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a b s t r a c t

Ants (Hymenoptera: Formicidae) represent a taxonomically diverse group of arthropods comprising
nearly 13,000 extant species. Sixteen ant subfamilies have individuals that possess a stinger and use their
venom for purposes such as a defence against predators, competitors and microbial pathogens, for
predation, as well as for social communication. They exhibit a range of activities including antimicrobial,
haemolytic, cytolytic, paralytic, insecticidal and pain-producing pharmacologies. While ant venoms are
known to be rich in alkaloids and hydrocarbons, ant venoms rich in peptides are becoming more
common, yet remain understudied. Recent advances in mass spectrometry techniques have begun to
reveal the true complexity of ant venom peptide composition. In the few venoms explored thus far, most
peptide toxins appear to occur as small polycationic linear toxins, with antibacterial properties and
insecticidal activity. Unlike other venomous animals, a number of ant venoms also contain a range of
homodimeric and heterodimeric peptides with one or two interchain disulfide bonds possessing pore-
forming, allergenic and paralytic actions. However, ant venoms seem to have only a small number of
monomeric disulfide-linked peptides. The present review details the structure and pharmacology of
known ant venom peptide toxins and their potential as a source of novel bioinsecticides and therapeutic
agents.

© 2014 Elsevier Ltd. All rights reserved.

1. Stinging ant biodiversity

Hymenopterans are among the most speciose group of
venomous animals. With approximately 120,000 currently
described species (van Emden, 2013), they are significantly more
diverse than the major venomous phyla including spiders (44,906
species), snakes (3496 species), cone snails (3253 species), sea
anemones (3248 species) and scorpions (1454 species) (Fautin,
2014; Hallan, 2005; Kohn and Anderson, 2009; Platnick, 2014;
Uetz and Ho�sek, 2014). Among the stinging aculeate Hymenop-
tera, ants and wasps (superfamily Vespoidea) and bees together
with sphecoid wasps (superfamily Apoidea) are sister groups
(Johnson et al., 2013). Ants (family Formicidae) evolved fromwasp-

like ancestors between 115 and 135 million years ago (Brady et al.,
2006) and became a diverse taxonomical group with ~13,000
extant species belonging to 21 subfamilies (Agosti and Johnson,
2005; AntWeb, 2014). Due to their ubiquitous nature in terrestrial
environments, and the fact that they constitute 15e20% of the
animal biomass in tropical rainforests (H€olldobler and Wilson,
1990; Wilson, 1990), ants are arguably amongst the most abun-
dant venomous animals.

Ants that belong to the subfamilies Formicinae, Dolichoderinae,
Aneuretinae and Dorylinae lost their ability to sting during evolu-
tion (Fig. 1). Instead, they usually spray their venoms or have a
residual, but non-functional, abdominal stinger. Also, it is unclear if
the recently discovered subfamily Aenictogitoninae is venomous or
not, as only male castes have been seen and females (workers and
queens) are yet to be described (Brady et al., 2006). The remaining
16 subfamilies are all stinging ants (Fig. 1) and comprise of ~9100
extant species. This makes ants taxonomically more diverse than
scorpions, snakes and cone snails. However, this biodiversity is not
equally distributed within stinging ant subfamilies (Figs. 1 and 2).
For example, Myrmicinae is the most speciose ant subfamily, with
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~6500 extant species, with a widespread distribution throughout
the world. However, ponerine ants that belong to the subfamily
with the second highest number of ants, Ponerinae (~1200 species),
are mainly confined to tropical rainforests (AntWeb, 2014; Johnson
et al., 2013). Furthermore, the subfamilies Paraponerinae and
Martialinae only contain a single ant species both of which are
found in Neotropical areas. Thus, taxonomic diversity varies within
each ant subfamily however there is little doubt that ant venoms
likely constitute a vast source of unique bioactive toxins.

2. Ant venom functions

Ant venom is composed of a complex mixture of chemicals such
as proteins, enzymes, biogenic amines, peptides, hydrocarbons,
formic acid and alkaloids (Davies et al., 2004; Kem et al., 2004; Yi
et al., 2003). All these compounds are produced by the venom
gland, which consists of two free cylindrical elongated and con-
voluted tubes, linked to a venom reservoir (Ortiz and Mathias,
2006). The venom secreted by the tubular glands is stored in the
reservoir, linked to the delivery apparatus and, for example, can
deliver up to 130 mg of venom after each sting (Schmidt, 1990). The
stinger itself is amodified ovipositor located at the distal base of the
abdomen. Ants use their venom for several purposes such as a
defence against predators/competitors and microbial pathogens,
for predation, as well as for social communication (Orivel et al.,
2001; Schmidt, 1982). Hence, ant venoms have evolved to carry
out many different functions.

2.1. Offensivevenoms

Ants are one of the leading predators of invertebrates in most
ecosystems (Brady et al., 2006). They have developed, through
natural selection, a vast arsenal of behavioural adaptations and
weapons to subdue their prey including trap-mandibles and potent
venoms (Casewell et al., 2013). Ant venom has paralytic and lethal
effects on many arthropods (Maschwitz et al., 1979; Orivel and
Dejean, 2001) and many ants are generalist predators, preying on
numerous classes of invertebrates. Nevertheless, many ants are
specialised predators and only feed on a restricted group of species.
Such specialized hunters prey exclusively on earthworms, isopods,
centipedes, millipedes, polyxena, collembolan, termites, other ants
or even spider eggs (Cerd�a and Dejean, 2011). Solitary hunting is
the most common hunting behaviour employed by primitive ants
such as ponerines. However, many ants have also developed a
cooperative hunting behaviour such as army ants exhibiting
extreme group hunting behaviour.

The ecological diversity of ants is also revealed in their prefer-
ence for various nesting habitats. Predatory ants are primarily
ground, or litter-dwelling, predators. However, some ants have
evolved predatory behaviours adapted to foraging in trees (arboreal
ants) and exhibit adaptions to prevent their prey from escaping by
flying away, jumping or dropping. Accordingly, venoms of solitary-
foraging, arboreal predatory ants are believed to be more efficient
than ground-dwelling species at rapidly immobilising prey (Orivel
and Dejean, 2001). Thus, the use of venom as an offensive weapon

Fig. 1. Ant subfamily relationships as inferred from molecular phylogenetic studies. Phylogenetic relationships were generated from the S1573 TreeBASE data file (Moreau et al.,
2006) using the FigTree v1.4.2 software package (http://tree.bio.ed.ac.uk/software/figtree/). Phylogenetic relationships for the subfamilies Aenictogitononae and Martialinae are
currently unavailable. During evolution, four subfamilies lost their capacity to sting (blue text). Remaining subfamilies represent stinging ants (brown text). Ant clades are shaded
green (Formicoids), red (Poneroids) and yellow (Leptanilloids). Females of subfamily Aenictogitoninae (black text) remain undiscovered and so this subfamily cannot be classified as
either stinging or non-stinging. For clarification of colours in this figure, refer to the web version of this article. Note added in proof: Recently, the ant subfamilies Leptanilloïdinae,
Cerapachyinae, Ecitoninae, Dorylinae, Aenictinae and Aenictogitoninae have been regrouped into one subfamily; Dorylinae (Brady, S., Fisher, B., Schultz, T., Ward, P., 2014. The rise of
army ants and their relatives: diversification of specialized predatory doryline ants. BMC Evol. Biol. 14, 93–106.).
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is likely to be the major driver of the venom composition during
evolution. This has been shownwith the differing composition and
toxicity of venoms from arboreal versus ground-dwelling species of
Pseudomyrmex and Pachycondyla (Dejean et al., 2014; Orivel and
Dejean, 2001; Touchard et al., 2014b). The wide ranging diet and
hunting behaviours of ants are therefore likely to drive major dif-
ferences among ant venom toxins.

2.2. Defensive venoms

Eusociality within hymenopteran colonies offers a range of
evolutionary advantages including the capability of a mounting a
collective defence against vertebrate and other arthropod preda-
tors, the ability to gather and store food and nutrients more
efficiently, and to specialize in specific tasks, such as to care
cooperatively for offspring (Wilson, 1971). Nevertheless, these
benefits can only be realized if the colony can defend against large
predators who find the large biomass of the colony a potential
food source worth their effort, in contrast to preying upon solitary
hymenopterans. The evolution of venom in hymenopterans
therefore provided a mechanism of defence against large intelli-
gent vertebrate predators and enabled them to develop complex

societies. The combination of algesic and lethal actions of ant
venom is therefore thought to be critical in the long term evolu-
tionary success of insect stings to deter large predators (Schmidt,
2014). For example, some ant stings are known to be extremely
painful for humans. These include stings by fire ants (Solenopsis
spp.), ponerine ants (Pachycondyla spp.) or the bullet ant (Para-
ponera clavata). In particular, bullet ants have been classified as
producing the most painful sting among all hymenoptera and the
third most painful sting of all venomous animals (Schmidt et al.,
1983; Starr, 1985).

It is also clear that some ants, such as the Pogonomyrmex group
of harvester ants, have developed venoms primarily for defence
against vertebrates (Schmidt and Snelling, 2009). For example, the
venom of Pogonomyrmex badius is highly toxic towards mice, but
not very toxic towards insects. Therefore, Pogonomyrmex ants do
not appear to employ their venom to hunt, but use it exclusively as
a deterrent against vertebrate predators (Schmidt and Blum, 1978a,
1978b), akin to the defensive role of bee venom against vertebrates.
Some Pseudomyrmecine ants have also evolved a ‘defensive
venom’ as part of a mutualistic relationship with myrmecophytes.
Myrmecophytes are plants that provide a nesting place for a limited
number of ant species, whilst the ants protect the myrmecophyte
from defoliating arthropods and browsing mammals by stinging
them. Natural selection has allowed ants that are known to have a
painful sting to survive in such a habitat to the extent that some
ants from the genera Pseudomyrmex and Tetraponera are obligate
inhabitants of myrmecophytes. In some cases, ants use their venom
in unusual ways. For example, Pachycondyla tridentata ants produce
a foaming venomwhen disturbed and use their venom to paralyse
their prey. This release of foam is a defence mechanism which is
very effective against other small ants (Maschwitz et al., 1981).

It is therefore clear that ants have evolved venoms containing
numerous toxins to induce pain, discomfort, paralysis and/or death
in vertebrate and arthropod predators or prey. This is because
protection of the nest, particularly protection of the brood and the
queen, is a major concern for worker ants.

2.3. Antimicrobial properties of ant venoms

Ants are eusocial insects that typically live in colonies of rela-
tives with a high population density. This increases the risk of
introduction and spread of microbial pathogens. Consequently, ants
have evolved strategies to inhibit microbial infections including the
development and use of antimicrobial peptides. Firstly, predatory
ant species may use their venom to inhibit internal pathogens
present in captured prey that are brought back to the colony. In this
way, the venom may protect the colony from infections following
consumption of the prey species. In the ant venoms studied so far,
this activity has been attributed to abundant linear, polycationic
cytolytic peptides (see Section 3.1) that demonstrate potent anti-
bacterial activity against both Gram-positive and Gram-negative
bacteria (Cologna et al., 2013; Davies et al., 2004; Inagaki et al.,
2004; Johnson et al., 2010; Kuhn-Nentwig, 2003; Mackintosh
et al., 1995, 1998; Orivel et al., 2001; Rifflet et al., 2012; Viljakainen
and Pamilo, 2008; von Sicard et al., 1989; Zelezetsky et al., 2005).
More recently, similarity searches of ant genomes have revealed a
number of tachystatins (antimicrobial chitin-binding peptides)
with an inhibitor cystine knot (ICK) fold, as well as proline-rich
abaecin-like, glycine-rich hymenoptaecin-like, insect defensin-
like, and crustin-like antimicrobial peptides (Zhang and Zhu,
2012). These peptides may be part of the uncharacterized antimi-
crobial secretions from the thoracic metapleural or other glands
that are spread over certain ants and the nest (Mackintosh et al.,
1999; Yek and Mueller, 2011). Nevertheless, there is no evidence
that these peptides are present in ant venoms.

Fig. 2. (A) Species richness of ant subfamilies. Ants have been grouped according to
three clades, where LC represents the single genus Leptanilloid clade. Stinging ants are
represented by cyan bars and comprise around 70% of all ant species. Non-stinging ant
subfamilies are depicted by brown bars. The total number of species in each subfamily
is noted at right of each bar. The Aenictogitoninae subfamily is currently unclassified.
Note added in proof: Recently, the ant subfamilies Leptanilloïdinae, Cerapachyinae,
Ecitoninae, Dorylinae, Aenictinae and Aenictogitoninae have been regrouped into one
subfamily; Dorylinae (Brady, S., Fisher, B., Schultz, T., Ward, P., 2014. The rise of army
ants and their relatives: diversification of specialized predatory doryline ants. BMC
Evol. Biol. 14, 93–106.). (B) Cumulative total number of peptide-toxin sequences re-
ported from ant venom studies since the first described venom peptide (poneratoxin)
in 1991, showing the three main structural classes: cyan, linear peptides; brown,
dimeric peptides; teal, ICK-like peptides. Ant venom peptides remain barely investi-
gated with only 72 peptides sequenced to date. For clarification of colours in this
figure, refer to the web version of this article.
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3. Ant venom peptides

Alkaloid-rich ant venoms have been well-studied, particularly
among the genera Solenopsis (Brand, 1978; Jones et al., 1996) and
Monomorium (Jones et al., 1982, 2003, 2009, 1988). However, pro-
teinaceous venoms remain highly understudied despite the fact
that they appear to be very common in both the Poneroid and
Formicoid clades of ant venoms. Thus, venoms from Poneroid ants
have been shown to be rich in peptides especially venoms from the
subfamilies Ponerinae (Cologna et al., 2013; Johnson et al., 2010;
Orivel et al., 2001; Torres et al., 2014; Touchard et al., 2014a) and
Paraponerinae (Piek et al., 1991a, 1991b; Rykaczewska-Czerwinska
et al., 2008). Peptides have also been characterized from the
venoms of Formicoid ants belonging to the subfamilies Myrmicinae
(Bouzid et al., 2013; Rifflet et al., 2012), Myrmeciinae (Davies et al.,
2004; Inagaki et al., 2004, 2008a; Lewis et al., 1968; Mackintosh
et al., 1998; Wiese et al., 2006; Wu et al., 1998), Pseudomyrmeci-
nae (Touchard et al., 2014b) and Ectatomminae (Arseniev et al.,
1994; Nolde et al., 1995; Pluzhnikov et al., 1999).

Peptides are the dominant compounds in most animal venoms
and they represent a huge source of structurally diverse and

biologically active toxins with high potency and selectivity for a
range of targets (King and Hardy, 2013). Despite the clear potential
that ant venom peptides represent, their investigation and char-
acterisation remains highly underexplored. To date, only 72 ant
venom peptides, from 11 ant species, have been fully sequenced
(Fig. 3). This is a very small number in comparison to snakes, cone
snails, scorpions or spiders. For example, 922 spider peptide toxins
have currently been sequenced from 86 spider species and are
available in the ArachnoServer 2.0 (Herzig et al., 2011). Therefore, it
has been estimated that more than 98% of arachnid venoms remain
completely uncharacterized (Quintero-Hern�andez et al., 2011), and
with ant venoms this figure would be closer to 99.9%.

Until recently, themain reason for the limited number of studies
on ant venoms is the small size of ants, and hence the small yield of
venom. However, advancements in analytical techniques, particu-
larly in mass spectrometric technologies, has resulted in higher
sensitivity and resolving power, allowing for a more extensive
exploration of the ant venom peptidome. This review summarizes
the current knowledge on the biochemical and pharmacological
properties of all peptide toxins sequenced from ant venoms to date.

Fig. 3. (A) Bimodal mass distribution of the 72 characterized peptide toxins from ant
venoms. Linear peptides range in mass from 761 to 5275 Da (except pilosulin 1,
6048 Da and [Ile5]pilosulin 1, 6062 Da), while dimeric peptides range from 5603 to
9419 Da. (B) Ant peptide toxin classes. In both panels: cyan, linear peptides; beige,
dimeric peptides; teal, ICK-like peptides. For clarification of colours in this figure, refer
to the web version of this article.

Fig. 4. Structures of ant peptide toxins. (Aa) Poneratoxin is a 2754.60 Da linear peptide
(UniProtKB Accession POTX_PARCV) with no sequence homology to other peptides.
The red star represents C-terminal amidation. (Ab) NMR structure of poneratoxin (PDB
Accession 1G92) shows it comprises of two a-helices. (B) NMR structure of ectatomin
(PDB Accession 1ECI), a heterodimeric peptide that forms a four-a-helical bundle
structure. The intra- and interchain disulfide bonds are labelled for clarity. (C) Ho-
mology model of Dinoponera ICK-like peptide modelled on mO-conotoxin MrVIB from
the venom of the cone snail Conus marmoreus (PDB Accession 1RMK; UniProtKB
Accession CO16B_CONMR). In all panels, the peptide backbone is shown as a grey tube;
b-sheets are represented by cyan arrows, a-helices are depicted as green/yellow spirals
and disulfide bonds are shown as yellow tubes. The N-terminus (N) and C-terminus (C)
of each peptide are also labelled. (D) Schematic representation of an ICK-like peptide.
The pseudo-knot is formed when one disulfide bridge (CIIIeCVI) passes through a ring
formed by two other disulfides (CIeCIV and CIIeCV) and the intervening backbone. For
clarification of colours in this figure, refer to the web version of this article.
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For the purposes of this review, these peptides have been classified
based on their structure and classified into three main groups; (i)
linear, (ii) dimeric and (iii) inhibitor cystine knot (ICK)-like peptides.

3.1. Linear peptides

Most of the proteomic studies on ant venoms have so far
revealed that the majority of the proteinaceous component of ant
venoms are small, polycationic linear peptides with masses below
5 kDa (Cologna et al., 2013; Johnson et al., 2010; Orivel et al., 2001;
Rifflet et al., 2012). This is consistent with studies performed on
other hymenopteran (wasp and bee) venoms (Argiolas and Pisano,
1985; Baptista-Saidemberg et al., 2011; de Souza et al., 2004; Dias
et al., 2014; Favreau et al., 2006; Gomes et al., 2014; Mendes et al.,
2004; Qiu et al., 2012). Many of these linear peptides have anti-
microbial properties and some possess additional insecticidal ac-
tivity. Examples include ponericins from the neotropical ant
Pachycondyla goeldii (Orivel et al., 2001) now reclassified as Neo-
ponera goeldii (Schmidt and Shattuck, 2014), certain dinoponer-
atoxins (from Dinoponera australis) (Cologna et al., 2013) and
pilosulins from the Australian jack jumper ant Myrmecia pilosula,
which have been shown to have antimicrobial activity (Inagaki
et al., 2004; Zelezetsky et al., 2005). These antimicrobial peptides
demonstrate broad spectrum antibacterial activity and include a-
helix antimicrobial peptides, and peptides with homology to the
antimicrobial mucroporins, cecropins, brevinins, gaegurins, tem-
porins and demaseptins (Cologna et al., 2013; Davies et al., 2004;
Inagaki et al., 2004; Johnson et al., 2010; Kuhn-Nentwig, 2003;

Mackintosh et al., 1995, 1998; Orivel et al., 2001; Viljakainen and
Pamilo, 2008; von Sicard et al., 1989; Zelezetsky et al., 2005).

3.1.1. Poneratoxin
In 1991, the first ant venom peptide toxin, poneratoxin, was

isolated and sequenced (Piek et al., 1991b). Poneratoxin is a 25-
residue peptide neurotoxin derived from the bullet ant Para-
ponera clavata (subfamily Paraponerinae) with no apparent ho-
mology to other known peptides (Fig. 4Aa) (Piek et al., 1991a). The
3D NMR structure of poneratoxin has also been determined
(Szolajska et al., 2004) and revealed a ‘V’-shaped peptide with two
a-helices connected by a b-turn (Fig. 4Ab). It has been shown to
modulate voltage-gated sodium (NaV) channels of both vertebrates
and invertebrates and blocks synaptic transmission in the insect
CNS. Poneratoxin induces long-lasting plateau action potentials and
repetitive firing due to the presence of a slowly developing inward
sodium current that activates at hyperpolarising potentials. This
results from a potential toxin-induced interconversion between a
fast and a slow conducting state of the NaV channel (Duval et al.,
1992; Hendrich et al., 2001; Szolajska et al., 2004).

3.1.2. Ponericins
Ponericins are a group of 27 peptides characterised from the

venom of the ponerine ants, Pachycondyla goeldii (Orivel et al.,
2001), Pachycondyla apicalis, Pachycondyla inversa (Orivel, 2000)
and Pachycondyla commutata (Touchard and Aili, unpublished data)
(now all renamed Neoponera spp.; Schmidt and Shattuck, 2014).
Ponericins possess amphipathic a-helical structures in polar envi-
ronments, and have been shown to exhibit haemolysis,

Fig. 5. Sequence alignment of bicarinalin and three ponericin families of linear peptides. Toxin names boxed in light grey are derived from ants. Identical residues in the peptide
sequences are boxed in yellow while conservative substitutions are shown in red italic text. Cysteines are highlighted in black while red stars represent C-terminal amidation. Gaps
were introduced to optimize the alignments. Percentage identity (%I) is relative to the first peptide of each family, while percentage similarity (%S) includes conservatively
substituted residues. Mcalc, Theoretical monoisotopic mass calculated using GPMAW 9.20 software. Note added in proof: Pachycondyla spp. listed in this figure have all recently been
renamed Neoponera spp. (Schmidt and Shattuck, 2014). For clarification of colours in this figure, refer to the web version of this article.
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antibacterial activity against both Gram-positive and Gram-
negative bacteria, as well as insecticidal activity (Orivel et al.,
2001). Ponericins have been classified into three different families
(‘G’, ‘W’ and ‘L’) based on sequence homology (Fig. 5). The poner-
icins show considerable sequence homology with other previously
characterised peptides. For example, ponericin G peptides show
homology to cecropin-like peptides from moths, flies, beetles and
butterflies (Lee et al., 2013); ponericin W peptides have homology
with the cytolytic peptide bee peptide melittin and gaegurins from
frogs (Lee et al., 2011; Palma, 2013); and ponericin L peptides with
dermaseptins isolated from the skin of Phasmahyla and Phyllome-
dusa frogs (Amiche and Galanth, 2011; Nicolas and Amiche, 2013).
Given the known actions of these other peptides as cytolytic agents,
ponericins may also form amphipathic a-helical structures in cell
membranes, although only ponericin W peptides appear to have
additional haemolytic actions. This function may be important in
preventing the spread of microbial pathogens in ant colonies
following ingestion of contaminated prey or their introduction into
their colony following paralysis and subsequent transport of the
prey into the colony (Lai et al., 2012).

