other selective
forces. The origin and evolution of these toxic eggs in many
animal orders remain controversial or almost entirely unin-
vestigated. Evidence suggests that egg toxins in the different
taxa may have evolved by convergent evolution. For instance, if
we analyze the peptide and protein toxin class, which is simpler
to study than other toxin classes as they can be directly tracked
to the genome, there is no relation among members reported in
different eggs. From the few sequenced, i.e. latroeggtoxins,
conotoxins, perivitellin-2, and those from sea anemones, up to
now no sequence homology can be found. Moreover, the only
report dealing with this toxic class evolution is the origin of
perivitellin-2 restricted to snails eggs that arose by gene dupli-
cation and neofunctionalization.8,37 An example of convergent
evolution is the biosynthetic pathways of cyanogenic glycosides,
that have evolved independently several times within arthro-
pods.80 Understanding the frequency and ecological importance
of interactions between animal eggs and their enemies, and the
role of toxins therein is required to illuminate the diversity and
intensity of selective pressures acting upon them.

The strategy of endowing eggs with toxins is, in most cases,
effective to deter predators. This makes the low number of
species having egg toxins reported in the animal kingdom
rather puzzling. Orians and Janzen proposed autotoxicity,
energetics, and developmental rate as barriers that may account
for the rarity of toxic egg evolution.38 However, another possible
reason could simply be a bias in research as most of the toxi-
cological studies focus in larvae and adults10 and on toxins from
taxa “benecial” to humans, that is those taxa that are either
implicated in envenomation, have agroecological interest (e.g.
ref. 2, 148 and 319), or have toxins useful as research or
biomedical tools (reviewed in ref. 9).

The vast molecular diversity of toxins, nearly a hundred
structures, and the varied strategies for obtaining the toxins
converge in remarkably few cell targets on predators' body. This
convergence in just a few physiological targeting mechanisms
of action is also an interesting avenue of research in future work
This journal is © The Royal Society of Chemistry 2022
of egg toxins. Comparisons of these functional convergence
throughout the animal kingdom provide a model system for
future investigations on the characteristics that make certain
bioactive compounds amenable for a ‘toxic’ role in eggs.
Another interesting aspect of egg defensive strategy is that they
do not rely exclusively on toxins, that are oen combined with
other chemical defenses including unpalatable molecules and/
or aposematic warning signals. In this regard the association
between egg toxins and conspicuous coloration has been re-
ported in several eggs, though there is still no formal experi-
mental validation of the aposematic status of eggs, as pointed
out for insects.315

In spite the knowledge so far gathered, there are other
essential questions that have not yet been addressed. The
nature of the toxins in several eggs reported as toxic is still
entirely unknown, limiting further generalizations regarding
the occurrence, functions and distribution of toxins classes in
animals. In most cases the mechanism of the transfer from the
reproductive organs to the eggs have not been studied. There
are also several unanswered questions regarding mechanisms
of action and lethality of several egg toxins. Reporting the toxic
LD50 (usually in mice or an insect) should be complemented in
many cases with information on the levels of toxin in the egg
and with the identication of the target predators in the natural
environment. In consequence a stringent connection between
results from model systems with those addressing the natural
partners is at least difficult, if not problematic. This limits the
ability to identify evolutionary and ecological patterns that
could represent the whole picture of egg toxins in nature.
Extensive research on a broad range of toxic eggs is necessary to
derive and test robust hypotheses about toxins as it relates to
species diversication and predator–prey interactions. In addi-
tion, the study of egg toxins could also provide useful model
systems for investigating molecular evolution, functional
convergence, and novel targets. This could also raise interest for
areas where venoms and their toxins are the current focus of
research, such as pharmacology, therapies for envenoming and
structural biology. In addition, a deeper knowledge of egg toxins
will provide important leads for the development of new ther-
apeutics and eco-friendly pesticides, among others.
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P. E. Fernández and H. Heras, Front. Immunol., 2020, 11,
428.

36 H. Heras, M. V. Frassa, P. E. Fernández, C. M. Galosi,
E. J. Gimeno and M. S. Dreon, Toxicon, 2008, 52, 481–488.

37 J. Sun, H. Mu, J. C. H. Ip, R. Li, T. Xu, A. Accorsi, A. Sanchez
Alvarado, E. Ross, Y. Lan, Y. Sun, A. Castro-Vazquez,
I. A. Vega, H. Heras, S. Ituarte, B. Van Bocxlaer,
K. A. Hayes, R. H. Cowie, Z. Zhao, Y. Zhang, P. Y. Qian
and J. W. Qiu, Mol. Biol. Evol., 2019, 36, 1507–1520.

38 G. H. Orians and D. H. Janzen, Am. Nat., 1974, 108, 581–592.
39 E. Ghosh and R. Venkatesan, J. Chem. Ecol., 2019, 45, 715–

724.
40 P. Spiteller, Nat. Prod. Rep., 2015, 32, 971–993.
41 R. A. Hayes, M. R. Crossland, M. Hagman, R. J. Capon and

R. Shine, J. Chem. Ecol., 2009, 35, 391–399.
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