3.1.3. Dinoponeratoxins
The giant Neotropical hunting ant Dinoponera australis (sub-

family Ponerinae) is a solitary foraging, predatory ant whose venom
paralyses invertebrates and causes a range of systemic effects in
vertebrates (Haddad Junior et al., 2005). Envenomation in humans
is rare, although stings have been reported to produce rapid and
excruciating pain, diaphoresis, nausea, vomiting, tachycardia and
lymphadenopathy (Haddad Junior et al., 2005). Liquid chromatog-
raphyemass spectrometry (LC-MS) analysis of the venom identi-
fied over 75 proteinaceous components with numerous small mass
peptides (429e3214 Da) and a wide range of hydrophobicity and
abundance. The six most abundant peptides were sequenced by
tandem MS and Edman degradation and named dinoponeratoxins
(‘Da’ toxins) (Johnson et al., 2010). Subsequently similar dinopo-
neratoxin peptides have been isolated and sequenced from the
related ant Dinoponera quadriceps - henceforth known as ‘Dq’
toxins (Cologna et al., 2013). All 21 Dq and Da dinoponeratoxins
show various degrees of homology with existing linear peptides,
and can be separated into six groups (Fig. 6).

Fig. 6. Alignment of the dinoponeratoxin families of linear peptides. Toxin names boxed in light grey are derived from ants. Identical residues are boxed in yellow while con-
servative substitutions are shown in red italic text. Numbering is according to the first peptide in each family. Gaps were introduced to optimize the alignments. Red stars indicate
an amidated C-terminus and cysteines are highlighted in black. Percentage identity (%I) is relative to the first peptide in each alignment while percentage similarity (%S) includes
conservatively substituted residues. Apart from uperin peptides in panel B, only homologies greater than 50% are displayed. MCalc, Theoretical monoisotopic mass calculated using
GPMAW 9.20 software. (C) Residues Leu5, Pro6, and Leu8�11 (numbering from Dq-1288), a common motif within temporin peptide families, are highlighted in green. (D) The
residues K(V/L/I)IPS within the red boxes are thought to be critical for function in the scorpion antimicrobial peptide pandinin 2 and the scorpion peptides in panel D (Harrison et al.,
2014). (E) Dinaponeratoxin Da-2501 is cleaved at the position marked to generate Da-1585. The blue Met18 in Dinoponeratoxin Dq-1837 (panel D) and Met20 in Dinoponeratoxin Dq-
3178 (panel F) indicate residues that are probably oxidized. Note: Pachycondyla goeldii has recently been renamed Neoponera goeldii (Schmidt and Shattuck, 2014). For clarification of
colours in this figure legend, refer to the web version of this article.
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Group I are short 7e9 residue Dq peptides forming a three-
member orphan peptide family with no homology to existing
peptides (Fig. 6A), and no known biological activity (Cologna et al.,
2013). Group II has only one member, Da-1039 (Fig. 6B), with only
very limited homology to the uperin family of antibacterial frog
skin secretions (Bradford et al., 1996; Steinborner et al., 1997).
Group III comprise three 9e11 residue Dq toxins with moderate
homology with the temporin family of antibacterial frog skin se-
cretions (Abbassi et al., 2008; Rinaldi and Conlon, 2013; Simmaco
et al., 1996). Temporins are one of the largest groups of antimi-
crobial peptides within the cationic host defence peptide family.
They were originally isolated from skin secretions of the frog Rana
temporaria, and are amphipathic a-helical peptides of 8e19 resi-
dues with a low net positive charge (0 to þ3) and C-terminal
amidation (Mangoni et al., 2007; Suzuki et al., 2007). The reason-
ably high homology of the temporin-like Dq toxins would suggest
potentially similar biological activity, especially given the conser-
vation of the common Pro and Leu residues found in temporin
peptide families (Simmaco et al., 1996; residues in green boxes in
Fig 6C). This leucine-rich tail has previously been shown to be
important for membrane interaction (Avitabile et al., 2013). The
antimicrobial activity of temporins is associated with an alteration
of the cytoplasmic membrane permeability, without destruction of
cell integrity (Mangoni et al., 2004). Temporins are particularly
active against Gram-positive bacteria but most do not affect
eukaryotic cells. However, they may act in a more complex way to
inhibit various metabolic functions of the cell (Epand and Vogel,
1999; Park et al., 1998).

Group IV is the largest group of dinoponeratoxins and have
masses between 1837 and 1984 Dawith 17e19 residues. These have
significant homology (53e63% similarity) with the antibacterial
cationic host defence peptides BmKb (caerin-like) and mucroporin
originally isolated from the venom of the scorpions Mesobuthus
martensii and Lychas mucronatus, respectively (Dai et al., 2008;
Zeng et al., 2004). These antimicrobial peptides are now found in
a range of scorpion species and are being investigated as novel anti-
infective drugs or lead compounds, for treating antibiotic-resistant
microbial infections (Harrison et al., 2014).

Group V is a recently discovered collection of 15 dinoponer-
atoxins from the venom of Dinoponera quadriceps sequenced from a
total of 354 peptides found in this venom (Cologna et al., 2013).
These were found to share homology with the ponericin W family,
dinoponeratoxins (from D. australis) and poneratoxin. These

peptides also revealed both antimicrobial and antifungal activities
(Cologna et al., 2013).

Group VI comprises of the ant venom peptides Da-3105 and Da-
3177, from the giant Neotropical hunting ant D. australis, which
show considerable homology to ponericin G2 and may possess
similar bioactivity.

3.1.4. Bicarinalins
Two novel peptides, bicarinalin 1 and P17 (bicarinalin 2) have

been isolated and characterised from the venom of the ant Tetra-
morium bicarinatum (Myrmicinae) from a total of 31 peptides
identified in this venom (Rifflet et al., 2012). Interestingly, these
peptides show very low homology with known peptide toxins
(Fig. 5). Bicarinalin 1 exhibits all the characteristics of an amphi-
pathic helical peptide and has broad and potent antibacterial ac-
tivity similar to melittin, pilosulin and defensin but with weaker
haemolytic activity (Rifflet et al., 2012; T�en�e et al., 2014). Accord-
ingly, it is being investigated as an anti-infective agent for use
against emerging antibiotic-resistant pathogens. Recently the
venom gland transcriptome of Tetramorium bicarinatum, one of the
world's most broadly distributed ant species, has also been pub-
lished (Bouzid et al., 2013). Transcribed T. bicarinatum venom gland
ESTs revealed allergenic/cytotoxic peptides, with homology to
pilosulins 1, 3 and 5, and paralytic peptide toxins, one of which
possesses homology with the insect cytokine precursor uENF2.
These allergenic/cytotoxic and paralytic toxins contributed close to
70% of the total EST cDNAs.

3.2. Dimeric peptides

Dimeric peptides are peptides with two subunits that are linked
covalently with a disulfide bond (Sarray et al., 2013) and peptide
dimerization is currently being investigated as a potential way to
increase the activity of certain peptide toxins (Vizzavona et al.,
2009). Except for snake venoms (Osipov et al., 2008), a dimeric
scaffold in peptides is quite rare in venomous animals, although it
has occasionally been reported in the venoms of some scorpions
(Zamudio et al., 1997), spiders (Santos et al., 1992) and marine cone
snails (Loughnan et al., 2006). In the case of ant venoms, dimeric
peptides seem to be common in the subfamilies Ectatomminae,
Myrmeciinae and Pseudomyrmecinae (see below), but have not yet
been described in other subfamilies. The amino acid sequences and

Fig. 7. Sequences and structures of the ectatomin family of dimeric ant peptides. Identical residues are boxed in yellow while conservative substitutions are shown in red italic text.
Cysteines are highlighted in black and the predicted disulfide-bonding pattern is shown in green between the sequences. Gaps were introduced to optimize the alignments.
Percentage identity (%I) is relative to the longer (upper) chain for each peptide while percentage similarity (%S) includes conservatively substituted residues. MCalc, Theoretical
monoisotopic mass calculated using GPMAW 9.20 software. The heterodimeric ectatomin Et peptides (AeB) are from Ectatomma tuberculatum while ectatomin Eq peptides (CeD)
are from Ectatomma brunneum (formerly E. quadridens). (A) Sequences for ectatomin Et-1 toxins are from UniProtKB Accessions ECAA_ECTTU and ECAB_ECTTU. (BeD) Remaining
sequences are from Pluzhnikov et al. (2000). For clarification of colours in this figure, refer to the web version of this article.

S.R. Aili et al. / Toxicon 92 (2014) 166e178172



disulfide connectivity of the known dimeric peptide-toxins are
reported in Figs. 7e9.

3.2.1. Ectatomins
One of the most potent neurotoxic peptides isolated from ant

venoms, is ectatomin (Et-1), from the venom of the ant Ectatomma

tuberculatum (Ectatomminae) (Pluzhnikov et al., 1994) and its ho-
mologue, ectatomin Et-2 (Pluzhnikov et al., 2000). These peptides
are highly basic heterodimeric complexes consisting of two highly
homologous amphiphilic polypeptide chains linked together by
one inter-chain disulfide bond (Arseniev et al., 1994). Each chain
also possesses an intra-chain disulfide bond (Fig. 7AeB). Disulfide

Fig. 8. Sequences and structures of the myrmexin family of heterodimeric peptides from the venom of the ant Pseudomyrmex triplarinus. Each myrmexin is composed of a short
subunit (SS1, SS2 or SS3; grey boxes) and a long subunit (LS1 or LS2; grey boxes) linked by two disulfide bonds. Identical residues are boxed in yellow while conservative sub-
stitutions are shown in red italic text. Cysteines are highlighted in black and the predicted inter-chain disulfide-bonding pattern is shown in green between the sequences. Gaps
were introduced to optimize the alignments. Percentage identity (%I) is relative to myrmexin I while percentage similarity (%S) includes conservatively substituted residues. MCalc,
Theoretical monoisotopic mass calculated using GPMAW 9.20 software. Sequences are taken from Pan and Hink (2000). For clarification of colours in this figure, refer to the web
version of this article.

Fig. 9. Sequences and structures of the pilosulin family of linear and dimeric ant peptides. (AeB) Translated sequences of the linear peptides pilosulin 1 (A; from Myrmecia pilosula;
UniProtKB accession MYR1_MYRPI) and pilosulin 2 (B; from Myrmecia pilosula; UniProtKB accession MYR3A_MYRPI). Sequences represent complete prepropeptides, where signal
peptides are boxed in white and in lowercase, propeptide sequences are boxed in gray and the mature peptides are boxed in yellow. (A) In addition to the natural variant [Ile5]
pilosulin 1, pilosulin 1 undergoes cleavage at the sites marked above the mature peptide sequence to yield four additional peptides, while the residues important for cytotoxic
activity and IgE binding are highlighted beneath the sequences. (B) Pilosulin 2 does not appear to be found in venom but undergoes post-translational modification to yield the
monomer pilosulin 3a (des-Gly27-Pilosulin 2) that forms the heterodimer pilosulin 3 (C) with the monomer pilosulin 3b (MYR3B_MYRPI). A natural variant, pilosulin 3.1b, can be
found in the venom of Myrmecia banksi (MYR3_MYRBA). (DeE) Pilosulin 4.1 (Wiese et al., 2006) and pilosulin 5 (MYR5_MYRBA) are homodimers from Myrmecia banksi. In the case
of pilosulin 4.1, cDNA cloning predicted a homodimer of pilosulin 4a (MYR4_MYRBA), but this was not detected in venom and the [Glu31]pilosulin 4 variant (pilosulin 4.1) found in
venom is shown. For the dimeric peptides (CeE), cysteines are highlighted in black and the predicted disulfide-bonding pattern is shown in green between the sequences. Red stars
indicate an amidated C-terminus. MCalc, Theoretical monoisotopic mass calculated using GPMAW 9.20 software. For clarification of colours in this figure, refer to the web version of
this article.
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bonds render venom peptides resistant to a number of different
proteases and environmental extremes resulting in stable peptide
toxins (King and Hardy, 2013). The three dimensional structure of
Et-1 was determined by NMR and revealed that each ectatomin
chain comprises two anti-parallel a-helices linked by a hinge region
of four amino acid residues and a disulfide bridge (Fig. 4B) (Nolde
et al., 1995). Two other ectatomins (Eq-1 and Eq-2) have also
been isolated from the venom of Ectatomma brunneum (previously
Ectatomma quadridens). These novel Eq ectatomins are also dimeric
and linked by one inter-chain disulfide bond. However, they lack
the intra-chain disulfide bond present in Et-1 and -2 (Pluzhnikov
et al., 2000).

Et-1 appears to account for the major toxic effect of Ectatomma
tuberculatum venom causing toxic effects in both mammals and
insects (Pluzhnikov et al., 1999). At high concentrations
(0.50e1 mM), Et-1 is a pore-forming peptide that inserts into
cellular and artificial membranes but is not internalized. It pro-
duces haemolytic and cytolytic effects on rabbit erythrocytes,
Xenopus laevis oocytes, rat cardiomyocytes and both insect and
vertebrate cell lines. In X. laevis oocyte membranes, this arises due
to the formation of nonselective cationic channels by two Et-1
molecules and appears to involve binding to lipids rather than a
specific receptor. The increase in cell permeability, with resultant
ion leakage, results in cell death (Pluzhnikov et al., 1994, 1999). At
much lower concentrations (1e10 nM), Et-1 is capable of inhibiting
whole-cell L-type calcium currents in isolated rat ventricular
myocytes. Importantly, it prevents b-adrenoceptor- or adenylate
cyclase-mediated activation of calcium currents suggesting that Et-
1 interacts directly or allosterically with agonist-bound b-adreno-
ceptors preventing activation of calcium channels further down the
signal transduction cascade. The modulation of calcium channels
and possibly b-adrenoceptors by Et-1 may underlie its potent
toxicity by interfering with the process of muscle contraction,
neurotransmitter release and neuromodulation (Pluzhnikov et al.,
1999).

3.2.2. Myrmexins
In vitro and clinical studies have shown that Pseudomyrmex

triplarinus (Pseudomyrmecinae) ant venom decreases pain and
inflammation in patients with rheumatoid arthritis and reduces
swelling in animal models of inflammation (Altman et al., 1984;
Hink and Butz, 1985; Schultz and Arnold, 1984). Myrmexins are a
family of six related polypeptides (myrmexins IeVI) that have been
purified from the venom of Pseudomyrmex triplarinus. These pep-
tides are heterodimeric complexes comprising a combination of a
short subunit of 29 residues (SS1, SS2 or SS3) and a long subunit of
33 residues (LS1 or LS2) stabilized by two inter-chain disulfide
bonds (Pan and Hink, 2000) (Fig. 8). Unfortunately, it is not known
at present which of the myrmexin peptides are associated with the
anti-inflammatory activity observed with whole venom. Three
additional myrmexin-like polypeptides from the venom of the
related ant Pseudomyrmex penetrator (one heterodimeric and two
homodimeric) have also been identified, however, they are yet to be
sequenced (Touchard et al., 2014b). These myrmexins may repre-
sent a new class of toxins present in Pseudomyrmecine ants.

3.2.3. Pilosulins
Australian ants of the Myrmecia pilosula species complex

(Myrmeciinae), also known as jack jumper ants, have a painful sting
that is responsible for around 90% of life-threatening ant sting al-
lergies in Australia (Brown et al., 2003; Douglas et al., 1998; Street
et al., 1994). In South Eastern Australia around 2.7% of the popu-
lation are allergic to Myrmecia pilosula venom, with approximately
50% of allergic people experiencing life-threatening reactions
(Brown et al., 2003). The toxicity of the venom appears to result

from the presence of a variety of histamine-like, haemolytic and
eicosanoid-releasing factors, peptides such as pilosulins, and en-
zymes including phospholipases, hyaluronidase, and phosphatases
(Matuszek et al., 1994a, 1992, 1994b; McGain and Winkel, 2002).

Using cDNA sequencing, two major protein allergens from
Myrmecia pilosula sharing a common leader sequence have been
identified (Donovan et al., 1993,1995,1994; Street et al., 1996). They
encode the 112 and 75 amino acid prepropeptides Myr p 1 and Myr
p 2, respectively (Fig. 9AeB). Pilosulin 1, the mature peptide
product from residue 57 to 112 of Myr p 1 (Myr p 1 57 / 112), is a
6048 Da linear allergenic basic peptide that exhibits haemolytic
and cytotoxic activity and is one of the major allergens that have
been identified in this venom (Donovan et al., 1993, 1994; Wu et al.,
1998). However, pilosulin 1 exists mainly, and sometimes exclu-
sively, as a Val5Ile substituted isoform known as [Ile5]pilosulin 1
(Davies et al., 2004) (Fig. 9A). Pilosulin 1 is also cleaved to form four
additional N-terminally truncated isoforms with varying degrees of
cytotoxic activity (Fig. 9A).

Pilosulin 2 (Myr p 2 49 / 75) has never been detected in whole
venom in its monomeric form (Donovan and Baldo,1997). However,
a des-Gly27 pilosulin 2 peptide (renamed pilosulin 3a) has been
found as part of the 5603 Da heterodimeric peptide pilosulin 3. The
additional subunit of pilosulin 3 from Myrmecia pilosula is the 23
residue pilosulin 3b (Davies et al., 2004), or the variant pilosulin
3.1b fromMyrmecia banksi (Inagaki et al., 2004), thought to be part
of theMyrmecia pilosula species complex (Imai et al., 1994) (Fig. 9C).
Pilosulin 3 displays antimicrobial activity, and is the major allergen
in M. pilosula venom, along with [Ile5]pilosulin 1 accounting for
80% of the total venom peptide content. Pilosulin 4a peptide was
originally identified via cDNA cloning (Inagaki et al., 2004) but was
not detected in venom, while its Asp31Glu variant pilosulin 4.1a
was found to be present only as a homodimeric peptide, pilosulin
4.1 (Wiese et al., 2006) (Fig. 9D). cDNA cloning also revealed the
presence of a novel bioactive dimeric peptide pilosulin 5 connected
by a single disulfide bond. Synthetic pilosulin 5 dimer causes sig-
nificant histamine release that may be related to the weak ho-
mology of the peptide to the wasp peptide mastoparan (Inagaki
et al., 2008a).

Although the monomeric pilosulin peptides (pilosulin 2, 3.2b, 4
and 5) all show antibacterial and histamine-releasing activities
(Inagaki et al., 2004, 2008a) and some pilosulins, particularly 3a
and to a lesser extent 4.1 and [Ile5]pilosulin 1, are known to be
highly allergenic (Wiese et al., 2007), the biological activities of
these peptides have not been fully investigated.

3.3. ICK-like peptides

The inhibitor cystine knot (ICK) structural motif is an evolu-
tionary conserved structure that has been found in plants, fungi,
viruses, antimicrobial peptides from horseshoe crabs (tachystatins)
and the venoms of many organisms such as spiders, scorpions, cone
snails, insects (bees) and sea anemones (Barbault et al., 2003; Bloch
and Cohen, 2014; Cammue et al., 1992; Gilly et al., 2011; Osaki et al.,
1999; Pallaghy et al., 1994; Rodríguez et al., 2014; Zhu et al., 2003).
The ICK motif is defined as an embedded ring formed by two di-
sulfide bonds Cys(IeIV) and Cys(IIeV) and their connecting back-
bone segments through which is threaded a third disulfide bond
Cys(IIIeVI), forming a cystine knot. It is invariably associated with a
nearby anti-parallel b-sheet and appears to be a highly effective
motif for stabilizing peptide structures (Fig. 4D). Peptides with an
ICK motif represent attractive scaffolds in drug design because of
their inherent chemical stability and resistance to proteases pro-
vided by the fold and the wide range of amino acid sequences that
can be accommodated in the structure (Craik et al., 2001; Norton
and Pallaghy, 1998; Pallaghy et al., 1994; Zhu et al., 2003). While
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large numbers of ICK peptide toxins have been reported from other
arthropod venoms such as spiders and scorpions, only two types of
ant venom peptides displaying this structural motif are currently
known e Dinoponera ICK-like peptide and SKTXs.

3.3.1. Dinoponera ICK-like toxin
The recent transcriptome analysis of the venom glands of the

ant Dinoponera quadriceps (Ponerinae) has confirmed the presence
and sequence of the first ICK-like peptide in ant venoms (Torres
et al., 2014). This Dinoponera ICK-like peptide is a minor compo-
nent of the venom of Dinoponera quadriceps but has a VI/VII
cysteine framework (eCeCeCCeCeCe) consistent with other ICK
toxins (Fig. 4C). This peptide shows limited homology to the ICK
toxins u-theraphotoxin-Hh1a and mO-conotoxin MrVIB peptides
found in tarantula and cone snail venoms, respectively, both of
which exhibit neurotoxic activity via activity on voltage-gated ion
channels (Liu et al., 2006; McIntosh et al., 1995) (Fig. 10).

3.3.2. SKTXs
The venom of the ant Strumigenys kumadori (Myrmicinae) also

possesses ICK-like peptides which have been named SKTXs (Inagaki
et al., 2008b). SKTXs are thought to modulate NaV channels of
Drosophila, however, this study remains unpublished and se-
quences of these peptides are still unknown.

4. Conclusion and perspectives

Until recently, the low yield of venom from ant species has
severely restricted the biochemical and pharmacological charac-
terisation of ant venom peptides. However, advances in the
development of miniaturized bioassays and improvements in the
sensitivity of mass spectrometry and NMR spectroscopy now allow
broader investigations of the small quantities of venom peptides
provided by small animals, especially ants. Indeed, mass spec-
trometry has been used as a method to improve the accuracy of
taxonomic findings to reveal cryptic ant species within species
complexes (Touchard et al., 2014a). This chemotaxonomic tool can
therefore contribute to more rapid species identification and more
accurate taxonomies.

The limited number of studies to date has revealed a number of
unique structures across a broad range of ant subfamilies that differ
from those described in other animal venoms. Given the diversity
in ant species and distribution, ant venoms therefore represent vast
sources of potentially novel bioactive toxins that could be exploited
in drug and bioinsecticide discovery programs. For example, there

is increasing awareness that peptides represent an under-utilized
source of lead compounds for new therapeutics. Arguably, the
largest source of chemical diversity comes from peptides derived
from animal venoms. In animal venoms the evolutionary pressure
for improved prey capture and/or defence has resulted in complex
preoptimised combinatorial peptide libraries with extremely
diverse pharmacologies that interact with a wide range of molec-
ular targets. The discovery that these peptides bind to their cognate
receptors and ion channels with high affinity and selectivity means
that many are now being investigated as sources of lead com-
pounds in therapeutic discovery pipelines (Bosmans et al., 2009;
Escoubas and King, 2009; Lewis and Garcia, 2003; Vetter et al.,
2011; Vetter and Lewis, 2012). Hence, there is a growing number
of novel peptide or peptidomimetic therapeutics appearing on the
drugmarket, or in clinical trials, which are derived from toxins from
the venoms of cone snails, snakes, Gila monster, scorpions, spiders
and sea anemones. Ants could also provide a unique source of
potential therapeutic leads, especially antimicrobials and neuro-
active compounds.

Since some venomous animals, particularly arachnids and ants,
prey upon insects their venom contains large numbers of insecti-
cidal peptide toxins that have evolved to kill or paralyse insect prey.
These toxins often modulate the function of their targets with high
insect selectivity, lacking any overt toxicity against their vertebrate
counterparts (Bende et al., 2013; Gurevitz et al., 2007; Karbat et al.,
2004; Wang et al., 2000, 2001; Windley et al., 2011), which can
even extend to unique insect family selectivity (Bende et al., 2014).
Hence, many of these toxins are being explored as novel in-
secticides in biopesticide discovery programs (King and Hardy,
2013; Smith et al., 2013; Windley et al., 2012). The limited num-
ber of studies on ant venoms would indicate that potential insect-
selective peptide neurotoxins are present in their venoms and
could be exploited as novel insecticides leads.
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Abstract: Ants (Formicidae) represent a taxonomically diverse group of hymenopterans with over
13,000 extant species, the majority of which inject or spray secretions from a venom gland. The
evolutionary success of ants is mostly due to their unique eusociality that has permitted them to
develop complex collaborative strategies, partly involving their venom secretions, to defend their nest
against predators, microbial pathogens, ant competitors, and to hunt prey. Activities of ant venom
include paralytic, cytolytic, haemolytic, allergenic, pro-inflammatory, insecticidal, antimicrobial,
and pain-producing pharmacologic activities, while non-toxic functions include roles in chemical
communication involving trail and sex pheromones, deterrents, and aggregators. While these diverse
activities in ant venoms have until now been largely understudied due to the small venom yield
from ants, modern analytical and venomic techniques are beginning to reveal the diversity of toxin
structure and function. As such, ant venoms are distinct from other venomous animals, not only rich
in linear, dimeric and disulfide-bonded peptides and bioactive proteins, but also other volatile and
non-volatile compounds such as alkaloids and hydrocarbons. The present review details the unique
structures and pharmacologies of known ant venom proteinaceous and alkaloidal toxins and their
potential as a source of novel bioinsecticides and therapeutic agents.

Keywords: ant venom; toxins; venom biochemistry; alkaloids; formic acid; peptides; enzymes

1. Introduction

Nature contains a vast diversity of bioactive molecules and is hence a source of inspiration for
chemists, biochemists and the pharmaceutical industry searching for molecules of potential therapeutic
benefit or insecticidal activity. Amongst natural products, venoms are a promising source for the
discovery of unique molecules as they offer a formidable array of biological properties. Venoms are
complex cocktails of toxins that have been fine-tuned and pre-optimized during the course of evolution
for greater efficacy and target selectivity towards prey capture as well as defence against predators [1].
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Amongst venomous animals, insects represent a diverse group of organisms, with 120,000 extant
hymenopteran species [2].

Similar to other hymenopterans, ants (Vespoidea: Formicidae) have evolved a venom apparatus
that is derived from the ancestral reproductive system [3]. Ants are one of the most abundant groups
of venomous organisms and dominate most terrestrial environments [4,5], with around 13,165 extant
species described thus far [6] and an estimated total of ~25,000 species belonging to 16 different
subfamilies [7–9] (Figure 1A).

Their stunning ecological diversity has also contributed to broad species diversity and,
presumably, to the evolution of multiple venom types. For example, ground-dwelling ants of the
subfamilies Ponerinae and Myrmicinae contain venoms that are either used for generalist predation or
are specialized to prey on a locally abundant arthropod taxon (i.e., isopods, myriapods, collembolans
or termites). Ants that are restricted to one prey taxon and therefore may possess a specialist
venom include Psalidomyrmex procerus (Ponerinae), which preys only on earthworms, Strumigenys spp.
(Myrmicinae) which specializes in collembolan predation and Megaponera analis (Ponerinae), which
preys upon a limited number of termite species [10]. While many ants overcome their prey by attacking
in large numbers, some ant species are solitary hunters, suggesting that their venom is potent enough
to rapidly subdue their prey similarly to solitary wasps that specifically prey on caterpillars, crickets
or spiders [11].

This great taxonomical and ecological diversity has therefore allowed ants to employ their venom
for several purposes such as predation and defence against predators and competitors. It can also be
used for defence against microbial pathogens, communication, and as a herbicide [12–14]. Ant venoms
have been found to contain an extraordinary diversity of toxins and other types of molecules including
salts, sugars, formic acid, biogenic amines, alkaloids, free amino acids, hydrocarbons, peptides and
proteins [13,15–21]. However, due to the small size of these organisms, the amount of venom produced
by each ant is scarce in that some ants only produce around 10 μg or less of dry venom whilst other
ants are capable of producing up to 300 μg, compared to spiders, scorpions and snakes that produce
0.1–300 mg of dry venom per individual [22]. This has certainly contributed to the low number of
studies of ant venoms. Nevertheless, the present review aims to describe the current knowledge of the
wide range of toxins present in ant venoms and their functional roles.

2. Toxins from Non-Stinging Ants

Of all ant species, only 71% are considered to be stinging species due to the fact that a few ant
subfamilies have lost their ability to sting over the course of evolution. Instead of injecting their venoms,
Formicinae spray their venom (which is secreted by the venom gland), whereas Dolichoderinae and
Aneuretinae spray their targets with substances (i.e., ketones and iridoïds) secreted by their pygidial
glands [23]. Among the army ants (Dorylinae), ants from the genus Dorylus have a non-functional
stinger and their venom glands are a source of trail pheromones. Dorylus species do not employ venom
for prey immobilization but overcome their prey as a result of their overwhelming numbers (group
hunting behaviour) and their disabling bites (Figure 1A) [24].

While stinging species inject their secretions with a stinger, stingless ants from the subfamily
Formicinae spray their venoms through a special opening called the acidopore, a round orifice
surrounded by a fringe of hairs constituting a unique feature of formicine ants. The peculiarity
of this venom apparatus has considerably affected the chemical nature of the components secreted by
the venom glands, promoting the natural selection of volatile compounds. Formic acid (methanoic acid)
is the predominant compound and is presumably present in the venoms of all Formicinae, although
acetic acid can also be present [25]. Formic acid, present in concentrations of up to 70% (v/v), is an
alarm pheromone that, along with acetic acid, is an efficient defensive compound against competitors
and predators, including vertebrates [23,26]. The major precursors for its biosynthesis are the amino
acids serine and glycine [27]. By self-grooming their acidopore, Lasius neglectus (Formicinae) workers
uptake venom into their mouth and apply the acid on brood in their colony in order to inhibit the
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growth of fungal pathogens [25]. Also, upon occasional aggressive encounters, Nylanderia fulva
(Formicinae) workers can apply their formic acid-rich venom onto their cuticle to detoxify venom
alkaloids of the fire ant Solenopsis invicta (Myrmicinae) [28].

Figure 1. Species diversity of ant venom peptides. Panels A and B show data updated from
Aili et al. 2014 [29]. (A) Ants have been grouped according to three clades, where LC represents the
single-genus Leptanilloid clade. Stinging ants are represented by cyan bars and comprise around 71%
of all ant species. Non-stinging ant subfamilies are depicted by brown bars. The total number of species
in each subfamily is noted at the right of each bar. The newly described subfamily Dorylinae [7] is
composed of several junior synonyms including stinging ants that belong to the subfamilies Aenictinae,
Cerapachyinae, Ecitoninae, Leptanilloidinae, and ants belonging to the original subfamily Dorylinae
that lost their ability to sting during evolution. Also, it is unclear whether the ants that once belonged to
the junior synonym subfamily Aenictogitoninae, now subsumed in Dorylinae, are venomous or not, as
only males have been observed and females are yet to be described [30]; (B) Cumulative total number
of peptide-toxin sequences, showing the three main structural classes: cyan, linear peptides; brown,
dimeric peptides; red, ICK-like peptides. Ant venom peptides remain barely investigated, with only
75 peptides sequenced to date; (C) Distribution of venom peptide structural classes by ant subfamily.
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Several arboreal ant species use their venom gland secretion as a herbicide to destroy plants,
mainly encroaching vines that compete with their host plant. An example of this is the Amazonian
species Myrmelachista schumanni (Formicinae) that creates the “devil1s gardens”—large stands of trees
almost exclusively comprised of Duroia hirsuta, a myrmecophyte sheltering M. schumanni colonies in
its hollow stems (domatia). Workers of this plant-ant species kill all trees situated around their host
plants with their venom, which is mostly composed of formic acid. This facilitates the growth and
establishment of their host plant [14,31].

3. Peptides

3.1. Ant Venom Peptides

In most animal venoms, peptides (<100 amino acids) are the predominant class of toxins and
have been investigated extensively in organisms such as scorpions, cone snails, and spiders [32–35].
Although ant venoms remain very much unexplored, recent studies have revealed that the venoms
of stinging ants (those belonging to the subfamilies Paraponerinae, Ponerinae, Amblyoponerinae,
Dorylinae, Myrmeciinae, Pseudomyrmecinae, Myrmicinae, and Ectatomminae) are also rich in
peptides, similar to other venomous animals [36,37]. To date, 75 venom peptides from only six
ant subfamilies (11 ant species) have been fully sequenced (Figure 1B) [29]. These peptides have
previously been classified based on their structure into three main groups: linear, dimeric, and inhibitor
cystine knot (ICK)-like peptides (for a complete review of ant venom peptides, see Aili et al. [29]). An
alternate approach to classifying ant venom peptides is to base the nomenclature on biological activity:
cytolytic and neurotoxic peptides. This review will address these ant venom peptides based on their
biological functions.

3.1.1. Cytolytic Peptides

Most proteomic studies on ant venoms have confirmed the prevalence of small, linear peptides
(devoid of disulfide bonds) with fewer than 35 residues [19,36,37]. Most of these small peptides
are cytolytic and often possess insecticidal, haemolytic and/or antimicrobial properties. Examples
include ponericins from the ant Neoponera goeldii (Ponerinae; formerly Pachycondyla goeldii) that
exhibit haemolytic activity, antibacterial activity against both Gram-positive and Gram-negative
bacteria, as well as insecticidal activity [12]. Ponericins have been classified into three different
families (“G”, “W”, and ”L”) based on sequence homology [29]. Numerous additional ponericin-like
peptides were also sequenced from the venom of Neoponera apicalis and N. inversa (Ponerinae; formerly
Pachycondyla apicalis and P. inversa) [38]. Thus, although the biological function of these peptides
has not been characterized, their strong homology to G-, W- and L-family ponericins from N. goeldii
suggests that they should have both antimicrobial and insecticidal activities, however, this remains to
be proven. Additional homologous toxins include dinoponeratoxins from both Dinoponera australis
and D. quadriceps (Ponerinae) [37,39], and bicarinalins from Tetramorium bicarinatum (Myrmicinae) [40].
Multiple alignment analyses have shown that these linear venom peptides display various degrees of
sequence homology to each other and that they can be separated into several families [41–44]. More
recently, three novel antimicrobial linear peptides with little homology to ponericin peptides have
been isolated from the venom of the ant Ectatomma brunneum (Ectatomminae; formerly known as
E. quadridens) [45].

Another group of peptides from ant venoms are pilosulins that constitute the major allergens of
the venom of Myrmecia pilosula (Myrmeciinae). Pilosulin 1 is a long linear peptide (57 amino acids)
and displays haemolytic and cytolytic activities [46,47]. Pilosulins 3, 4, and 5 are a group of homo-
and heterodimeric peptides. Although these peptides possess some antimicrobial activity, and are
classified as allergens, their biological function remains unknown [41,42].

The biological function of such membrane perturbing peptides in ant venoms is likely
to be varied. Among spider and scorpion venoms, cytolytic peptides are believed to act as
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membrane-disrupting agents, facilitating the passage of other disulfide-rich neurotoxins through
cellular barriers to their molecular targets [48]. These linear cytolytic peptides also have direct toxic
effects on prey, although this insecticidal activity is often moderate in comparison to disulfide-rich
neurotoxins [32]. However, in some cases, spiders and scorpions use cytolytic-based venoms rather
than neurotoxic-based venoms [49–51]. For example, the cyto-insectotoxins present in the venom of
the spider Lachesana tarabaevi have a potent insecticidal effect and are the major insecticidal toxins
in this venom [52]. Most ants seem to have evolved cytolytic-based venoms [12,36,37] and have
probably developed a strategy similar to that of the spider L. tarabaevi for subduing their prey. The
cytolytic peptides seen in most ant venoms act synergistically against different kinds of cells, disrupting
membranes and rapidly killing prey.

Due to their non-selective activity, membrane-perturbing venom peptides are able to target the
membranes of bacterial cells and, therefore, often exhibit some antimicrobial activity. This antimicrobial
activity may be a bonus function for ants as it helps with the social immunity of the colony [53,54].
In eusocial insects, promiscuity and the relative genetic homogeneity of individuals creates ideal
circumstances for the spread of infectious diseases in their nests. Therefore, the presence of multiple
membrane-perturbing peptides with antimicrobial activities in ant venoms is also believed to be a way
to disinfect captured prey before to bringing them back to the nest [12]. Another hypothetical function
would be to assist in pre-digestion of prey. This is important since adult ants only feed on liquids
due to their inability to digest solid food as a result of their narrow and constricted waists. Cytolytic
activity combined with an enzymatic activity would help the degradation of cellular membranes of
prey and, therefore, liquefy prey as do spider venoms [55].

Membrane-perturbing peptides are promising candidates for the future development of novel
antimicrobial, insecticidal, and anticancer drugs, and have been well investigated for this purpose for
many years. However, pharmaceutical research has struggled to find valid lead drug candidates as, to
date, these peptides cannot sufficiently discriminate between the membranes of pathogenic cells or
erythrocytes and other human host cells [48].

3.1.2. Neurotoxic Peptides

Neurotoxic peptides are widely expressed in animal venoms to assist in the rapid immobilization
of prey. These neurotoxins act on a broad diversity of molecular targets, mostly ion channels, with
varied selectivity, specificity, and efficacy. Many peptidic toxins modulating ion channels have been
discovered in arthropod venoms. As several ant venoms have paralytic effects on arthropods, it is
clear that they also contain neurotoxins that induce paralysis [11,56]. However, studies investigating
the neurotoxic properties of ant venom peptides are rare and only two neurotoxic peptides have been
characterized so far, as discussed below.

The first neurotoxic peptide that was isolated and characterized was poneratoxin, a small 25
residue linear peptide derived from the bullet ant Paraponera clavata (Paraponerinae). It has been shown
to be capable of modulating voltage-gated sodium (Nav) channels of both vertebrates and invertebrates,
blocking synaptic transmission in the insect CNS [57,58]. Poneratoxin causes repetitive firing and
prolongation of action potentials due to the presence of a slowly developing inward sodium current
that activates at hyperpolarizing potentials. This results from a potential toxin-induced interconversion
between a fast and a slow conducting state of the NaV channel [59–61]. Due to its high efficacy,
this peptide has been used in the construction of a novel bioinsecticide employing a recombinant
poneratoxin-producing baculovirus [61].

The other neurotoxic peptide isolated from ant venom is a dimeric peptide, Ectatomin Et-1,
from the ant Ectatomma tuberculatum which has been found to be the most potent neurotoxic peptide
isolated from ant venoms [62]. This peptide, which is one of a family of four related peptides from
Ectatomma spp., is a voltage-gated calcium (Cav) channel blocker, and also a pore-forming peptide
cytotoxic to vertebrate and invertebrate cells [63,64].
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3.1.3. Uncharacterized Peptides

Dimeric peptides are highly stable as they comprise two subunits that are linked by one
or several disulfide bonds. Among ant venoms, dimeric peptides seem to be common in the
formicoid subfamilies Ectatomminae, Pseudomyrmecinae, and Myrmeciinae (Figure 1C). In addition
to pilosulins and ectatomins, the myrmexins are a group of six heterodimeric peptides isolated
from the venom of Pseudomyrmex triplarinus (Pseudomyrmecinae) whose biological functions remain
unknown [65]. Homo- and heterodimeric peptides have also been shown to be present in the venoms
of P. penetrator [66] and Tetraponera sp. (Pseudomyrmecinae) [36] although their amino acid sequences
and biological activity also remain uncharacterized.

The recent transcriptome analysis of the venom glands of the giant ant Dinoponera quadriceps has
confirmed the sequence of a third structural class of ant venom peptides: the ICK-like peptides. ICK
peptides contain three disulfide bonds, forming a pseudo knot, and are very stable. These are present
in the venoms of cone snails and spiders, and typically have neurotoxic properties [67,68]. These
peptides are a minor component of the venom of the giant ant, and their role and biological activity is
still unknown [69].

Until recently, the limited amount of venom has restricted the biochemical characterization of ant
venom peptides. However, recent investigations using high resolution technologies to probe ant venom
peptidomes have revealed the vast and unexplored structural diversity of peptidic toxins with many
small, linear peptides as well as several peptides structured by disulfide bonds that constitute novel
structural classes of toxins with a likely novel, associated pharmacology [19,36,66]. Unfortunately,
the number of characterized ant venom peptides is vanishingly small compared with the enormous
peptide diversity revealed among ant venoms. This diversity, combined with the great ecological and
taxonomical diversity of ants, suggests that ant venom peptides constitute a promising new source in
the search for both novel drugs and insecticides.

3.2. Proposed Rational Nomenclature System for Ant Venom Peptides

Cutting-edge technologies such as integrated venomics represent a new gateway to exploring
the venom peptides of small organisms such as ants [70–72], and have led to increases in the rate of
description of novel peptidic toxins. Stinging ant venoms represent an untapped source of toxins,
and the total number of peptides has been estimated to be in excess of 1 million [36]. Thus far, there
is no consistent nomenclature for naming newly identified peptidic toxins in ant venoms. This may
cause considerable confusion, as presumably at some point there will be a surge of ant venom-derived
toxins being identified with the advent of new, more rapid and sensitive analytical strategies. It will
also be difficult to quickly compare toxins and establish evolutionary relationships with no consistent
nomenclature. The use of the same toxin name for different peptidic toxins with similar functions
regardless of the relatedness of the source ant species is advantageous, as it allows for the quick
identification of the peptide1s properties; however, it does not reveal any evolutionary relationships.
This is illustrated by the ponericins, a family of antimicrobial peptides, which were originally isolated
from three different species in the genus Neoponera (Ponerinae) [12,38] and later from the unrelated ant
Ectatomma brunneum (Ectatomminae) [45]. Another issue is the use of multiple names for the same
toxin, such as with Myr p 1, pilosulin 1, and Myr p 1.0101, where all names refer to the same peptide,
a linear allergenic peptide from the venom of Myrmecia pilosula [47,73]. Table 1 also highlights the
confusing similarity in the names of ant venom alkaloids vs. peptides (e.g., solenopsins vs. ponericins)
where toxins have completely different biochemical structure and function yet they are simply named
after the organism from which they were obtained.
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Table 1. Generic names for peptidic toxins from stinging ant subfamilies and their corresponding
abbreviations.

Subfamily Generic Toxin Name Toxin Abbreviation

Agroecomyrmecinae Agroecomyrmecitoxin AGRTX
Amblyoponerinae Amblyotoxin ABTX

Dorylinae Dorylitoxin DRTX
Ectatomminae Ectatotoxin ECTX

Heteroponerinae Heteroponeritoxin HETX
Leptanilinae Leptanilitoxin LETX
Martialinae Martialitoxin MATX

Myrmeciinae Myrmeciitoxin MIITX
Myrmicinae Myrmicitoxin MYRTX

Paraponerinae Paraponeritoxin PPOTX
Ponerinae Poneritoxin PONTX

Proceratiinae Proceratoxin PROTX
Pseudomyrmecinae Pseudomyrmecitoxin PSDTX

This highlights the unmet need for a standardized nomenclature system for ant venom peptides
in order to avoid confusion. Wiese et al. (2004) proposed a standardized nomenclature system for the
Myrmecia pilosula venom allergens according to the International Union of Immunological Societies
(IUIS) [74]. Although this system has been very useful for the pilosulins, it does not seem very practical
for the naming of all ant venom peptides. This is because it provides no details on the biological
activity or the molecular target of the toxin and it provides only minimal taxonomic information with
no reference to subfamilies. It is therefore of great importance to adopt a nomenclature with sufficient
detail and which follows the patterns of nomenclature used for other venomous organisms.

Accordingly, we propose adopting the standard nomenclature system used in naming spider [75],
centipede [76] and sea anemone venom peptides [77] for naming ant venom peptides. The
nomenclature is as follows:

i The toxin name should begin with a Greek letter prefix denoting the biological activity or
molecular target (if known) of the peptide; see King et al. for a summary [75]. Where the
target is not known the toxin should have a prefix of “U”. As only a few pharmacological
activities have been determined to date this will be an ongoing process. Haemolytic, cytolytic
or antibacterial peptides that have activity against bacteria, fungus, insect or vertebrate cells are
denoted by the Greek letter “M” to denote a general action to cause membrane perturbation.
Neurotoxic peptides (i.e., poneratoxin and ectatomin) which target voltage-gated sodium or
calcium ion channels have been identified by the prefixes “δ” and “ω”, respectively.

ii The Greek letter prefix will be followed by a generic toxin name. As all ants are grouped into
a single family (Formicidae), we propose to slightly modify King1s nomenclature which uses
family names and use the 13 extant stinging subfamily names instead (Figure 1A). This will allow
the toxins to be compared and will highlight the evolutionary relationship between different
toxins. A list of the proposed generic toxin names and their corresponding abbreviations
is proposed in Table 1 for all extant subfamilies of stinging ants. These names and their
abbreviations have been carefully chosen so that they do not overlap with current toxins from
other venomous animals nor other chemical groups. NB: non-stinging ants are thought to
contain mostly non-peptidic venom components, and are therefore not included.

iii The toxin name is then followed by an uppercase letter that indicates the genus of the ant and a
lowercase letter which identifies the species of the ant from which it was isolated. An additional
one or two lowercase letters may be required to distinguish species with the same first letters.
Due to several taxonomic revisions concerning ants, their species names are often subject to
modifications; therefore, all ant venom studies should follow the world1s largest online ant
database AntCat [6] when defining the most current species name.
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iv Finally, an alpha-numerical code will be used to separate different structural classes of peptides
based on their molecular scaffold and amino acid sequences. An Arabic numeral will be used to
distinguish different toxins from the same species with little amino acid homology or different
three-dimensional structures. A lowercase letter will also be added in order to distinguish
isotoxins. The isotoxins are named based on the sequence alignment analyses presented in the
review of Aili et al. [29]. The definition of isotoxin groups by Olivera et al. [77] will be used to
distinguish isotoxins. Toxins from the same ant species will be classified in the same isotoxin
group when there is ě 50% similarity in molecular size, biological function as well as amino
acid sequence.

We have applied this proposed nomenclature to all the known peptidic toxins isolated and
sequenced from the venoms of both poneroid (Table 2) and formicoid (Table 3) ants. Using this rational
nomenclature method, we have uniformly renamed the 75 currently sequenced peptidic ant toxins.
This new nomenclature will provide a clearer means of identifying and classifying former toxins as
well as new peptides, which will facilitate future exploration of ant venom peptides.

Table 2. Venom peptide toxins from poneroid ant species renamed according to the proposed rational
nomenclature system.

Species (Subfamily) Original Toxin Name Proposed Toxin Name Abbreviation Reference

Paraponera clavata
(Paraponerinae) Poneratoxin δ-Paraponeritoxin-Pc1a δ-PPOTX-Pc1a [57]

Neoponera goeldii
(Ponerinae)

Ponericin G1 M-poneritoxin-Ng3a M-PONTX-Ng3a [12]
Ponericin G2 U1-poneritoxin-Ng3b U1-PONTX-Ng3b [12]
Ponericin G3 M-poneritoxin-Ng3c M-PONTX-Ng3c [12]
Ponericin G4 M-poneritoxin-Ng3d M-PONTX-Ng3d [12]
Ponericin G5 U1-poneritoxin-Ng3e U1-PONTX-Ng3e [12]
Ponericin G6 M-poneritoxin-Ng3f M-PONTX-Ng3f [12]
Ponericin G7 U1-poneritoxin-Ng3g U1-PONTX-Ng3g [12]
Ponericin L1 U1-poneritoxin-Ng2a U1-PONTX-Ng2a [12]
Ponericin L2 M-poneritoxin-Ng2b M-PONTX-Ng2b [12]
Ponericin W1 M-poneritoxin-Ng1a M-PONTX-Ng1a [12]
Ponericin W2 U1-poneritoxin-Ng1b U1-PONTX-Ng1b [12]
Ponericin W3 M-poneritoxin-Ng1c M-PONTX-Ng1c [12]
Ponericin W4 M-poneritoxin-Ng1d M-PONTX-Ng1d [12]
Ponericin W5 M-poneritoxin-Ng1e M-PONTX-Ng1e [12]
Ponericin W6 M-poneritoxin-Ng1f M-PONTX-Ng1f [12]

Neoponera inversa
(Ponerinae)

Ponericin Pi I1 U1-poneritoxin-Ni3a U1-PONTX-Ni3a [38]
Ponericin Pi I2 U1-poneritoxin-Ni3b U1-PONTX-Ni3b [38]
Ponericin Pi I3 U1-poneritoxin-Ni3c U1-PONTX-Ni3c [38]
Ponericin Pi I4 U1-poneritoxin-Ni3d U1-PONTX-Ni3d [38]
Ponericin Pi II1 U1-poneritoxin-Ni1a U1-PONTX-Ni1a [38]
Ponericin Pi II2 U1-poneritoxin-Ni1b U1-PONTX-Ni1b [38]
Ponericin Pi III1 U1-poneritoxin-Ni2a U1-PONTX-Ni2a [38]

Neoponera apicalis
(Ponerinae)

Ponericin Pa I1 U1-poneritoxin-Na3a U1-PONTX-Na3a [38]
Ponericin Pa I2 U1-poneritoxin-Na3b U1-PONTX-Na3b [38]

Ponericin Pa II 1 U1-poneritoxin-Na1a U1-PONTX-Na1a [38]
Ponericin Pa II 2 U1-poneritoxin-Na1b U1-PONTX-Na1b [38]
Ponericin Pa IV1 U1-poneritoxin-Na2a U1-PONTX-Na2a [38]

Dinoponera australis
(Ponerinae)

Dinoponeratoxin Da-1039 U1-poneritoxin-Da1a U1-PONTX-Da1a [39]
Dinoponeratoxin Da-1585 U1-poneritoxin-Da3a U1-PONTX-Da3a [39]
Dinoponeratoxin Da-1837 U1-poneritoxin-Da2a U1-PONTX-Da2a [39]
Dinoponeratoxin Da-2501 U1-poneritoxin-Da3b U1-PONTX-Da3b [39]
Dinoponeratoxin Da-3105 U1-poneritoxin-Da4a U1-PONTX-Da4a [39]
Dinoponeratoxin Da-3177 M-poneritoxin-Da4b M-PONTX-Da4b [39]

Dinoponera quadriceps
(Ponerinae)

Dinoponeratoxin Dq-762 U1-poneritoxin-Dq1a U1-PONTX-Dq1a [37]
Dinoponeratoxin Dq-987 U1-poneritoxin-Dq1b U1-PONTX-Dq1b [37]
Dinoponeratoxin Dq-1031 U1-poneritoxin-Dq1c U1-PONTX-Dq1c [37]
Dinoponeratoxin Dq-1062 U1-poneritoxin-Dq2a U1-PONTX-Dq2a [37]
Dinoponeratoxin Dq-1133 U1-poneritoxin-Dq2b U1-PONTX-Dq2b [37]
Dinoponeratoxin Dq-1289 U1-poneritoxin-Dq2c U1-PONTX-Dq2c [37]
Dinoponeratoxin Dq-1839 U1-poneritoxin-Dq3a U1-PONTX-Dq3a [37]
Dinoponeratoxin Dq-1840 U1-poneritoxin-Dq3b U1-PONTX-Dq3b [37]
Dinoponeratoxin Dq-1856 U1-poneritoxin-Dq3c U1-PONTX-Dq3c [37]
Dinoponeratoxin Dq-1897 U1-poneritoxin-Dq3d U1-PONTX-Dq3d [37]
Dinoponeratoxin Dq-1984 U1-poneritoxin-Dq3e U1-PONTX-Dq3e [37]
Dinoponeratoxin Dq-3104 M-poneritoxin-Dq4a M-PONTX-Dq4a [37]
Dinoponeratoxin Dq-3162 M-poneritoxin-Dq4b M-PONTX-Dq4b [37]
Dinoponeratoxin Dq-3163 U1-poneritoxin-Dq4c U1-PONTX-Dq4c [37]
Dinoponeratoxin Dq-3178 U1-poneritoxin-Dq4d U1-PONTX-Dq4d [37]
Dinoponeratoxin ICK-like U1-poneritoxin-Dq5a U1-PONTX-Dq5a [69]
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Table 3. Venom peptide toxins from formicoid ant species renamed according to the proposed rational
nomenclature system.

Species (Subfamily) Original Toxin Name Proposed Toxin Name Abbreviation Reference

Tetramorium bicarinatum
(Myrmicinae)

Bicarinalin 1 M-myrmicitoxin-Tb1a M-MYRTX-Tb1a [40]
P 17 U1-myrmicitoxin-Tb2a U1-MYRTX-Tb2a [40]

Ectatomma tuberculatum
(Ectatomminae)

Ectatomin-Et1 ω/M-ectatotoxin-Et1a ω/M-ECTX-Et1a [62]
Ectatomin-Et2 U1-ectatotoxin-Et1b U1-ECTX-Et1b [78]

Ectatomma brunneum
(Ectatomminae)

Ectatomin-Eq1 U1-ectatotoxin-Eb1a U1-ECTX-Eb1a [78]
Ectatomin-Eq2 U1-ectatotoxin-Eb1b U1-ECTX-Eb1b [78]
Ponericin-Q42 M-ectatotoxin-Eb2a M-ECTX-Eb2a [45]
Ponericin-Q49 M-ectatotoxin-Eb2b M-ECTX-Eb2b [45]
Ponericin-Q50 M-ectatotoxin-Eb2c M-ECTX-Eb2c [45]

Pseudomyrmex triplarinus
(Pseudomyrmecinae)

Myrmexin I U1-pseudomyrmecitoxin-Pt1a U1-PSDTX-Pt1a [65]
Myrmexin II U1-pseudomyrmecitoxin-Pt1b U1-PSDTX-Pt1b [65]
Myrmexin III U1-pseudomyrmecitoxin-Pt1c U1-PSDTX-Pt1c [65]
Myrmexin IV U1-pseudomyrmecitoxin-Pt1d U1-PSDTX-Pt1d [65]
Myrmexin V U1-pseudomyrmecitoxin-Pt1e U1-PSDTX-Pt1e [65]
Myrmexin VI U1-pseudomyrmecitoxin-Pt1f U1-PSDTX-Pt1f [65]

Myrmecia pilosula
(Myrmeciinae)

Myr p 157–112 M-myrmeciitoxin-Mp1a M-MIITX-Mp1a [79]
Myr p 1 57–112 (Ile5) M-myrmeciitoxin-Mp1b M-MIITX-Mp1b [79]

Myr p 1 65–112 M-myrmeciitoxin-Mp1c M-MIITX-Mp1c [79]
Myr p 1 68–112 M-myrmeciitoxin-Mp1d M-MIITX-Mp1d [79]
Myr p 1 71–112 M-myrmeciitoxin-Mp1e M-MIITX-Mp1e [79]
Myr p 1 86–112 U1-myrmeciitoxin-Mp1f U1-MIITX-Mp1f [79]

Pilosulin 3a M-myrmeciitoxin-Mp2a M-MIITX-Mp2a [41]
Pilosulin 3b M-myrmeciitoxin-Mp2b M-MIITX-Mp2b [41]
Pilosulin 4 M-myrmeciitoxin-Mp3a M-MIITX-Mp3a [41]
Pilosulin 5 M-myrmeciitoxin-Mp4a M-MIITX-Mp4a [42]

4. Ant Venom Proteins

Although ants are amongst the most abundant and diverse of all social insects [5], there remains
limited information in the literature regarding their venom protein characteristics. Most published
studies have investigated the allergenic properties of ant venoms [43,74,80]. This is especially true
for proteomic data, even though such information can give insights into the functions of venom
components [81]. This paucity of data is mainly due to the limited amount of venom that can be
obtained from stinging ants [82] and the laborious nature of venom dissections and extractions [83,84].
Nevertheless, current data shows that ant venom proteins are highly diverse, as is the case with
the peptide component. This diversity is further exemplified with the vastly different patterns of
venom protein expression across ant subfamilies which has been attributed to both phylogenetic and
behavioural differences between ants [82,85].

One of the first studies to report the presence of proteins in ant venoms was that of Leluk et al. [81]
which found proteins ranging from 24 to 75 kDa in all six ants investigated (Dinoponera grandis,
Diacamma sp., Paraponera clavata, Odontoponera transversa, Pogonomyrmex rugosus, and Po. maricopa).
The two most investigated ants using proteomics are Myrmecia pilosula (Australian jack jumper ant)
and Solenopsis invicta (red imported fire ant) due to frequent allergic reactions to their sting which
can lead to anaphylaxis and, in some extreme cases, death [83,85]. In fact, the first ever published
study proving the presence of proteins in ant venoms was performed on the red imported fire ant in
1979, where the authors managed to extract and enzymatically assay venom proteins by employing
chromatographic separation on a massive amount of manually-milked venom (ca. 120 mg) [86].

Myrmecia pilosula venom is mainly composed of peptides, however, it does contain six proteins
between 26 and 90 kDa [43,74]. Most of its activity was originally attributed to the pilosulin peptides
(see Section 3.1.1), however, it was later found that the proteins also play a role in the allergic
reactions [43,74,80,87]. An interesting feature of this venom, which had hindered investigations of its
composition in the past, is its highly basic nature which makes venom proteins more difficult to separate
based on isoelectric point (pI) when using two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE) [80]. The basic nature of these venom proteins is common with defensive venoms, such as
that of bees, and the proteins responsible for this effect usually cause painful or cytolytic effects [81].
However, this is not common amongst ants, as the original study performed by Leluk et al. (1989)
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revealed that the majority of the six ants investigated contained acidic venoms, particularly that of
Paraponera clavata [81].

The proteome of Solenopsis invicta has only recently been investigated using 2D-PAGE based on a
commercial protein extract, due to the small amount of protein present in the venom in comparison to
its high alkaloid content (>95% alkaloids; see Section 5.2) [74,84,88]. It has been postulated that one
reason for S. invicta venom being less proteinaceous than those of other ant venoms is that this ant
evolved more recently compared to the more ancestral ants with higher venom protein content [89].
Other venoms that have been shown to be proteinaceous in nature are those from Ponerinae, Dorylinae,
Pseudomyrmecinae (e.g., Pseudomyrmex triplarinus with proteins making up 42% of the venom1s dry
weight [90]), and even some Myrmicinae such as Myrmica spp. and Pogonomyrmex spp.

The proteins identified in ant venoms have been assigned to one of the following three major
functional protein groups: housekeeping proteins, body muscle proteins, or true venom proteins
(classification modified from [83]). Previous transcriptomic studies have revealed that the majority of
transcripts identified from the venom glands (~40%–65%) are housekeeping proteins such as ribosomal
proteins which come from the venom gland tissues [69,85,87]. These predicted housekeeping and
body muscle proteins have also been predicted by other approaches such as proteomics [83] and are
therefore not covered in this review as they are not true venom components. Transcriptomics has
revealed that true venom proteins make up a small fraction of the transcripts being expressed in venom
gland tissues (<1%–5%).While there are indications of several new venom gland components using
transcriptomics, one must be cautious in considering that not all potential transcripts identified are
necessarily translated into proteins, and must be confirmed using proteomic techniques. Therefore,
true venom components which have been confirmed by proteomic studies have been categorized into
(1) toxic venom proteins; (2) non-toxic proteins involved in protecting other venom components and
the gland tissue; and (3) non-toxic proteins involved in chemical communication.

4.1. Toxic Venom Proteins

The present review will discuss those proteins which have been associated with venom diffusion
and toxicity to prey or predators as well as major allergenic proteins revealed by venom gland
proteomic and transcriptomic studies. These proteins can be further classified into five subgroups:
(1) neurotoxins; (2) proteins that promote venom diffusion or modulate prey defense mechanisms;
(3) proteins that promote tissue damage or cause inflammation; (4) allergens; and (5) antimicrobial
proteins involved in colony/food asepsis. Ant venom toxic proteins commonly interfere with tissue
signalling, lipid homeostasis, protein–protein interactions or trafficking of vesicles [69]. While only
two ant venom gland transcriptomes have been published to date, these have revealed an enormous
amount of novel information regarding potential proteins in the venom gland [69,85,91]. It is clear that
further transcriptomic studies are necessary, as it would make the current difficult task of novel protein
annotation a lot clearer [83]. Moreover, a significant number of predicted proteins are apparently
unique to ant venoms, as they are not homologous to previously deposited sequences in databanks
from other tissues or organisms for the first time [69,85,91].

4.1.1. Neurotoxic Proteins

An increasing number of proteins that cause neurotoxicity are being revealed in ant venoms.
For example, the proteomic investigation of Solenopsis invicta venom [83] revealed the presence of
three 18–43.1 kDa neurotoxins similar to proteins from other arthropods. One of these proteins is
homologous to U5-ctenitoxin-Pk1a-like protein which has been implicated in causing spastic paralysis
in mice [92]. The other protein found is homologous to the neurotoxic alpha-toxin Tc48a-like protein,
which is also lethal to mice through its action on NaV channels [83,93]. The third neurotoxic protein
was homologous to Scolopendra (Chilopoda) toxin-like proteins which are not lethal to vertebrates, but
are neurotoxic to insects and crustaceans [94,95].
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Phospholipases have been described as one of the major proteins in several hymenopteran venoms
and are considered potent neurotoxic, cytotoxic and allergenic proteins [82,96]. Phospholipases (PL)
hydrolyze the different ester linkages in phospholipids. There are five major types: PLA1, PLA2,
and PLC (which cleave ester bonds at positions sn-1, sn-2, and sn-3, respectively), PLD (which is
mainly found in plants that attacks the nitrogenous base of the phospholipids) and PLB (which
cleaves lysophospholipids) [96]. The most commonly reported phospholipase in ant venoms is
PLA2 [83,97–99], however, there have been isolated reports of PLA1, PLB, and PLD as well [69,99,100].
Venom phospholipases from various animals have been demonstrated to induce neurotoxicity, platelet
activation, allergic reactions, haemolysis, and tissue damage. Unlike snake venom phospholipases
which are lethal to their prey [69,101], ant venom phospholipases have not been implicated in causing
lethality of prey, however, it is likely that they have synergistic activity with other toxic proteins which
cause lethality [83,102].

4.1.2. Proteins that Promote Venom Diffusion or Modulate Victim Defense Mechanisms

Examples of proteins involved with tissue damage would include phospholipases, hyaluronidases,
proteases, and venom acid phosphatases. Hyaluronidase is implicated in aiding the spread of venom
through the host tissues. This results from the hydrolysis of hyaluronic acid and chondroitin sulphate
which are essential components of connective tissues [82], thereby increasing membrane permeability,
reducing viscosity, and making tissues more permeable to venom neurotoxins [82,103]. This function
has been used clinically to assist in the absorption of fluids administrated by subcutaneous or
intramuscular injection, and to improve the diffusion of local anaesthetics [82]. Hyaluronidase
activity was observed in all nine ant venoms tested by Schmidt et al. [102], however, the activity was
lower in comparison to that observed in wasp venoms. The ants with the highest hyaluronidase
activity were the tropical ants Paraponera clavata and Ectatomma tuberculatum [102]. Other ants
which have been found to contain hyaluronidase activity in the venom are Myrmecia pyriformis [104],
Pseudomyrmex triplarinus [90] and Solenopsis invicta [86].

Proteases are responsible for moderate necrosis in some tissues of patients following
envenomation by various venomous animals. Little information is available on venom proteases
in insects, especially in ant venoms [82], and clinical reports of necrosis from ant stings are likely a
result of secondary bacterial infections [60]. However, proteases have been reported in Eciton burchellii
in very high levels [102]. Transcriptomic analysis of the venom gland of the ant Tetramorium bicarinatum
suggested that the main toxin-like proteins are metalloproteinases that degrade proteins and hydrolyse
specific peptide bonds [85]. The presence of a metalloproteinase in ant venom is significant as they
are thought to be involved in disruption of the host1s coagulation cascade as well as in generating
a more digestible prey [85]. A metalloproteinase has also been found in the venom of the fire ant
Solenopsis invicta using proteomics techniques [83]. In wasps, metalloproteinases have been associated
with inflammation, necrosis, oedema, and skin damage after massive attacks on humans [83].

Other proteases which have been identified in several hymenopterans and some ants are
carboxylesterases [69,105]. These enzymes hydrolyse carboxylic acid esters into acids and alcohols;
this enzyme has been considered to have a protective function for the organism as it promotes cellular
detoxification by inactivating carcinogens and toxicants. Pesticides and drugs usually contain ester
moieties that are susceptible to these enzymes and are therefore degraded by this enzyme. This
enzyme has been found in the genomes of the ants Harpegnathos saltator, Camponotus floridanus,
Acromyrmex echinatior [106], and, more recently, in Dinoponera quadriceps through transcriptomic
analysis [69].

Another interesting finding of the investigation by Schmidt et al. [102] was the presence of
phosphodiesterase activity in the venom of the ants Ectatomma tuberculatum and Paraponera clavata.
Phosphodiesterases are more common in snake venoms and have not yet been reported in insect
venoms [102,107]. They have been associated with catalysing the action of other active or toxic venom
component functions [102] which can cause cell lysis or DNA/RNA degradation in the prey [107].
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Several enzymes potentially involved with targeting major host defence cascades were also
revealed through transcriptomics analysis of Tetramorium bicarinatum venom [85,91]. An example
of such a protein is phenoloxidase which is a multicopperoxidase which generates highly reactive
and toxic quinine intermediates that clear bacterial infections from the insect. This is because they
cross-link bacteria to a protein on the cytoplasmic membrane of haemocytes [108,109]. This protein
has been identified as an important venom compound among parasitic wasps to disrupt their host1s
immune systems.

4.1.3. Proteins that Promote Tissue Damage or Cause Inflammation

Phospholipases are a common protein found in ant and other hymenopteran venoms that, in
addition to the activities described in Section 4.1.1, cause disruption of the phospholipid membrane
leading to pore formation, inflammation, and cell lysis [83,110,111]. One of the earliest reports of
phospholipase activity in ant venoms was in the bulldog ant Myrmecia pyriformis [112]. However,
since then many other ants have been reported to express phospholipases in their venom either
through enzymatic, proteomic or transcriptomic studies. For example, the ants Paraponera clavata,
Pogonomyrmex occidentalis, Pogonomyrmex badius, Eciton burchellii [102], Pseudomyrmex triplarinus [90],
Dinoponera grandis, Solenopsis invicta, and Ectatomma tuberculatum [96] have all been reported to have
phospholipase activity using enzymatic studies. Through transcriptomic techniques, the additional
ant species Dinoponera quadriceps [69] and Tetramorium bicarinatum [91] have also been reported to
have phospholipases. According to current data, the phospholipase activity of ant venoms seems to
be lower than that of wasps. While the activity of Pogonomyrmex badius is comparable to that of the
yellow jacket wasp [102], Tetramorium caespitum has with no reported phospholipase activity [89]. This
indicates that venom phospholipase activity is not broadly distributed in all ant species.

As previously mentioned, PLDs have not been reported in hymenopteran venoms, however they
have been recently predicted in two ant venoms, Dinoponera quadriceps and Solenopsis invicta [69,83].
The presence of PLD in ant venoms is a significant finding as it has only been previously reported
in spider venoms, highlighting the need for confirmation by enzymatic assays. The enzyme has
been often referred to as sphingomyelinase D where it can hydrolyze sphingomyelin containing
membranes, or phospholipase D by virtue of its wider spectrum of lipid substrates. In the brown
spider Loxoceles gaucho, sphingomyelinase activity results in characteristic dermonecrotic lesions, which
typically follow a massive inflammatory response [113,114].

The 2D-PAGE analysis of Solenopsis invicta [83] revealed the presence of several other proteins
that could promote tissue damage. These included myotoxin 2-like proteins previously found in
snake venom proteins that have been reported to cause necrosis of tissue by increasing cytolysis and
microvascular permeability [83,115] and PSTx 60-like protein previously identified from sea anemones
which also promotes tissue damage due to a haemolytic action [116].

Venom acid phosphatases are common toxic inflammatory enzymes in venoms and have known
digestive functions and toxic actions to cause histamine release and cell lysis [117,118]. Venom
acid phosphatases also seem to be common in ant venoms in different levels of abundance, with
Eciton burchellii and Ectatomma tuberculatum having the highest reported activity [98,102]. Interestingly,
ants have higher activities of this enzyme overall compared to wasp venoms [102]. This enzyme is also
a typical tissue enzyme, so it has been suggested that it might be a contamination from the venom
gland tissues. However, venom collected by electrical stimulation was found to contain these proteins
suggesting this is a true venom protein [102].

4.1.4. Allergens

An allergen is any substance capable of eliciting an allergic reaction. Often, this can culminate
in anaphylactic shock, which is a serious reaction involving oedema and systemic smooth muscle
stimulation. The autacoid histamine is one of the key molecules involved in the mediation of
hypersensitivity. Whilst all known allergens are relatively large molecules, with most allergens
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consisting of proteins or protein conjugates, the exact chemical properties leading to allergenicity
are not well understood. There are also other substances which can induce the release of histamine,
potentially leading to a hypersensitive state. In summary, (i) different families of proteins may work as
potent allergens, although this cannot be reliably predicted from their sequence, nor does it depend on
enzymatic activity; and (ii) some enzymes and non-proteinaceous substances can induce histamine
release, either directly or by activating the immune system via local reaction products, thus also acting
as allergens.

Allergic reactions, as well as anaphylaxis, are a common manifestation of stings by species of the
order Hymenoptera, and ants are no exception. Indeed, it has been reported that perhaps over 50% of
venom secretion proteins are allergenic proteins [85]. In Australia, most allergic reactions to ants are
attributed to ants of the genus Myrmecia, particularly the jack jumper ant Myrmecia pilosula [43,74,80].
This ant has been alleged to rival the fire ant Solenopsis invicta in terms of venom allergenicity. Within
hymenopterans, proteins ranging from 20 to 50 kDa are usually the source of these allergenic effects [80].
However, up until fairly recently, most allergenic activity was attributed to the peptide components.
For example, M. pilosula allergenicity was mainly attributed to the pilosulins, however, seven proteins
(20–90 kDa) have now been discovered and are believed to contribute to the allergic effects manifested
after a sting [74,81].

An example of an ant whose allergenicity was attributed to proteins is that of Solenopsis invicta
whose four main allergens (Sol i 1–4) are between 14 and 37 kDa [98,99,119–121]. Initially, it was
believed that they all possessed phospholipase activities which was causing the allergenic effects [98],
due to previous work suggesting that phospholipases cause the release of histamine [104]. A
pioneering study on these allergens using enzymatic assays ruled out hyaluronidases and venom acid
phosphatases as the cause of the allergenic effects of fire ant venoms [98]. To date, little is known
about the biological activities of most of these proteins. Sol i 1 contains both phospholipase A1 and B
activity and was shown to be more related to vespid phospholipases than bee phospholipases [83,99].
Sol i 2 has had its crystal structure recently determined (see Figure 2) [119,122], and was suggested to
play a role in binding temporarily to hydrophobic factors such as trail pheromones [122]. Sol i 3 is a
dimeric protein that is a member of the antigen 5 protein family with no known enzymatic activity (see
Figure 3) [83,123–125]. Sol i 4 is homologous to Sol i 2 in sequence but occurs as a monomer [122] its
biological function is also still unknown. Like Sol i 2, it is unique to ant venoms and does not seem to
be homologous to any bee or vespid proteins [83,124]. Further potential allergens have been recently
identified among fire ant venom proteins, which proved to be more diverse than previously thought,
however specific immunological tests are necessary to confirm which ones are the most allergenic
proteins [83]. Homologs of Sol i 2 and Sol i 3 have been predicted from the transcriptome of Dinoponera
quadriceps, however, they have several unique amino acids which show species-specific diversification
of these proteins [69].

Brachyponera chinensis (formerly Pachycondyla chinensis) is another ant whose proteins account for
the majority of the allergic manifestations. Thus far, nine proteins (all >10 kDa) have been identified as
allergenic using 2D-PAGE and western blots. The major allergenic protein seems to be a 23 kDa protein
with a pI 8.7 given that the majority of IgE proteins from hypersensitive patients reacted against this
protein. This protein was found to be homologous to Solenopsis invicta Sol i 3 and the antigen 5 family
of proteins [124].

4.1.5. Antimicrobial Proteins

Antimicrobial proteins have bactericidal activity and include proteins with a colony asepsis
role, preventing contamination of stored food as well as colony individuals, including the brood.
An interesting group of proteins involved with colony asepsis from Solenopsis invicta venom are the
bactericidal transferrins [83]. These proteins chelate free Fe3+ in biological fluids, making it unavailable
for use by bacteria that need it for their survival [126].
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Figure 2. Crystal structure of the fire ant (Solenopsis invicta) venom allergen Sol i 2 dimer (PDB accession
2YGU) shown as a ribbon diagram. The two monomers (cyan and silver) dimerized by a disulfide-bond
on symmetrical residues Cys22. Each monomer is composed of five α-helices, with helices α2–α5
surrounding a central hydrophobic cavity. Figure modified from Borer et al. Redrawn from [122].

Figure 3. Crystal structure of the fire ant (Solenopsis invicta) venom allergen Sol i 3 dimer (PDB accession
2VZN). Ribbon diagram revealing the overall structure of each monomer which contains seven helices
(α1–α7) and five beta strands (β1–β5), arranged as three stacked layers, giving rise to an α–β–α
sandwich. Two units (cyan and silver) form a dimer by non-disulfide bonds involving symmetrical
residues in helix α5 and α51. Disulfide bridges are shown in red, and N and C termini are labelled.
Figure modified from Padavattan et al. Redrawn from [125].

4.2. Identified Proteins with Unknown Functions

Due to the lack of proteomic data, a recurring issue with ant venom proteomic studies is the
abundance of unassigned and unannotated predicted proteins in database searches. According to
published venom gland transcriptomes [69,85,91], there are thousands of unique hypothetical proteins
which could not be assigned to any biological function or previously described protein through
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sequence searches. Such proteins could include unique venom toxins that could be investigated as
potential insecticidal or antimicrobial drugs.

5. Ant Alkaloids

Alkaloids are defined as a heterogeneous assembly of secondary metabolite cyclic compounds
containing nitrogen atoms in a negative oxidation state [127]. Nowadays, around 14,000 different
alkaloids are known [127] with the inevitable result that the chemistry of alkaloids is very complex with
numerous chemical subdivisions. They are primarily found in plants, particularly in the Angiosperma,
where alkaloid production pathways seem to have diversified mainly as a protection against defoliation
by herbivores [128]. However, it is not only plants that contain alkaloids, with a number of alkaloids
having been isolated from fungi, and different classes of vertebrates (e.g., numerous toads, the musk
deer, and beavers) and invertebrates (mainly marine sponges, myriapods, and insects). Alkaloid-rich
insects are particularly prevalent among lepidopterans, beetles, and ants [129].

Alkaloids in ants were first reported in the early 1970s [130] and they have been reported in an
increasing number of different ant groups, particularly as venom secretions (for a summary see Table 4).
Although wasp venoms may contain amines and several other low molecular weight compounds,
venom alkaloids seem to be a particularity of ants within Hymenopterans [127,131].

Table 4. Ant genera containing venom alkaloids.

Subfamily Ant Genus Structural Family Trivial Name Reference

Myrmicinae

Atta Acromyrmex Pyrroles Trail pheromone [132]

Messor Pyridines Anabaseine Anabasine [133,134]

Aphaenogaster Pyridines Anabaseine [135]

Megalomyrmex
Pyrrolidines
Pyrrolines

Pyrrolizidines
- [136]

Monomorium
Farnesylamine

Pyrrolidines
Indolizidines

Monomorines
(trail pheromones) [137]

Myrmicaria Polycyclic indolizidines
Pyrrolo-indolizidines Myrmicarins [138]

Solenopsis
Piperidine and piperideine

Dialkylpyrrolidines and
Pirrolines Indolizidines

Solenopsins
Histrionicotoxins

Gephyrotoxin
[139–141]

Carebarella 1 Pyrrolidines Histrionicotoxins
Gephyrotoxin [142]

Leptothorax
Harpagoxenus Alkylpyrrolidines – [143]

Formicinae Nylanderia
Brachymyrmex Alkyl-hydroxyl-indolizidines Pumiliotoxins 2 [144]

Pseudomyrmecinae Tetraponera Pyrimidines Tetraponerines [145]
1 This genus has been very recently incorporated within Solenopsis [146]; 2 Pumiliotoxins are important alkaloids
isolated from mixed whole ant extracts of other groups, but as yet it is unknown whether these alkaloids come
from the venom apparatus.

In the following sections, only alkaloids with toxic activities found in ant venoms are discussed;
for an overview of general alkaloid structures and classification see Anisewiski [127]. Ant alkaloids can
be either monocyclic, bicyclic, tricyclic or polycyclic (the latter being derived from tricyclic alkaloids),
thus displaying considerable diversity (Figure 4). The venom from ants of the same species group may
contain several different alkaloids and isomers, however they all tend to share the same basic structure
(exemplified by the alkaloids from the venom of fire ant workers in Figure 5). Venom alkaloids in
ants, particularly in those groups where they are predominant compounds, play a central role in
their biology.
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Figure 4. Structural diversity among ant venom alkaloids. A—monocyclic alkaloid families, i. Pyridine,
ii. Piperideine, iii. Piperidine, iv. Pyrrole; B—bicyclic alkaloid families, v. Pyrrolizidine, vi. Indolizidine,
vii. Pyrrolopyridine; C—trycliclic alkaloid family, viii. Pyrroloindolizidine; Examples of ant
alkaloids: D—anabaseine; E—pumiliotoxin; F—monomorine; G—another Monomorium venom alkaloid;
H—anabaseine; I—a complex myrmicarin.

Figure 5. Examples of the most abundant venom alkaloids found in the venom of Solenopsis invicta.
GC-MS chromatogram of hexane solvent in which fire ant workers were immersed.

5.1. Production of Alkaloids in Ant Venoms

As previously mentioned, most alkaloids are primarily described from plant extracts, illustrated
by the well-studied compounds coniine and nicotine. Plants take advantage of secondary metabolites,
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such as alkaloids, as a deterrent against herbivores. Therefore, it is often presumed that ants can
sequester alkaloids into their venoms by feeding on plants [147], however, laboratory ant colonies can
produce alkaloids in the absence of such foods, thus demonstrating they synthesize the compounds
directly (personal observation by EGPF). This observation singles out ants, from other hymenopterans,
for their capacity to produce copious amounts of bioactive alkaloids, with different groups of ants
producing particular groups of alkaloids (Table 4). Venom alkaloids are believed to be produced
inside the convoluted gland of the venom apparatus, as mentioned in anatomical studies of the venom
apparatus of Solenopsis fire ants [148,149]. These authors even demonstrated local tissue damage
possibly caused by synthesis and storage of such toxic compounds. Exactly how these ants produce
the alkaloids is presently unknown, however, a few biochemical pathways have been proposed [150].
Interestingly it has been mentioned that among the transcripts of a fire ant venom gland, there
are several enzymes related to the mevalonate pathway of synthesis of polyketides, which is the
biochemical pathway attributed to this class of alkaloids [20]. It is also possible that a microbial
symbiont may have been involved in the production of intermediary compounds, as was suggested
for some alkaloids found in sponges [151] and briefly hinted at in ants by Saporito et al. [144].

To date, alkaloids are known to be prominent within the venom secretions of the subfamily
Myrmicinae, particularly within the tribe Solenopsidini, which includes such genera as Solenopsis,
Monomorium, Allomerus, and Megalomyrmex. These ants usually either infest the nests of other species
(e.g., thief ants within Solenopsis and Megalomyrmex) or they are slow-moving hardy foragers such as
the flower ants from the genus Monomorium. Alkaloids are usually bitter and frequently poisonous
when ingested, thus these ants are granted protection against most potential predators. Moreover,
venom alkaloids aid these ants to manipulate and avoid their host species and competitors.

The literature concerning the biological activities of alkaloidal compounds detected in ant venoms
is fragmented. Ant alkaloids have only been investigated in a minority of ant species where they are
associated with a range of biological activities, with different activities often reported for the same
compounds across different ant groups. Nevertheless, several alkaloids detected in ants are shared
with other distant organisms (e.g., anabaseine alkaloids are also found in nemertine worms, and
tobacco plants), and a few have been synthesized for specific investigations (e.g., synthetic solenopsins
for biomedical studies). In such instances, there are studies of their chemical and biological properties
published in sources unrelated to myrmecology (see Anisewiski [127]). Non-toxic activities include
those relating to communication and behavioral modulation including trail, alarm and sex pheromones
and attractants [131,152] but these are outside of the scope of this review and will not be covered here.
For a more complete overview on the biological activities of ant venom alkaloids, please refer to Jones
& Blum 1983, Brossi 1987, Escoubas & Blum 1990, Anisewisky 2015 [127,153–155].

Alkaloids with toxic adverse effects on other organisms include: (i) herbicidal effects recorded
from the alkaloid-rich venom of Solenopsis [153]; (ii) arthropod toxins that are used against competitors,
predators, and prey either by spraying, injection or topical application, mainly recorded from
Monomorium, Solenopsis, and Tetraponera; (iii) antimicrobials which remain to date poorly studied
in ant venoms excepting studies with Solenopsis and some tests with Monomorium; and (iv) mammalian
toxins, as demonstrated by tests on mammals and mammalian cells, reported mainly from Solenopsis,
but also from Monomorium and Tetraponera [156]. Considering the disproportionate number of studies
regarding the toxic effects of fire ant venom alkaloids, they are discussed in further detail below.

5.2. Solenopsins: A Case Study of Ant Venom Alkaloids

The chemistry and physiological effects of venom alkaloids have been best studied among the
fire ants (Solenopsis spp.; Myrmicinae), a notable group of about 20 species [157]. Compared to other
Solenopsis ants which typically behave as thief-ants, fire ants are much larger and faster, foraging
in the open and using venom to subdue larger prey, defend their ground and food, and discourage
predators. They are widely reputed for their aggressiveness combined with the burning sensation
caused by their stings [157]. When injected into the skin their poorly-soluble venom alkaloids cause a
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local inflammatory reaction, and can lead to pustule formation within hours. Due to some fire ants
being regarded as one of the top-rated global invasive pests, there is a growing body of literature about
their biology and venom alkaloids.

5.2.1. Solenopsin Chemistry

Alkaloids in fire ant venoms are mainly hydrophobic piperidines called solenopsins (generally
similar in structure to coniine and nicotine [127]) and piperideines in much lesser amounts. These are
oxygen-free polyketide alkaloids as their nitrogen atom is inserted into a polyketide carbon skeleton,
and they are not metabolically derived from amino acids [127]. Structurally, these are compounds
with a piperidinic ring, often unsaturated, attached to the side by a hydrocarbon chain of variable
length [127] (Figure 2). The solenopsins come in many isomeric forms with slightly different chemical
and biological properties for each configuration [158]. There are several piperideines found in trace
amounts in the venom, which are currently thought to be unstable intermediates for the synthesis of
solenopsins, but these remain largely unstudied [158].

The solenopsins can be easily extracted from Solenopsis ants either by directly dissecting the
venom glands or by dipping the ants in organic solvents [21,159]. The extract can then be partially
purified through traditional thin-layer or silica column chromatography based on the relative affinity
of solenopsins for silicates and different solvents. Given this facile extraction procedure, copious
amounts of venom can be obtained from whole nests (further details are given in Fox et al. [84]).
Female individuals of any given caste will carry a unique mixture of solenopsins [130], as shown in
Figure 3. Unfortunately, because of the shared chemical properties between the different isomers,
complete purification of each of these compounds is currently not feasible [160]. Thus, until preparative
purification methods to separate isomers are devised, the study of the biological and physiological
effects of solenopsins depends either on the synthesis of each compound, or testing with natural mixed
extracts (see Fox [20]).

5.2.2. Solenopsin Pharmacology

In general, solenopsins are regarded as the main toxic component of fire ant venoms. Apart
from a burning sensation, oedema and pustule formation, they have been found to possess necrotic,
haemolytic, antibiotic, and insecticidal activities [23,153]. Many alkaloids have antimicrobial properties
to prevent infections from materials and prey brought into the colony. Solenopsins, in general, are no
exception with potent antimicrobial activity against fungi and gram-positive bacteria [161,162], while
solenopsin A was effective against gram-negative bacteria. The ants appear to employ this activity to
disinfect their surroundings and brood by vigorously shaking their gaster and spreading the venom
throughout the nest [163,164]. Also, solenopsins are effective as insect repellents and as insecticides,
mainly against lepidopterans [165,166]. Such a property is invaluable to these ants since they are
aggressive predators and competitors of other ants compared to thief ants which invade the nests of
other ants to pillage resources and the brood.

In mammals, solenopsins were demonstrated to cause a number of complex physiological
alterations, such as blockade of the neuromuscular junction [167], triggering histamine production
in mastocytes [168], inhibiting ATP-dependent sodium-potassium pumps, and respiratory
chains [169,170], activating platelets and neutrophils [171], and inhibiting neuronal nitric oxide
synthase [172]. Following intravenous injection, synthetic isosolenopsin A and solenopsin A were
capable of severely impairing both the central nervous system and cardiovascular systems of mice [173],
which shows their capacity to cross the blood-brain barrier. Doses of 3–30 mg/kg were particularly
toxic, causing a range of effects from dizziness, cardiorespiratory complications, seizures, and
death [173]. These toxic effects are beneficial to these ants as active predators of both vertebrate
and invertebrate prey, and also in defending their nests. Synthetic solenopsin A has been shown
to possess a potent inhibitory activity against class-1 phosphatidylinositol-3-kinase signalling and
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angiogenesis in mice embryos and zebra fish, making this alkaloid a potential lead therapeutic for the
treatment of cancer [174].

6. Other Toxins

A set of additional small molecule compounds have been found in ant venoms. This includes alkylated
pyrazines that are usually not considered alkaloids [127], being more common as mandibular gland
secretions, identified as venom components in some ants (e.g., Atta bisphaerica) [152,175]. The venom
glands of some species have also been reported to contain monoterpene hydrocarbons. For example,
the primary venom compound of Myrmicaria natalensis is the cyclic terpene limonene [176], however,
the venom also contains α-pinene, β-pinene, sabinene, terpinolene, β-myrcene, α-phallendrene,
α-terpinene, and caphene [177]. All of these compounds can be highly toxic to insects minding the
fact that this ant species preys on termites. The presence of immunologically active heterogeneous
polyanonic polysaccharides have also been reported in the venoms of Pseudomyrmex spp. [178]. There
are also non-alkaloidal amines such as pteridines that have been identified from some ants including
Formica and Lasius, actidines found in Megaponera and Dorymyrmex, and histamine which is abundant
in venoms of Myrmecia spp. [131,179].

Finally, it should be mentioned that the secreted venom of ants is even more complex due to
interactions with secretions from their Dufour1s gland. The Dufour1s gland is an accessory organ
attached to the venom gland and considered part of the venom apparatus [180]. Its secretions may
act synergistically with toxins originating from the venom gland and contribute to the toxicity of the
secreted venom. For example, the Dufour1s gland of Crematogaster scutellaris produces long-chain
primary acetates (non-toxic) which are converted to highly electrophilic aldehydes (toxic) by enzymes
from the venom gland during the venom secretion [181].

7. Conclusions

A host of recent studies have revealed that ant venoms are more complex and heterogeneous
than initially thought, owing in particular to the newly uncovered complexity of their peptidome
and proteome contents. Although the extant biodiversity of ant venoms remains largely unexplored,
their high plasticity is suggested by recent studies of a variety of subfamilies or genera, showing
highly different venom compositions. Formicinae ants and some Myrmicinae genera essentially
produce non-proteinaceous venoms primarily composed of formic acid and alkaloids, respectively. In
contrast, most ant species from other subfamilies have retained the ability to sting and, in turn, produce
peptide- and protein-rich venoms. Evolution has therefore led to some ants abandoning their ability to
sting, unlike wasps and most Apidae, whilst evolving a different set of chemical defenses along with
modified predatory and defensive behaviours. To date, the molecular and structural complexity of
ant venoms has barely been explored but the broad ecological diversity of ants strongly suggests that
further structural peptide and protein diversity might be uncovered by extensive biochemical studies,
leading to discovery of a much broader range of toxins than currently observed. Technological progress,
particularly in deep-sequencing approaches, coupled with high-end transcriptomic, peptidomic, and
enzymatic methods based on mass spectrometry and peptide de novo sequencing, will quickly allow
for the detection and characterization of numerous novel peptides and enzymes, at sensitivity levels
and a depth not previously attained. Despite the biochemical diversity potentially present in ant
venoms, this review highlights the paucity of knowledge on the molecular pharmacology of most
ant toxins. The biological function and mechanism of action of the majority of ant venom toxins
described to date remain poorly characterized or simply unstudied. Thorough exploration of a broader
taxonomic diversity will likely result in the discovery of novel bioactive toxins which may become
useful tools for biopesticide or drug development and will shed insights on the molecular evolution of
venom in Hymenoptera, the roles of venom in ant biology, the genetic makeup leading to ant venom
diversification and its role in the successful conquest of almost all ecological niches by ants. The
characterization of functional roles and pharmacological properties of this vast array of novel toxins
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(particularly peptides) will certainly become one of the most functional and significant endeavors in
future ant venom research, with a high application potential. Thus, the whole world of ant venom is
still a vast uncharted scientific territory awaiting our attention.
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ABSTRACT: Ants have evolved venoms rich in peptides and proteins used for predation, defense, and communication.
However, they remain extremely understudied due to the minimal amount of venom secreted by each ant. The present study
investigated the differences in the proteome and peptidome of the venom from the bullet ant, Paraponera clavata. Venom
samples were collected from a single colony either by manual venom gland dissection or by electrical stimulation and were
compared using proteomic methods. Venom proteins were separated by 2D-PAGE and identified by nanoLC-ESI-QTOF MS/
MS. Venom peptides were initially separated using C18 reversed-phase high-performance liquid chromatography, then analyzed
by MALDI-TOF MS. The proteomic analysis revealed numerous proteins that could be assigned a biological function (total 94),
mainly as toxins, or roles in cell regulation and transport. This investigation found that ca. 73% of the proteins were common to
venoms collected by the two methods. The peptidomic analysis revealed a large number of peptides (total 309) but with <20%
shared by the two collection methods. There was also a marked difference between venoms obtained by venom gland dissection
from different ant colonies. These findings demonstrate the rich composition and variability of P. clavata venom.

KEYWORDS: proteome, peptidome, ants, bullet ant, venom, MALDI-TOF MS, nanoLC-ESI-QTOF MS/MS, 2D-PAGE,
Paraponera clavata, dissection, electrical stimulation

■ INTRODUCTION

Ants of the order Hymenoptera are a diverse group of insects,
with ca. 16, 000 extant species belonging to 3 clades and 16
subfamilies.1,2 The number of species within each subfamily
ranges from 1 to more than 6000.2 Of these subfamilies, 13
comprise ants that employ a stinger to inject a peptide-rich
venom used for predation, defense, and communication.3−6

Although hundreds of peptides and proteins, in each venom,
bear those functions, little work has been undertaken to
characterize these components in detail (for recent reviews, see
refs 2 and 7).

Venom proteins and peptides are now routinely being
investigated as drug or biopesticide leads, particularly those
from bees,8 spiders,9,10 and cone snails11−14 as many of these
organisms are of medical importance, which suggests
interesting pharmacological properties. Paraponera clavata
(commonly known as the bullet ant or giant tropical ant) is a
stinging ant that belongs to the subfamily Paraponerinae of the
poneroid clade.15,16 It is one of the few ants of medical
importance due to its extremely painful sting16−18 that is used
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to deter predators and capture prey.19 P. clavata venom is toxic
to both vertebrates and invertebrates and is thought to elicit at
least part of its action through the neurotoxic peptide
poneratoxin.20−23 This toxin induces slowly activating NaV1.7-
mediated currents at low activation voltages and also sustained
sodium currents as a result of a slowing of NaV channel
inactivation,16 similar to that previously described in rat and
frog skeletal muscle.23 All studies performed on this ant thus far
have focused on this peptide because it is seen as a potential
peptide for commercialization as an insecticide due to its high
activity.20 An example of other ant-venom-derived peptides that
have been thoroughly investigated are ponericins from the ant
Neoponera goeldii (Ponerinae; formerly Pachycondyla goeldii).
These were found to have antimicrobial and insecticidal
activities.24 These peptides confirm that the venom of ants
can be potential source of bioactive peptide leads that can be
developed into therapeutic or insecticidal drugs.
To date the major hurdle for studying ant venoms has been

the limited amount of venom present in their venom glands;
however, this restriction has been overcome with recent
advances in mass spectrometry and DNA sequencing
techniques.25 Ant venom is conventionally obtained by
venom gland dissection; however, it can also be collected by
electrical stimulation, which can be considered a more efficient
method of collection because ants remain alive following
venom collection. These two collection methods have been
employed with spider,26 cone snail,13 wasp,27 scorpion,28 and
bee venoms,3 and differences in the venom components have
been seen between these two collection methods.29−31 The
dissection technique has been used for many years for a variety
of different arthropods after it was first introduced in 1961.32

However, if isolation of only one certain venom component is
desired, then electrical stimulation would be the better
collection method, as it increases the likelihood of isolating
the potent component due to the absence of contaminants such
as structural proteins from the venom gland.27,33 The other
advantage of electrical stimulation, if performed en mass, is that
it can give a higher yield of venom, is less time-consuming, and
keeps the organism alive for subsequent venom extraction.34 If
mass milking is not possible, as is the case with vespid
venoms,27 then automated methods of milking individual
venoms have also been proposed.35 Previous work suggests that
dissected venom contains most of the proteins that are in
electrically stimulated venom but also other proteins that are
usually contaminants from the venom gland including cellular
proteins used in metabolic machinery or toxin maturation and
processing.13,27,36,37 Electrically stimulated venom may there-
fore give a more genuine representation of the venom
components. The present study aimed to compare the
proteomic and peptidomic components of P. clavata obtained
by electrical stimulation and manual dissection. While previous
studies have looked at individual components of either the
proteome or peptidome of ant venoms, this is the first in-depth
study of both proteomic and peptidomic components. It also
aimed to identify the presence of intercolony variations to
further confirm the diversity of this group of insects.

■ EXPERIMENTAL SECTION

Venom Collection

Venom samples from P. clavata were collected from two
separate ant colonies at “la Montagne des Singes” near Kourou,
French Guiana. To determine differences in venom profiles

using the two collection procedures, ants from one colony
(colony 1) were separated into two random groups and venom
was extracted by either electrical stimulation or manual
dissection of individual workers. To establish the extent of
intercolony variations in P. clavata venom profiles, venom from
another colony (colony 2) was also obtained by venom gland
dissection only. The manually dissected venom gland samples
were prepared by storing ants at −20 °C prior to the dissection
of the venom glands. After dissection, the glands were pooled in
10% (v/v) acetonitrile (ACN)/water. Samples were then
centrifuged for 5 min at 14 400 rpm (12 000gav), and the
supernatant was collected and lyophilized prior to storage at
−20 °C. Electrically stimulated venom was collected by placing
individual P. clavata ants into a glass insert. Ants were then
milked by placing a pair of tweezers attached to electrodes on
their abdomen, and a 12 V square wave pulse of 1 ms duration
was delivered at 100 Hz. The venom was collected into a glass
tube insert and diluted with 100 μL of 10% ACN. The venom
was then transferred to an Eppendorf tube prior to being
freeze-dried.

Reverse-Phase High Performance Liquid Chromatography
(RP-HPLC)

Lyophilized crude electrically stimulated or manually dissected
venom was separated on a Shimadzu HPLC system (Shimadzu,
Kyoto, Japan) using a Vydac analytical C18 RP-HPLC column
(218TP54, 25 cm × 4.6 mm, 5 μm particle size; Grace, MD).
Fractionation of venom peptide components was achieved
using a gradient of 0.085% (v/v) trifluoroacetic acid (TFA) in
ACN (solvent B) in 0.1% (v/v) TFA in water (solvent A).
Separation was achieved using a flow rate of 1 mL/min with the
following gradient: 0−5 min, 0% solvent B; 5−65 min, 0−60%
B; 65−75 min, 60−90% B; 75−80 min, 90% B; 80−85 min,
90−0% B; and 85−90 min, 0% B. Peaks were monitored at
absorbances of 280 and 215 nm and manually collected; then,
fractions were lyophilized and stored at −20 °C for further
analysis.

MALDI-TOF MS Analysis

MS analysis of each HPLC fraction was performed on an AB
SCIEX TOF/TOF 5800 mass spectrometer (AB SCIEX,
Framingham, MA). Each venom fraction was manually
collected and freeze-dried, then reconstituted in 10 μL of
water. Subsequently, 1 μL of each fraction was then spotted
onto a MALDI plate and overlaid with 0.5 to 0.75 μL of matrix
using the dried droplet method.38 The matrix consisted of 5
mg/mL of α-cyano-4-hydroxycinnamic acid (CHCA) dissolved
in 1% (v/v) TFA/100% (v/v) ACN/0.1 M NH4H2PO4
(45:45:10). Each spectrum was calibrated externally using a
mixture of peptides with known molecular masses in the same
m/z range (AB SCIEX). Mass spectra were acquired in positive
linear mode over the range 1000−10 000 m/z with 400 laser
shots accumulated for each sample based on the acceptance
parameters and adequate signal intensity. Signals below 1000
m/z were not recorded as they are comprised of mostly matrix-
related ion clusters.39 Data Explorer v4.11 software (AB
SCIEX) was used to analyze spectra from individual RP-
HPLC fractions to characterize the number and masses of
peptides per venom, as previously reported.9 In brief, spectra
were subjected to baseline correction with a correlation factor
of 0.7 and Gaussian smoothing to reduce noise with a 5-point
filter width. All mass attributions were verified manually, and a
mass list was created for each LC-MALDI-TOF MS run.
Potential adducts from oxidation, hydration, sodium, and
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deamination were manually removed from all mass lists as well
as any potential dimers or doubly charged species. Peptides
with mass matches within ±1.0 Da in adjoining HPLC fractions
were considered identical and were removed from the data set

as they likely reflect incomplete separation. For each venom,
the peptides from each RP-HPLC fraction were consolidated
into one mass list. Mass matching across data sets was
performed in Microsoft Excel (Redmond, WA) to identify

Figure 1. Representative MALDI-TOF MS spectra of P. clavata whole venom. Venom was obtained by electrical stimulation (A) and manual
dissection (B,C) from colony 1 (A,B) and colony 2 (C). Initial screening was between 1000 and 10 000 m/z (left-hand panels Aa−Ca). Right-hand
panels show mass spectra between 1000 and 3500 m/z, where peptide abundance was the highest (panels Ab−Cb).
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similar peptides across the different venoms. Two-dimensional
scatter plots, termed “2D venom landscapes”, were constructed
using Prism v6 software (GraphPad, La Jolla, CA). All peptide
masses detected in each HPLC fraction were plotted as a
function of their m/z values (x axis) and their HPLC retention
time reflecting their hydrophobicity (y axis). Area-proportional
Euler plots depicting overlapping peptide masses or proteins
from different venoms were constructed using eulerAPE
software (www.eulerdiagrams.org/eulerAPE/).

Two-Dimensional Polyacrylamide Gel Electrophoresis
(2D-PAGE)

300 μg samples of venom, collected by electrical stimulation or
manual dissection, were resuspended in 100 μL of 7 M urea, 2
M thiourea, 1% (v/v) C7BzO, 50 mM Tris HCl pH 8.8 before
reduction and alkylation of disulfide bonds with 5 mM
tributylphosphine (TBP) and 20 mM acrylamide monomers
for 90 min. The sample was subjected to 2D-PAGE, as
previously described.40 In brief, the sample was fractionated by
isoelectric focusing on an 11 cm pH 3−10 IPG strip (Bio-Rad,
Hercules CA) for 100 kVh and then further separated by
molecular size by SDS-PAGE on a 4−20% Tris-glycine gel
(Criterion TGX, Bio-Rad, NSW, Australia). The gel was then
placed in a fixing solution containing 40% (v/v) methanol and
10% (v/v) acetic acid for 30 min at room temperature before
staining with Flamingo fluorescent stain (Bio-Rad) for 1 h.
After staining, the gel was scanned using a Molecular Imager
PharosFX Plus system (Bio-Rad) with QuantityOne software.
To perform nanoLC-ESI-QTOF MS/MS, gels were addition-
ally stained with Coomassie Blue G250 overnight, then
destained with 1% (v/v) acetic acid for 2 h.

NanoLC-ESI-QTOF MS/MS Analysis

Gel spots or bands were excised and digested as previously
described.41 Peptide samples were then fractionated using a
Tempo nano LC system (Eksigent, Dublin, CA). Samples were
first loaded onto a Michrom reversed-phase trapping cartridge
at a rate of 20 μL/min, then eluted onto a 75 μm × 150 mm
PicoFrit column (New Objective, MA) packed with Magic
C18AQ chromatography resin (Bruker-Michrom Biosciences,
Auburn, CA). An increasing gradient of ACN at 300 nL/min
eluted the peptides that were ionized at 2300 V by the
MicroIonspray II head holding the PicoFrit column with
integrated emitter into the source of a QSTAR Elite
Quadrupole TOF mass spectrometer (AB SCIEX). An
Intelligent Data Acquisition (IDA) experiment was performed
with a mass range of 350−1500 Da scanned for peptides of
charge state 2+ to 5+ with an intensity of more than 30 counts/
scan. The selected peptides were then fragmented, and the ion
fragment masses were measured over a mass range of 50−1500
Da. The mass of the precursor peptide was then excluded for 15
s.

Protein Identification

The MS/MS data files were searched using Mascot (v2.4.0)
against the LudwigNR database. This database comprised the
UniProt, plasmoDB, and Ensembl databases (vQ114), provided
by the Australian Proteomics Analysis Facility (APAF, Ltd.),
hosted by the Walter and Eliza Hall Institute for Medical
Research Systems Biology Mascot Server. The database was
searched with the following parameter settings: fixed
modifications, none; variable modifications, propionamide,
oxidized methionine, deamidated asparagine, and glutamine;
enzyme, semitrypsin; number of allowed missed cleavages, 3;

peptide mass tolerance, 100 ppm; MS/MS mass tolerance, 0.2
Da; and charge state, 2+, 3+, and 4+. PEAKS 7 software
(Bioinformatics Solutions, ON, Canada) was used to generate
de novo sequences. A database comprising ant protein
sequences available on the NCBI database and known
contaminant proteins was compiled and uploaded onto
PEAKS. De novo sequences were then also searched against
this database. Remaining unassigned de novo sequences were
searched on the online BLAST search engine MS-BLAST
(http://genetics.bwh.harvard.edu/msblast/).42 Peptide identi-
fication used a cutoff score of >20 (−10 lgP). Proteins were
assigned as homologous when spots were located at the same
position (mass and pI) on at least two 2D gels and the protein
was identified from the peptide fragment in at least one of the
gel spots. Functions were assigned according to the GO
annotation within UniProt, where available. Spectra have been
provided for proteins matched with a coverage of <2% and have
been included in the Supporting Information (Figures S1−S4).
Chemical Reagents

All chemicals used were of analytical grade and, unless
otherwise stated, were sourced from Sigma-Aldrich (NSW,
Australia). All buffers were prepared using Milli-Q (18 MΩ/
cm2) water.

■ RESULTS

Peptidome Analysis

Initially, the venom collected from P. clavata obtained by
electrical stimulation and venom gland dissection of colony 1
was subjected to MALDI-TOF MS analysis. Venom obtained
by either method was dominated by peptides in the mass range
2600−3200 m/z (Figure 1Aa−Ba). It was also found that no
peptides appeared to be present at masses greater than 3200 m/
z and that manually dissected venom appeared to contain more
peptides than electrically stimulated venom, particularly at
masses <2100 m/z. Nevertheless, the most intense peptide
signal in both electrically stimulated and manually dissected
venoms was of mass 2786.3 and 2787.6 m/z, respectively
(Figure 1Ab−Bb).
Ants from colony 2 were also dissected and their venom

glands pooled and analyzed alongside those from colony 1
(Figure 1Ca). The MALDI-TOF MS spectrum of the manually
dissected colony 2 venom sample was similar to the one
obtained from colony 1, particularly the dissected venom
sample. However, colony 2 venom had differences in the
relative intensities of the major peptides as well as the presence
of numerous additional peptides below 1500 m/z (Figure
1Cb). Nevertheless, the most abundant peptide 2786.4 m/z
matched that seen in colony 1 samples (±1 Da).
To reduce the complexity of the venoms and therefore

diminish the effects of ion suppression, all venoms were
subsequently separated by C18 RP-HPLC. The HPLC
chromatograms of all three venoms are shown in Figure 2A−
C. It can be seen that the venoms obtained by venom gland
dissection and electrical stimulation from the same colony
(colony 1) have similar profiles, each with 39 fractions.
However, while the venom elution profile from colony 2 has
many similar peaks, overall it has a different profile with only 29
peaks and an additional dominant peak at 50 min (Figure 2C).
Although each RP-HPLC fraction was seemingly homoge-

neous, mostly with clear sharp peaks, multiple peptides were
observed to coelute in the same LC fraction when further
resolved by MALDI-TOF MS analysis. This varied from no
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peptides in some fractions up to 32 masses in fraction 39 of the
dissected venom. Overall, each venom contained a large
number of small mass peptides, with cumulative total counts
of 115 masses for electrically stimulated venom from colony 1,
137 masses for manually dissected venom from colony 1, and
354 for manually dissected venom from colony 2. This
highlights the overall complexity of P. clavata venom
particularly from colony 2. Although both dissected venoms

had a similar mass distribution, with 95% of peptides <2.9 kDa
(gray shaded areas in Figure 3B, C), the electrically stimulated
venom from colony 1 contained a small number (n = 15; 13%)
of higher mass peptides in the range 3−10 kDa that were not
present in either of the dissected venoms from colony 1 or 2
(Figure 3A). Venom from colony 2 also had some similar, but
not identical, high-mass peptides; however, they had a different

Figure 2. RP-HPLC chromatograms of P. clavata venom glands
extracted by electrical stimulation or venom gland dissection. Venoms
were separated by analytical C18 RP-HPLC using an ACN/0.085%
TFA gradient of 1%/min (gray dotted line) at 1 mL/min. Panels show
the chromatographic elution profile of P. clavata venoms from colony
1 obtained by (A) electrical stimulation and (B) manual dissection.
Panel C shows profile of venom from colony 2 obtained by manual
dissection. Chromatographic peaks were monitored at 215 and 280
nm (only absorbance at 215 nm is shown for clarity). Peaks in which
poneratoxin was found are labeled as “Potx”.

Figure 3. LC-MALDI-TOF mass distribution and total peptide count
of P. clavata venom obtained using the different venom collection
methods. (A−C) Histograms show the abundance of peptide masses
in each venom sorted into 100 Da mass bins (columns; left-hand
ordinate axis) and the cumulative total of peptide masses in each
venom (circles; right-hand ordinate axis). Total peptide counts are
indicated in the upper right-hand corner of each panel. (A) P. clavata
venom obtained by electrical stimulation of ants from colony 1, (B)
manual dissection of ants from colony 1, and (C) manually dissection
of ants from colony 2. Shaded areas represent 5−95% of the total
number of peptides.
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RP-HPLC retention time compared with those from electrically
stimulated venom from colony 1, likely representing unique
peptides. This further highlights the complexity of venoms
obtained from different colonies of P. clavata.
Although there were only subtle differences in the chromato-

grams and the peptide mass distributions of the three venoms,
comparisons between the peptide mass lists from the three
venoms revealed large differences between venoms from each
of the two collection methods and also between different
colonies. Figure 4 shows that venoms obtained by the two
different collection methods from ants of colony 1 had only 22
common masses between them (Figure 4C,D). This means that
81 and 84% are peptides unique to electrically stimulated and
manually dissected venoms, respectively, despite the fact that
the ants belong to the same colony.

Proteome Analysis

2D-PAGE analysis was performed in triplicate for each of the
three samples, with representative gels shown in Figure 5.
Overall, the resultant gels look similar to one another, however,
when comparing the samples from the same colony (Figure
5A,B), 24 spots were common (by mass and pI) to both the
electrically stimulated venom (total of 53 spots; Figure 5A) and
the manually dissected venom (total of 38 spots; Figure 5B)
gels. Interestingly, the sample from colony 2 (Figure 5C)
contained no unique spots that were not present in either of the
other two samples and was not subjected to further analysis.

To identify whether the different collection methods resulted
in different venom protein profiles, nanoLC-ESI-QTOF MS/
MS analysis was performed on the 2D gel spots from P. clavata
venom obtained from colony 1 by the different extraction
techniques. Because of the absence of any specific proteomic or
transcriptomic data for P. clavata, several different databases
were searched to determine the highest homology matches.
Two search engines were employed, Mascot and Peaks, while
MS Blast was used to determine proteins with high homology
to peptide sequences determined by de novo sequencing of
MS/MS spectra. An extensive list of protein matches from each
spot is included as Supplementary Tables S1 and S2. A total of
73 and 75 proteins were identified from venom obtained by
electrical stimulation and manual dissection, respectively
(Figure 6A), of which 54 identified proteins were common to
both venoms (Figure 6B). This showed that although there
were proteins shared by the two collection methods (Table S3),
there still were identified proteins unique to each method: 21
for electrically stimulated venom and 19 for manually dissected
venom.
In the 2D gels (Figure 5) it can be seen that the most

abundant proteins in all three gels was a train of spots (#12,
#40−42, and #72) at ca. 18−21 kDa with an acidic pI of ca. 4.5
to 5.5. These spots were all identified as isoforms of the enzyme
phospholipase A2 (PLA2) in all three venom samples. PLA2

proteins have been identified in many other hymenopteran
venoms.3,43−46 The high abundance of these proteins,

Figure 4. 2D landscapes of P. clavata venom peptides from colony 1 determined using MALDI-TOF MS. Panels show venom peptides collected by
(A) electrical stimulation, (B) manual dissection, and (C) peptides common to both collection methods based on a mass tolerance of ±1 Da. Gray
shaded areas represent 5−95% of peptide masses. Inset in panel C shows an area-proportional Euler plot depicting variation in numbers of shared
and distinct peptides. Potx is represented by red circles. DV, manually dissected venom; ESV, electrically stimulated venom. (D) Mass list for
peptides common to manually dissected and electrically stimulated venom. Potx is indicated by a red shaded box.
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particularly in manually dissected venom from colony 1 (Figure
5B) and the necessity not to overdevelop the gel may have
resulted in less abundant proteins being below the limit of
detection, particularly with Figure 5B.
Other proteins that were common to all three venoms were

spots #5, #25, and #26. MS/MS analysis of spot #5, located at
ca. 51 kDa, with a pI of ca. 5−6.5, revealed a match to the
plasma glutamate carboxypeptidase, a secreted protein involved
in peptide metabolism, in both spots. This protein has a
reported mass of 53 kDa and pI of 5.87, consistent with the
spot’s position. Spots #25 and #26 (ca. 25 kDa, pI 6.5) both
matched to the protein gamma-interferon-inducible lysosomal
thiol reductase, a 24 kDa protein with a pI of 6.5, involved in
endosomal disulfide reduction.

As expected, Figure 6 shows that structural proteins are more
prominent in manually dissected venom rather than electrically
stimulated venom. For example, actin appeared at several spots
in the manually dissected venom gel, including spots #5, #63,
and #74 (Figure 5B) at a mass of 36−38 kDa and pI of ca. 5−7
but only in an isolated spot #8 from electrically stimulated
venom (Figure 5A). Another example of a structural protein
that was only found in manually dissected venom is flexible
cuticle protein, a transmembrane protein, which was identified
from spot #69 (Figure 5B) and was not seen in the electrically
stimulated venom.
To simplify this data, all protein matches were classified into

six different functional categories: toxins, regulation, metabo-
lism, structural, transport, and undetermined. Figure 6A shows

Figure 5. 2D SDS-PAGE of reduced and alkylated P. clavata venoms. Venoms were extracted by (A) electrical stimulation of ants from colony 1, (B)
dissection of the venom glands of ants from colony 1, and (C) dissection of the venom glands of ants from colony 2. Representative gels from
triplicates of each sample are shown. A total of (A) 53 spots and (B) 38 spots (circled) were excised for identification by nanoLC-ESI-QTOF MS/
MS. In panel C, 57 spots (circled) were observed, but no spots were unique from panels A and B. Circles/ovals represent shared proteins between A,
B, and C (yellow), A and C (red), and B and C (green). Black circles/ovals represent unique proteins not detected in the other gels.
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that the two different collection methods result in venoms that
contain functionally similar proteins. The main differences were
seen in the structural and undetermined protein categories. The
electrically stimulated venom had less structural and more
undetermined proteins compared with the manually dissected
venom (Figure 6A).
As seen in Figure 6B and Table S3, each of the functional

categories also had a high proportion of homologous proteins.
For example, a regulatory protein identified from spot #19 in
both gels was the 26S proteasome non-ATPase regulatory
subunit 1 (Tables S1−S3), while an example of a toxin/allergen
protein present in both venoms was PLA2, which was seen in
many spots such as in spots #12, #14, #42, and #43 (Tables
S1−S3). Another toxin identified was allergen sol i III;47

however, it was only seen in spot #37 of the electrically
stimulated venom.

■ DISCUSSION
Venom collection is the rate-limiting step in venomic studies of
small animals and restricts further investigation for drug and
bioinsecticide discovery, allergenicity studies, and antivenom
development.2 The two main methods of collecting venoms are

electrostimulation and manual dissection of the venom gland,48

with the obvious disadvantage of the latter procedure being that
the animal must be sacrificed. The present investigation used
proteomic and peptidomic techniques to investigate the
difference between these two collection methods and also
identified differences in venom composition between different
P. clavata ant colonies. While these two venom collection
methods have previously been employed to investigate venom
composition from other organisms such as bees,3 cone snails,13

and spiders,25 the present study represents the first systematic
investigation of ant venoms obtained using these two methods.
Both electrical stimulation5,49 and manual dissection50,51

collection methods for ant venoms have been used in separate
studies; however, any differences between these two methods
were not established. The present investigation represents the
first in-depth systematic study of both the peptidome and
proteome from a single species of ant and is the first
comprehensive study of P. clavata venom, an ant that causes
one of the most painful insect sting.48 While there was no major
disparity in the numbers of peptides and proteins in venoms
collected using the two methods, closer investigation revealed
that there were distinct differences in the masses of these
peptides and the types of proteins.

Variations in Peptidome

The two collection methods were first compared based on the
MALDI-TOF mass profiles of electrically stimulated versus
manually dissected whole venom. P. clavata venom was found
to be rich in peptides with no major differences between venom
collection techniques. We therefore performed C18 RP-HPLC
separation of the two venoms, followed by offline analysis of
the chromatographic fractions (LC-MALDI-TOF MS). This
was to avoid the ion suppression effects known to occur in
MALDI-TOF MS with complex venoms such as spiders, cone
snails, and both poneroid and formicoid ants.9,52 The RP-
HPLC chromatograms were not significantly different, and the
large number and mass distribution of the peptides below 4
kDa was similar to that reported for other poneroid ant
venoms.51−54 This mass range of peptides is not unique to ant
venoms, as cone snail venom contains mostly low-molecular-
weight peptides in their venoms.55 Nevertheless, other
venomous organisms such as spiders and scorpions have
peptides in the higher molecular weight range of approximately
3−10 kDa.9,56 However, comparison of individual masses
within ant venom LC fractions found that each collection
method resulted in venoms with unique peptide masses. As
expected, there were more peptides unique to manually
dissected venom compared with electrically stimulated venom
(42 vs 31), probably reflecting peptides, or products of
proteins, that are part of the venom gland itself or are part of
the gland’s machinery for toxin maturation and processing.13,25

Other reasons for this high variability might be attributed to the
pooled ants’ having different diets57 or being in different stages
of development, which may give rise to ontogenic variation, as
shown in several venomous animals such as wasps,58 spiders,59

and snakes.60 The process of electrical stimulation of the
abdomen may release not only peptides from the venom gland
but also peptides and breakdown products of other glands.
These may include antimicrobial and antifungal peptide
contaminants from the digestive tract or hemolymph61 and
peptides and proteins that are breakdown products involved in
the biosynthesis of trail pheromones and other exocrine
secretions.

Figure 6. Functions of identified P. clavata venom proteins from
colony 1. (A) Pie graph depicting classification of venom proteins
identified from 2D-PAGE spots using nanoLC-ESI-QTOF MS/MS.
Panels show venom proteins obtained by electrical stimulation (left-
hand panel) and manually dissected venom (right-hand panel). (B)
Area-proportional Euler plots depicting numbers of homologous and
distinct venom proteins obtained by electrical stimulation (ESV; cyan
circles) and manual dissection (DV; brown circles).
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Previous work on the ant P. clavata has been focused on
poneratoxin (PoTx), a neurotoxic peptide that was identified as
the major component of the venom.19,21,23 Poneratoxin is a 25-
residue peptide with an average mass of 2756.4 Da that has
been investigated for its potential development as a
bioinsecticide.19,20,62 More recently, an investigation by
Johnson et al. (2016) identified three new isoforms of
poneratoxin with average masses of 2814.4 Da (glyceryl-
PoTx; the presumed precursor of PoTx with an additional
glycine residue at position 26), 2814.4 Da (A23E PoTx), and
2783.5 Da (D22N A23V PoTx) that were isolated from ants
collected from different geographical locations. Post-transla-
tional modifications to peptides are not unique to P. clavata
venom but are common in many animal venoms such as other
ants,53,63 wasps,64 spiders,65 and especially marine cone snails.53

These modifications have been attributed to the high peptide
counts seen in these venoms as well as the variations between
species.29 In support of Johnson et al. (2016) we also identified
a peptide of mass ca. 2784.4 Da as the most dominant peptide
in venoms obtained by the two collection methods from colony
1 and also from venom from colony 2 (see Figure 2 for elution
times). On the basis of mass, we were only able to identify
PoTx from venom obtained from colony 2. This further
supports the idea that there are several poneratoxin
homologues in P. clavata geographical variants and within
venom from a single colony.

Variations in Proteome

The P. clavata proteome seems to be on a similar level of
complexity, in terms of spot numbers, as other hymenopteran
venoms3,66 and other poneroid ants.52,67 However, P. clavata
venom is less complex, in terms of protein numbers and mass
ranges, than that of other venomous organisms such as cone
snails,68 snakes,69,70 and spiders, which have up to 300 protein
spots.69 Using a 2D-PAGE approach, there was also a large
number of protein spots that were shared between the two
collection methods; for example, spots #54 and #39 were
resolved in the same position (mass and pI) in both electrically
stimulated and manually dissected venoms. In contrast, there
were several spots that were unique to each collection method:
spot #29 in electrically stimulated venom and #14 manually
dissected venom. While manually dissected venom was
expected to have more proteins due to likely contamination
of venom gland proteins,3,29 a number of high-abundance
proteins may have obscured low-abundance ones.66 This
included a number of high-intensity spots on the acidic end
of the manually dissected venom gel at ∼20 kDa, later
identified as PLA2 homologues.
nanoLC-ESI-QTOF MS-MS analysis of 2D gel spots

identified several proteins within the venom using both
collection methods. The most abundant proteins from
electrically stimulated and manually dissected venoms were
identified as PLA2 homologues. This is a common venom toxin
reported in wasp,71 bee,3 snake,74 and ant44,52,72 venom as well
as being a major allergen in hymenopteran73 venoms. Its
activity involves disruption of phospholipid membranes leading
to pore formation, cell lysis, cardiac dysfunction, and ultimately
death of the organism.71 Other stinging hymenoptera have also
been found to have high levels of PLA2 that account for at least
some their toxic activity.75 For example, 12% of the dry weight
of bumblebee venom is PLA2.

75 The lipase property of
phospholipases may also facilitate further spreading of venom
through the host tissue.13 The allergen sol i III, originally

identified in the venom of the ant Solenopsis invicta, was also
present in P. clavata venom, and may contribute to the overall
toxicity, particularly allergic responses,47 despite the fact that
these have not been widely reported with P. clavata
envenomation. Because there were no other proteins with
potential toxic activity identified, it appears that the toxic effects
of P. clavata venom are the result of poneratoxin as suggested
by Johnson,16 perhaps in combination with PLA2 isoforms.
Nevertheless, the sting by P. clavata does not just involve a very
painful sting but also other systemic effects such as hemolysis76

and tonic-clonic seizures that have been observed in mice that
ultimately lead to death at relatively low doses (6 mg/kg).77

The venom components that cause these additional activities
remain unidentified.
The 2D gels of P. clavata venom obtained in this study

contained several spots that were identified as PLA2 proteins,
an observation reported for other venoms, including cone
snails, snakes, and wasps.29,73,74 Interestingly, the PLA2 proteins
have a range of different pI values and masses. Variance in the
pI of PLA2 homologues present in P. clavata venom can be
explained by differences in the amino acid sequence of PLA2

subunits, resulting in a range of basic and acidic PLA2 proteins,
as previously described in hymenopterans and snakes.73,74 The
variability in mass can be explained by homology with
multimers of PLA2 subunits (often with different individual
subunit masses) or monomer PLA2 proteins, also with varying
degrees of glycosylation on individual subunits.74 Despite the
coverage scores of the matched proteins not being particularly
high, it can be safely assumed that the protein matches are
correct, as this enzyme is known to be highly conserved within
Hymenoptera73 and has also been reported in P. clavata using
biochemical assays.76,77

Although peptides perform a significant role in venom
functions, proteins can act as carriers, neurotoxins, or derivative
enzymes such as proteases to help in the maturation and
function of the peptides.13 These proteins may also have
synergistic effects on the toxic components of venoms.65 Our
study identified several manually dissected venom proteins that
are located intracellularly, and we observed that electrically
stimulated venom had fewer of these. In particular, these were
structural proteins such as actin and cellular transport proteins
such as myosin. This has also been reported in previous work
that compared these two techniques using other venoms such
as that of bees and marine cone snails.66,78 It has therefore been
claimed that electrically stimulated venom is more representa-
tive of the injected venom compared with manually dissected
venom.3 The intracellular proteins are usually thought of as
artifacts of dissection; however, it has been proposed that they
might be cosecreted into the venom gland along with a
toxin.29,65 In support, we saw some structural proteins in
electrically stimulated venom as well.
The relative proportion of proteins allocated to each category

in this study was not markedly different to those of other
venoms, with the majority characterized as intracellular
proteins.3,29 There was also a large number of proteins in the
unknown category, a recurring issue in most venomics studies.
This is due to the lack of genomic and transcriptomic
bioinformatics data available for a number of venoms, especially
those of ants, as well as the added problem of low abundance
“masking” due to high abundance proteins.25,65,79
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Intercolony Variations

There were several differences between the venom from ants of
colony 1 and those of colony 2 in both the peptide and protein
numbers and protein composition. This has been previously
observed with other ant species such as Odontomachus
haematodus,80 Dinoponera quadriceps,53 and other venomous
organisms including marine cone snails11 and wasps.64 The
reason for these marked differences has been attributed to
different factors such as age, size, differential gene expression,
altered post-translational modifications, and, in the case of ants,
genetic polymorphisms that result from the queens mating with
different males during their lifetime.64,81 It has also been
previously shown that although the organisms are from the
same region, as was the case with these colonies, slight
environmental differences between the two colonies may
explain the differences seen.53,64 For example, for a predatory
ant like P. clavata, prey diversity and abundance, as well as other
factors such as peptide composition during venom regeneration
and the overall health of individual ants may affect peptide
levels and expression.53

■ CONCLUDING REMARKS
The present study has shown that venom obtained by manual
venom gland dissection reveals a broader number of peptides
and proteins than electrically stimulated P. clavata venom.
From the 2D-PAGE analysis, approximately 72−74% of the
proteins are shared by the two collection methods. It was found
that the manually dissected venom contained a number of
additional regulatory proteins, while the electrically stimulated
venom had a number of undetermined proteins. However,
there is no evidence suggesting that these additional
undetermined and regulatory proteins are toxic. Unexpectedly,
the overlap in peptide mass matches (approximately 16−19%)
was far less than what was observed from protein matches.
Although extracting venom via electrical stimulation is the
preferred method of collection, as it is not destructive to the
ants and contains all of the major protein components, this
work collected electrically stimulated venom by individually
milking ants, which was not an efficient method, and future
work should utilize a mass milking technique such as that
described by Eskridge et al. (1981).82 It must be noted that the
peptide composition differs markedly from that of manually
dissected venom, and both methods may need to be used to
obtain a more accurate representation of venom contents. This
venom complexity is further increased when venoms from
different colonies are compared. This highlights the diversity of
ant venom proteins and peptides that can be characterized
between colonies, and by using different collection techniques,
for the discovery of potential therapeutic or insecticidal leads.
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2007−2013, Reǵion Guyane from the European community (Bi-
Appli, 115/SGAR-DE-2011/052274) to A.D. This work has
also benefited from an “Investissement d’Avenir” grant
managed by the Agence Nationale de la Recherche (CEBA, ref
ANR-10-LABX-25-01).

■ ABBREVIATIONS
ACN, acetonitrile; C7BzO, 3-(4-heptyl)phenyl-3-hydroxyprop-
yl) dimethylammoniopropanesulfonate; 1,5-DAN, 1,5-diamino-
napthalene; CHCA, α-cyano-4-hydroxycinnamic acid; FA,
ferulic acid; HGD, Hymenopteran Genome Database; IEF,
isoelectric focusing; ionic CHCA, N-tert-butyl-N-isopropyl-N-
methylammonium α-cyano-4-hydroxycinnamate; IPG, immobi-
lized pH gradient; LC-ESI-QTOF MS, liquid chromatography
electrospray ionization quadrupole time-of-flight mass spec-
trometry; MALDI-TOF MS, matrix-assisted laser-desorption
ionization time-of-flight mass spectrometry; PLA2, phospholi-
pase A2; RP-HPLC, reverse-phase high-pressure liquid
chromatography; SDS-PAGE, sodium dodecyl sulfate poly-
acrylamide gel electrophoresis; TFA, trifluoroacetic acid

■ REFERENCES
(1) AntWeb, 2014. http://www.antweb.org (accessed on 26 August
2016).
(2) Aili, S. R.; Touchard, A.; Escoubas, P.; Padula, M. P.; Orivel, J.;
Dejean, A.; Nicholson, G. M. Diversity of peptide toxins from stinging
ant venoms. Toxicon 2014, 92, 166−78.
(3) Li, R.; Zhang, L.; Fang, Y.; Han, B.; Lu, X.; Zhou, T.; Feng, M.;
Li, J. Proteome and phosphoproteome analysis of honeybee (Apis
mellifera) venom collected from electrical stimulation and manual
extraction of the venom gland. BMC Genomics 2013, 14, 766.
(4) Ward, P. S. Taxonomy, phylogenetics, and evolution. Ant Ecology
2009, 1, 3−17.

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.6b00948
J. Proteome Res. 2017, 16, 1339−1351

1348



(5) Pluzhnikov, K. A.; Kozlov, S. A.; Vassilevski, A. A.; Vorontsova,
O. V.; Feofanov, A. V.; Grishin, E. V. Linear antimicrobial peptides
from Ectatomma quadridens ant venom. Biochimie 2014, 107 (Pt B),
211−5.
(6) Touchard, A.; Koh, J.; Aili, S. R.; Dejean, A.; Nicholson, G. M.;
Orivel, J.; Escoubas, P. The complexity and structural diversity of ant
venom peptidomes is revealed by mass spectrometry profiling. Rapid
Commun. Mass Spectrom. 2015, 29 (5), 385−96.
(7) Touchard, A.; Aili, S.; Fox, E.; Escoubas, P.; Orivel, J.; Nicholson,
G.; Dejean, A. The biochemical toxin arsenal from ant venoms. Toxins
2016, 8 (1), 30.
(8) Wood, C. L.; Hoffman, D. R. Two-dimensional polyacrylamide
gel electrophoresis of hymenoptera venom and venom sac extracts.
Toxicon 1983, 21 (2), 291−9.
(9) Palagi, A.; Koh, J. M.; Leblanc, M.; Wilson, D.; Dutertre, S.; King,
G. F.; Nicholson, G. M.; Escoubas, P. Unravelling the complex venom
landscapes of lethal Australian funnel-web spiders (Hexathelidae:
Atracinae) using LC-MALDI-TOF mass spectrometry. J. Proteomics
2013, 80, 292−310.
(10) Windley, M. J.; Herzig, V.; Dziemborowicz, S. A.; Hardy, M. C.;
King, G. F.; Nicholson, G. M. Spider-venom peptides as
bioinsecticides. Toxins 2012, 4 (3), 191−227.
(11) Dutertre, S.; Biass, D.; Stöcklin, R.; Favreau, P. Dramatic
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(13) Möller, C.; Vanderweit, N.; Bubis, J.; Marí, F. Comparative
analysis of proteases in the injected and dissected venom of cone snail
species. Toxicon 2013, 65 (0), 59−67.
(14) Peigneur, S.; Van Der Haegen, A.; Möller, C.; Waelkens, E.;
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ABSTRACT: Animal venom peptides are currently being
developed as novel drugs and bioinsecticides. Because ants use
venoms for defense and predation, venomous ants represent
an untapped source of potential bioactive toxins. This study
compared the protein and peptide components of the
poneroid ants Neoponera commutata, Neoponera apicalis, and
Odontomachus hastatus and the formicoid ants Ectatomma
tuberculatum, Ectatomma brunneum, and Myrmecia gulosa. 1D
and 2D PAGE revealed venom proteins in the mass range <10 to >250 kDa. NanoLC-ESI-QTOF MS/MS analysis of tryptic
peptides revealed the presence of common venom proteins and also many undescribed proteins. RP-HPLC separation followed
by MALDI-TOF MS of the venom peptides also revealed considerable heterogeneity. It was found that the venoms contained
between 144 and 1032 peptides with 5−95% of peptides in the ranges 1−4 and 1−8 kDa for poneroid and formicoid ants,
respectively. By employing the reducing MALDI matrix 1,5-diaminonapthalene, up to 28 disulfide-bonded peptides were also
identified in each of the venoms. In particular, the mass range of peptides from poneroid ants is lower than peptides from other
venoms, indicating possible novel structures and pharmacologies. These results indicate that ant venoms represent an enormous,
untapped source of novel therapeutic and bioinsecticide leads.

KEYWORDS: Hymenoptera, toxin, proteomic analysis, mass spectrometry, peptidome, ant venom, LC-MALDI-TOF MS,
nanoLC-ESI-QTOF MS/MS

■ INTRODUCTION

Arthropod venoms contain a vast number of insecticidal
peptide toxins that are yet to be characterized. The current
estimate for the numbers of uncharacterized bioactive peptides
within spider venoms alone is in the millions,1 from a predicted
total of 170 000 species.2 Ant venoms are even less charac-
terized; out of a total of 9000 stinging species, only 11 species
have been investigated.3,4

Ants and other stinging insects, such as Apoidea (bees)
and Vespoidea (wasps), belong to the family Formicidae of
the order Hymenoptera.5 Ants represent a diverse group of
arthropods,6 with approximately 13 000 extant species7 and an
estimated total of 25 000 described and undescribed species.8,9

Ants are considered leading invertebrate predators, with some
adapted to prey upon certain groups of insects using their
venom.10 However, their venom is also used for other purposes
including defense against predators and social communica-
tion.11 The success of ants is reflected by their representation of
15−20% of the rainforest animal biomass.12

The limited work done thus far reveals that ant venoms show
enormous chemical diversity comprising alkaloids, hydro-
carbons, proteins, and peptides.3,4 Most studies on ant venoms
have focused on the alkaloidal components, as these are a major
cause of allergic reactions due to their histamine-releasing
properties.13,14 However, more recent studies have shown the
involvement of the proteome in eliciting these allergic15,16 and
anti-inflammatory17,18 properties. Additional studies have also
revealed that the peptidome is a source of antimicrobial activity
against both Gram-positive and Gram-negative bacteria.6,11

Neurotoxic ant venom peptides have also been identified and
appear to be important for defense and prey capture.19 This is
an extremely understudied area of research, as only two
neurotoxic ant peptides have been extensively characterized:
poneratoxin20,21 and ectatomin.22

The limited number of studies on ant peptides reveals that
they are either linear (e.g., pilosulin), homo-, or heterodimeric
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(e.g., ectatomins) or contain an inhibitor cystine knot structural
motif.3,23 The number studies on ant venoms has been
restricted by the small amount of venom secreted by ants,
which makes it difficult to extract sufficient material for proper
purification and characterization;24 however, the previous lack
of high sensitivity analytical tools6 has recently been overcome
by improvements in mass spectrometric instrumentation.25,26

While the number of biologically active peptides from all
described venomous animal species is estimated to approach
20 million, to date, only 75 peptides are described from ant
venoms.3,4,25 Consequently, ants are an understudied source
of neurotoxic peptides that could be used as leads for novel
bioinsecticidal compounds. Strong indicators include the use of
their venom for predation and defense against other insects27

and the presence of disulfide-rich, low-molecular-weight
peptides.3,4 These types of peptides are readily absorbed,
highly stable, and resistant to degradative environmental
factors.28,29 Given the limited investigation of ant venoms,
this study aimed to investigate the complexity of the protein
and peptide components of six different ant venoms from the
two major ant clades: formicoids and poneroids. The present
study found that ant venoms are, indeed, rich in both peptides
and proteins that could serve as potential sources of structurally
and pharmacologically novel neurotoxins. These could be
mined for potential biopesticides to control agricultural pests
and insect vectors that transmit diseases.

■ EXPERIMENTAL SECTION

Ant Collection and Taxonomy

Live specimens of worker ants from the poneroid species
Neoponera commutata, Neoponera apicalis, and Odontomachus
hastatus (Ponerinae) and the formicoid species Ectatomma
tuberculatum and Ectatomma brunneum (Ectatomminae) were
collected from several regions of French Guiana. Collected ants
were stored at −20 °C prior to dissection of the venom glands.
Dissected glands from an individual species were pooled in 10%
acetonitrile (ACN) in water (v/v). Samples were centrifuged
for 5 min at 14 400 rpm (12 000gav). The supernatant was
then collected and lyophilized prior to storage at −20 °C.
Lyophilized Myrmecia gulosa (formicoid clade; Myrmeciinae)
venom was purchased from Southwestern Biological Institute
(Flagstaff, AZ). All chemicals used were of analytical grade and
sourced from Sigma-Aldrich (Castle Hill, NSW, Australia). All
buffers were prepared using milli-Q water.

Protein Assay

Protein quantification was performed using a QuantiPro
BCA Assay Kit (Sigma-Aldrich) or Qubit Protein Assay Kit
(Invitrogen, Mulgrave, Victoria, Australia) with the Qubit 2.0
fluorometer as per the manufacturer’s instructions using bovine
serum albumin (BSA) as the standard.

One-Dimensional Gel Electrophoresis

100 μg of crude venom samples was mixed with 12 μL of SDS
sample buffer (15 mM Tris, pH 6.8; 0.25% (w/v) SDS; 0.25%
(v/v) β-mercaptoethanol; 2.5% (v/v) glycerol, and 0.0025%
(w/v) bromophenol blue) and boiled as previously described.30

Samples were then centrifuged at 16 873gav for 5 min before
being loaded into a 4−20% Criterion TGX gel (Bio-Rad,
Gladesville, NSW, Australia) and electrophoresed in Tris-
glycine-SDS running buffer (Bio-Rad) alongside Precision Plus
Protein standards (Bio-Rad). The gel was run for ∼30 min at
300 V until the dye front reached the bottom of the gel. The gel

was then placed in a fixing solution containing 40% (v/v)
methanol and 10% (v/v) acetic acid for 30 min at room tem-
perature before staining with Flamingo fluorescent stain (Bio-
Rad) for 1 h. After staining, the gel was scanned using a Molec-
ular Imager PharosFX Plus system (Bio-Rad) with QuantityOne
software. To perform nanoLC-ESI-QTOF MS/MS, we addi-
tionally stained gels with Coomassie Blue G250 overnight then
destained them with 1% (v/v) acetic acid for 2 h.

Two-Dimensional Gel Electrophoresis

300 μg samples of N. commutata and E. tuberculatum venom
were resuspended in 100 μL of 7 M urea, 2 M thiourea, 1% (v/v)
C7BzO, 50 mM Tris HCl pH 8.8 before reduction and
alkylation of disulfide bonds with 5 mM tributylphosphine and
20 mM acrylamide monomers for 90 min. The venom was then
desalted using a BioSpin column (Bio-Rad) equilibrated in 7 M
urea, 2 M thiourea, 1% (v/v) C7BzO. The sample was sub-
jected to 2D-PAGE as previously described.31 In brief, sample
was fractionated by isoelectric focusing on an 11 cm pH 3−10
IPG strip (Bio-Rad) for 100 kVh and then separated on a
second dimension on a 4−20% gel. The gels were subsequently
visualized by staining with Flamingo Gel Stain or Coomassie
Blue G250 as per the previous section.

Protein Identification

Gel spots or bands were excised, digested as previously
described,32 and subjected to nanoLC-ESI-QTOF MS/MS.
In brief, tryptic digests of proteins in gel spots or bands
were placed on a Tempo nanoLC system (Eksigent, Waverley,
Victoria, Australia) and loaded onto a Michrom reversed-phase
trapping cartridge at a rate of 20 μL/min with MS loading
solvent, consisting of 2% ACN and 0.2% trifluoroacetic acid
(TFA), onto a C8 trap column (Michrom Biosciences, USA).
The samples were eluted at 300 nL/min onto a 75 μm × 150 mm
PicoFrit column (New Objective, USA) packed with Magic
C18AQ chromatography resin (Bruker-Michrom Biosciences,
Auburn, CA). Peptides were eluted from the column and into
the source of a QSTAR Elite hybrid quadrupole-time-of-flight
mass spectrometer (AB SCIEX, Framingham, MA) using the
following program: 5−50% MS solvent B (98% ACN + 0.2%
formic acid) over 8 min, 50−80% MS buffer B over 5 min, 80%
MS buffer B for 2 min, and 80−5% for 3 min. MS solvent A was
2% ACN + 0.2% formic acid. The eluting peptides were ionized
with a 75 μm ID emitter tip that tapered to 15 μm (New
Objective) at 2300 V. An Intelligent Data Acquisition (IDA)
experiment was performed, with a mass range of 375−1500 Da
continuously scanned for peptides of charge state 2+−5+ with
an intensity of more than 30 counts/s. Selected peptides were
fragmented and the product ion fragment masses were mea-
sured over a mass range of 100−1500 Da. The mass of the
precursor peptide was then excluded for 15 s.
The MS/MS data files produced by the QSTAR were

searched using Mascot Daemon (version 2.4, provided by the
Walter and Elisa Hall Institute33) and searched against the
LudwigNR database (composed of the UniProtKB, plasmoDB,
and Ensembl databases vQ215; 19 375 804 sequences with
6 797 271 065 residues) with the following parameter settings.
Fixed modifications: none. Variable modifications: propiona-
mide C, oxidized M, and deamidation NQ. Enzyme: semi-
trypsin. Number of allowed missed cleavages: 3. Peptide mass
tolerance: 100 ppm. MS/MS mass tolerance: 0.2 Da. Charge
state: 2+, 3+, and 4+. MS/MS data files were also searched
against Hymenopteran proteins in the NCBInr protein
database using PEAKS 6 software (Bioinformatics Solutions,
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Waterloo, ON, Canada). The results from both searches were
then filtered by including only protein hits with at least one
unique peptide. Peptides identified by PEAKS 6 were further
validated by manual inspection of the MS/MS spectra for the
peptide to ensure the b- and y-ion series were sufficiently
extensive for an accurate identification.

C18 Crude Venom RP-HPLC Fractionation

Lyophilized crude venom was separated using a Vydac ana-
lytical C18 RP-HPLC column (218TP54, 25 cm × 4.6 mm,
5 μm pore size) on a Shimadzu HPLC system. Fractionation
of venom peptide components was achieved using a linear
gradient of two mobile phases: 0.1% (v/v) trifluoroacetic acid
(TFA) in water (solvent A) and 0.085% (v/v) TFA in ACN
(solvent B). For all venoms except E. brunneum, separation was
achieved using a flow rate of 1 mL/min with the following
gradient of: 0−5 min, 0% solvent B; 5−65 min, 0−60% B;
65−75 min, 60−90% B; 75−80 min, 90% B; 80−85 min,
90−0% B; and 85−90 min, 0% B. For E. brunneum, venom
separation used a slightly longer gradient to facilitate the
isolation of the more hydrophobic peptides comprising:
0−10 min, 5% solvent B; 10−80 min, 5−70% B; 80−90 min,
70−95% B; 90−95 min, 95% B; 95−100 min, 95−5% B; and
100−105 min, 5% B. Peaks were monitored at absorbances of
280 and 215 nm and manually collected, then lyophilized and
stored at −20 °C for further use.

MALDI-TOF MS Analysis

MS analysis of the HPLC fractions was performed on an AB
SCIEX 5800 MALDI-TOF/TOF mass spectrometer. Initial
experiments were performed using several MALDI matrices on
E. tuberculatum HPLC fractions to test for optimum peptide
ionization and crystallization. The four matrices tested were:
5 mg/mL of α-cyano-4-hydroxycinnamic acid (CHCA) dis-
solved in 1% (v/v) TFA/100% (v/v) ACN/0.1 M NH4H2PO4
(45/45/10); 10 mg/mL ferulic acid (FA) in 40% (v/v) ACN/
10 mM serine; 10 mg/mL N-tert-butyl-N-isopropyl-N-methyl-
ammonium α-cyano-4-hydroxycinnamate (ionic CHCA) in
0.1% (v/v) formic acid/50% (v/v) ACN; and a 1:1 mixture of
CHCA and FA. All venom fractions were reconstituted with
10 μL of water. Then, 1 μL of each fraction was overlaid with
0.5 to 0.75 μL of the matrix using the dried droplet method.34

Each spectrum was calibrated externally using a mixture of
peptides with known molecular masses in the same m/z range
(AB SCIEX). Mass spectra were acquired in linear mode over
the range 1000−10 000 m/z with 400 laser shots accumulated
for each sample, based on the acceptance parameters and
adequate signal intensity. Mass spectra were collected in positive
ion mode, and signals below 1000 m/z were not recorded as they
were composed of mostly matrix-related ion clusters.35

Identification of Disulfide-Bonded Peptides

Disulfide-bonded peptides were identified by chemical
reduction of HPLC fractions. RP-HPLC fractions were spotted
onto a MALDI plate, as detailed in the previous section
and overlaid with the reducing matrix 1,5-diaminonapthalene
(1,5-DAN; 10 mg/mL) in 0.05% (v/v) formic acid/50% (v/v)
ACN.36 The matrix was always prepared immediately before
use due to the instability of 1,5-DAN in ACN. All MALDI-TOF
data collected using 1,5-DAN or CHCA matrix were acquired
in reflector mode to isotopically resolve ions for comparison
purposes. Chemical reduction results in a mass increase of 2 Da
for each disulfide bond. Thus, by comparing the mass spectra of

native and reduced samples the number of disulfide bonds in
ant venom peptides could be determined.
Data Analysis

Data Explorer v4.11 software (AB SCIEX) was used to analyze
spectra from individual RP-HPLC fractions to characterize
the number and masses of peptides per venom, as previously
reported.37 In brief, spectra were subjected to baseline cor-
rection with a correlation factor of 0.7 and Gaussian smoothing
to reduce noise with a five-point filter width. All mass attri-
butions were verified manually, and a mass list was created
for each LC-MALDI-TOF MS run. Potential adducts from
oxidation, hydration, sodium, and deamination were manually

Figure 1. 1D and 2D SDS-PAGE gels of representative ant venoms.
(A) 1D gel showing molecular weight markers (MW) and reduced and
alkylated 100 μg samples of N. commutata (Nc), N. apicalis (Na),
O. hastatus (Oh), E. tuberculatum (Et), E. brunneum (Eb), andM. gulosa
(Mg). The red box highlights a conserved protein band across the six
species. (B−C) 2D SDS-PAGE of reduced and alkylated N. commutata
(B) and E. tuberculatum (C) whole venom. A 300 μg sample of crude
venom was subjected to isoelectric focusing on an 11 cm pH 3−10 IEF
strip. All gels were separated by a Tris-glycine (4−20%) SDS-PAGE
and stained with Flamingo. Protein spots (circled) were excised for
identification by nanoLC-ESI-QTOF MS/MS and de novo peptide
sequencing.
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removed from all mass lists as well as any potential dimers or
doubly charged species. Peptides with mass matches within
±1.0 Da in adjoining HPLC fractions were considered identical
and were removed from the data set because they likely reflect
incomplete separation. For each venom, the peptides from
each RP-HPLC fraction were consolidated into one mass list.
Mass matching across data sets was performed in Microsoft
Excel (Redmond, WA) to identify similar peptides across the
different venoms or between different data sets of the same
venom when comparing matrices. Two-dimensional scatter

plots, termed “2D venom landscapes”, were constructed using
Prism v6 software (GraphPad, La Jolla, CA). All peptide masses
detected in each HPLC fraction were plotted as a function of
their m/z values (x axis) and their HPLC retention time
reflecting their hydrophobicity (y axis).

■ RESULTS

Venom Protein Characterization

Initially, a 1D-PAGE of all venoms was performed to determine
overall venom protein profiles. It was found that the six ant

Table 1. Protein Assignment of N. commutata Venom 2D-PAGE Spots Identified by nanoLC-ESI-QTOF MS/MS

2D
gel
spot protein IDa organism

UniProt
accession
number

theoretical
MW (Da)
and pI

observed
MW (Da)
and pI

coverage and
score

(−10lgP)
peptide
(m/z) peptide sequence

1 actin-5C Acromyrmex
echinatior

EGI67274.1 41822 38000 12% 1108.04 DLYANTVLSGGTTMYPGIADR

5.33 9.8 90.4 855.43 LC(+71.04)YVALDFEQEMA-
TAASSSSLEK

2 venom acid phosphatase Camponotus f lor-
idanus

EFN60591 41821.8 4% 911.52 LYLYSGHETNLASLLK

5.30 11500 23.6 443.80 LFAGPLIR

ponericin-G3 Neoponera goeldii P82416.1 3383.0 9.5 27% 523.80 GWKDWLNKb

10.22 26.66

5 ponericin-G3 Neoponera goeldii P82416 3383.0 <5000 27% 523.78 GWKDWLNKb

10.22 9.2 25.8

8 TP53-regulating kinase Acromyrmex
echinatior

EGI66742.1 27120.4 10000 4% 561.32 KQ(+.98)YEQILAKb

9.36 5.0 27.5

10 venom acid phosphatase Camponotus f lor-
idanus

EFN60591 41821.8 15000 4% 911.52 LYLYSGHETNLASLLK

5.30 23.6% 443.79 LFAGPLIR

putative uncharacterized pro-
tein

Acromyrmex
echinatior

F4WHI8 18400.6 5.5 4% 421.76 TLENLPRb

6.06 23.2%

13 actin-5, muscle-specific Harpegnathos
saltator

EFN78406 41782.7 39000 26% 977.57 VAPEEHPVLLTEAPLNPK

895.96 SYELPDGQVITIGNER

1114.54 DLYANNVLSGGTTMYPGIADR

5.30 6.1 138.9 566.77 GYSFTTTAER

758.41 IWHHTFYNELR

599.87 AVFPSIVGRPR

572.35 EITALAPSTIK

14 testicular acid phosphatase-
like protein

Harpegnathos
saltator

EFN78070 46695.4 39000 7% 430.79 LINVVFR

5.75 6.3 38.3 1258.11 VDDKLLLSDEC(+71.04)
PEYLN(+0.98)EYER

15 actin Acromyrmex
echinatior

EGI64684.1 41773.9 39000 3% 599.89 AVFPSIVGRPRb

5.29 6.5 43.9

17 ponericin Neoponera goeldii P82416 3383.0 10000 27% 523.80 GWKDWLNKb

10.22 9.7 26.7%

18 ponericin Neoponera goeldii P82416 3383.0 8000 27% 523.79 GWKDWLNKb

10.22 9.4 29.3

uracil phosphoribosyltrans-
ferase

Nasonia vitripen-
nis

K7IRF5 29771.4 4% 490.26 MGSADAATKKb

7.53 21.3

19 ponericin Neoponera goeldii P82416 3383.0 9000 27% 523.78 GWKDWLNKb

10.22 9.6 33%

20 PLA2 2.2 Apis mellifera H9K6W6 23582.7 26000 11% 877.94 QMSSNLVADLEETCK

6.96 9.6 41.4 590.34 SVLVADTTMSR

23 trehalase Microplitis demo-
litor

W4VV04 67322.0 49000 2% 676.41 SQPPLLIPMVEKb

5.50 6.3 41.8

24 arylsulfatase B Harpegnathos
saltator

EFN75189 65573.1 39000 2% 577.87 GVAAIWSPLIKb

5.86 48.6 977.56 VAPEEHPVLLTEAPLNPK

actin-5, muscle-specific Harpegnathos
saltator

EFN78406 41782.7 12% 895.97 SYELPDGQVITIGNER

5.30 5.9 121.2 599.87 AVFPSIVGRPR

testicular acid phosphatase-
like protein

Camponotus f lor-
idanus

EFN63831 148847.4 5% 1258.08 VDDNLILTDEC(+71.04)PQ(+0.98)
YLDEYER

6.61 41.4 443.78 LFAGPLIR
aMS/MS peptide sequences were searched using PEAKS software against the NCBInr database restricted to Hymenopterans. Protein matches from
the NCBInr database with the highest coverages are shown. Theoretical mass and pI were determined using Protparam in ExPASy.76 bSpectra for
these sequences have been included in the Supporting Information as Supplementary Figures S2−S11. Spots with no matches: 3, 4, 6, 7, 9, 11, 12,
16, 21, 22, 25, and 26.
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venoms all had unique protein compositions (Figure 1A).
N. commutata venom contained the highest number of proteins
in the range 10−250 kDa, while E. tuberculatum venom also had
a high number of proteins mainly in the range 10−80 kDa. The
remaining venoms all had diverse and often complex protein
profiles apart from O. hastatus, with only three distinct protein
bands. Despite this clear heterogeneity in protein composi-
tion, the 1D-PAGE electrophoretic protein profiles revealed
similarities among all six venoms (red box in Figure 1A). For
example, using nanoLC-ESI-QTOF MS/MS the ca. 90 kDa
band seen in all venoms was identified as dipeptidyl peptidase
IV in all cases except O. hastatus. Another common feature of
most venoms was the presence of bands below ca. 13 kDa.
To identify these proteins, we performed 2D-PAGE on the

venoms of N. commutata and E. tuberculatum. The remaining
venoms were not investigated due to the limited amount of
material. The 2D-PAGE spot patterns obtained after fla-
mingo staining are depicted in Figure 1B−C. The 2D gel of

N. commutata venom had a large cluster of low molecular mass
proteins (spots 2−5, 17−19; corresponding to ca. 10−15 kDa)
present in the lower right corner of the 2D gel at ca. pH 10.
This was not seen with E. tuberculatum venom that had
a greater number of higher molecular weight proteins, par-
ticularly ca. 90 kDa (Figure 1C). Nevertheless, there were
several similarities between the two gels, such as very few acidic
proteins. Both gels also had several spots with isoforms, such as
those at 15 kDa in both venoms (e.g., N. commutata spots 9−11,
E. tuberculatum spots 1−5), ca. 40 kDa for N. commutata (spots
13−16, 24) and ca. 80 kDa for E. tuberculatum at neutral pH.
Because of the limited number of sequenced ant genomes,

the generated nanoLC-ESI-QTOF MS/MS data were initially
searched with Mascot; however, no significant hits were seen.
Therefore, all data, including peptides that were identified by
de novo sequencing in PEAKS 6, were searched against the
NCBInr database using PEAKS 6. The results of this search are
summarized in Tables 1 and 2. From all of the spots subjected

Table 2. Protein Assignment of E. tuberculatum Venom 2D-PAGE Spots Identified by nanoLC-ESI-QTOF MS/MS

2D
gel
spot protein IDa organism

UniProt
accession
number

theoretical
MW (Da) and

pI
observed MW
(Da) and pI

coverage and
score (−10lgP)

peptide
(m/z) peptide sequence

1 uncharacterized
protein

Apis mellifera A0A088A5D5 90811.8 14500 1% 578.34 IVNKVEVINKb

8.91 7.5 24.4
2 phospholipase A2

(fragment)
Harpegnathos
saltator

E2BTD5 12034.7 14800 13% 883.9 SACSCDAEFYNCLKb

8.01 6.9 20.3
7 hypothetical

protein
EAI_10007

Harpegnathos
saltator

E2BJ69 26958.7 22000 10% 640.83 YPLPLADGSGYK
6.7 9.9 56.3 670.8 GAMGCGPQETFR

13 glutathione S-
transferase

Acromyrmex
echinatior

F4W5B2 25278.2 38000 6% 772.43 IRALPEIKAYIEKb

6.85 22.1
venom acid
phosphatase

Cerapachys biroi EZA53020.1 47041.5 6.5 2% 423.77 LVNVVFRb

7.60 30.4
14 venom acid

phosphatase
Cerapachys biroi EZA53020.1 47041.5 38000 3% 423.77 LVNVVFR

7.60 6.1 38.9 364.21 LLYYR
15 venom acid

phosphatase
Cerapachys biroi EZA53020.1 47041.5 39000 2% 423.77 LVNVVFRb

7.60 6.0 33.2
17 endochitinase Harpegnathos

saltator
E2BB48 52819.7 50000 6% 739.85 NNFFYFVEELR

6.08 5.9 75.3 543.84 LVVGIPLYGR
18 dipeptidyl

peptidase 4
Camponotus
f loridanus

E2AF09 86583.9 75000 5% 783.42 VYYLATAPGEPTQR
6.24 8.0 71.9 832.08 C(+71.04)

GISVAPVTSWIYYDSIYTER
19 dipeptidyl

peptidase 4
Camponotus
f loridanus

E2AF09 86583.9 75000 2% 783.41 VYYLATAPGEPTQRb

6.24 7.8 56.6
20 dipeptidyl

peptidase 4
Camponotus
f loridanus

E2AF09 86583.9 75000 5% 783.41 VYYLATAPGEPTQR
6.24 7.5 51.6 832.08 C(+71.04)

GISVAPVTSWIYYDSIYTER
21 dipeptidyl

peptidase 4
Camponotus
f loridanus

E2AF09 86583.9 75000 5% 783.41 VYYLATAPGEPTQR
6.24 7.2 72.5 1247.61 CGISVAPVTSWIYYDSIYTER

22 dipeptidyl
peptidase 4

Camponotus
f loridanus

E2AF09 86583.9 75000 5% 832.01 C(+71.04)
GISVAPVTSWIYYDSIYTER

6.24 7..0 80.1 783.41 VYYLATAPGEPTQR
23 dipeptidyl

peptidase 4
Camponotus
f loridanus

E2AF09 86583.9 75000 5% 783.41 VYYLATAPGEPTQR
6.24 6.9 90.6 661.82 IYYDSIYTER

832.08 C(+71.04)
GISVAPVTSWIYYDSIYTER

25 angiotensin-
converting
enzyme

Camponotus
f loridanus

E2B155 75684.5 75000 6% 696.39 YHIIADVEYIR
5.30 5.0 59.2 554.29 YVELANTAAR

646.65 SM(+15.99)
LELGSSKPWPDAM(+15.99)EK

aMS/MS peptide sequences were searched using PEAKS software against the NCBInr database restricted to Hymenopterans. Protein matches from
the NCBInr database with the highest coverages are shown. Theoretical mass and pI were determined using Protparam in ExPASy.75 bSpectra for
these sequences have been included in the Supporting Information as Supplementary Figure S12−S16. Spots with no matches: 3, 4, 5, 6, 8−12, 16,
and 24.
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to MS/MS analysis, 14 of the 26 N. commutata and 14 of the
25 E. tuberculatum 2D gel spots analyzed matched to proteins.
None of these were proteins from the ants investigated due
to no entries being present for those species in databases.
The remaining spots could not be matched to any known
ant or other hymenopteran proteins despite the numerous
high-quality MS/MS spectra and de novo peptide sequences
generated, including 136 spectra from spot 8 of the N. commutata
gel. Several of the spots were matched to proteins using a single
peptide; the MS/MS spectra for these spots have been included
in the Supporting Information as Supplementary Figures S2−S16.
Of all of the matches, three proteins were common to both

gels. First, phospholipase A2 (PLA2) proteins were identified,
although in completely different positions in the gels from the
two different species. The E. tuberculatum PLA2 was identified
at ca. pI 7 and mass of ca. 15 kDa (Figure 1C; spot 2). How-
ever, the N. commutata PLA2 was identified at a pI of 10 and
mass of ca. 26 kDa (Figure 1B; spot 20), potentially as a result
of dimerization. The second protein common to both species

was venom acid phosphatase; in N. commutata it was found in
both spots 2 and 10 and in E. tuberculatum it was found in spots
13−15. The third protein common to both venoms was
identified as dipeptidyl peptidase. Although this protein was not
identified in the 2D gel of N. commutata, it was detected from
the 1D gel slice (Figure 1A). The mass of this protein was
ca. 90 kDa in the 1D gels from both E. tuberculatum and
N. commutata venom (Figure 1A) as well as in the 2D gel of
E. tuberculatum venom (Spot 18−23, Figure 1C).
In both venoms, the mass of some spots on the gel did not

correspond to the exact theoretical mass of their assigned
protein. For example, N. commutata spot 10 is at ca. 15 kDa and
pI of 6, which is ca. 3 kDa lighter than the predicted protein,
although a similar pI. One spot that seems to be far from the
predicted position of the protein is E. tuberculatum spot 1, as
seen in Figure 1C. It is at ∼15 kDa on the gel and at pI ∼8.
This is significantly different to the assigned protein’s calculated
mass of 91 kDa and pI of 9, as indicated in Table 2. This is
most likely the result of post-translational modification, where

Figure 2. RP-HPLC chromatograms of poneroid and formicoid ant venoms. Venoms were separated by analytical C18 RP-HPLC using an ACN/
0.085% TFA gradient of 1%/min (gray dotted line) at 1 mL/min. Panels show the chromatographic elution profile of venoms from the poneroid
ants (A) N. commutata, (B) N. apicalis, and (C) O. hastatus and the formicoid ants (D) E. tuberculatum, (E) E. brunneum, and (F)M. gulosa. Note the
different gradient in panel E for E. brunneum venom. Chromatographic peaks were monitored at 215 and 280 nm (only absorbance at 215 nm is
shown for clarity). MALDI spectra of the numbered HPLC fractions ( f) from N. commutata (panel A) are shown in Figure 4.
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the produced protein has undergone proteolysis, for activation
of either function or degradation.

Ant Venom Peptide Characterization

Whole Venom C18 RP-HPLC Separation. The venom of
each ant was separated using RP-HPLC to reveal the complexity
of the venoms while avoiding possible ion suppression effects
known to occur in electrospray when using complex mixtures of
peptides such as venoms. This initial separation step revealed
complex chromatographic profiles (Figure 2) with each venom
yielding a number of venom fractions. All venoms, except that
of E. brunneum, appeared to contain quite hydrophilic peptides,
as most of the peptides eluted early in the chromatogram at
ACN concentrations <30%.
MALDI-TOF MS Matrix Optimization. Our recent work

has shown that DHB, sinapinic acid, caffeic acid, and 2,4,6-
trihydroxyacetophenone (THAP) are poor MALDI matrices
for the automated detection of ant venom peptides and that FA
and CHCA allow for the detection of the greatest number of
peptides with the highest intensities.38 Accordingly, initial
experiments tested four different combinations of these two
matrices to determine the best one to use for the remainder of
the study: CHCA alone, ionic CHCA, FA alone, and FA in
combination with CHCA. Of these matrices, the matrix that
covered the largest mass range was FA (Figure 3A). However,
the matrix yielding the highest peptide count was CHCA
(Figure 3B); therefore, all remaining venoms investigated were
analyzed with both CHCA and FA.
Number of Ant Venom Peptides and Mass Distribu-

tion. Each HPLC fraction from the six venoms was spotted
onto a MALDI target with either CHCA or FA matrix to deter-
mine the number of peptides per fraction and their mass
distribution. Although the ant venom RP-HPLC fractions were
seemingly homogeneous, with sharp peaks, several peptides
were often observed in the same fraction when further resolved
by MALDI-TOF MS. There were clear differences in the
abundance of masses from each chromatographic peak as well
as differences in the mass range of peptides detected and
intensities between the two matrices. A single RP-HPLC
fraction mostly contained multiple signal peaks that corre-
sponded to different masses. For example, 37 masses were
observed in f10 from N. commutata venom using FA and 26
masses using CHCA (Figure 4A). Furthermore, many low UV
absorbance peaks from the RP-HPLC displayed significant
numbers of peptides (e.g., 35 peptides in N. commutata f4;
Figure 4Bb). Conversely, fractions with high UV absorbances
sometimes only had low numbers of peptides in their MALDI
spectrum using either CHCA or FA. For example, N. commutata
f 21 contained only a single high intensity mass at 3364.9 m/z
(Figure 4C). Overall, FA appeared to be better at detecting
peptides in the poneroid venoms and was more efficient at
detecting lower molecular weight peptides below 1800 Da in
the formicoid venoms. However, CHCA was better at detecting
peptides in formicoid venoms above 1800 Da (Figure 3C and
shaded area of Figure 8Ab).
Frequency histograms in 100 Da bins were constructed to

show the full peptide mass distribution of all masses detected.
The data showed that, in general, ponerine ant venoms have
peptides with similar masses, with most of the peptides below
4 kDa (Figure 5). In contrast, the formicoid venoms appear to
have a broader peptide mass range with a significant number of
peptides in the range 4−9 kDa (Figure 6). Peptide peak
assignment resulted in between 54 (E. brunneum venom using

FA matrix) and 1032 (N. commutata venom using FA matrix)
distinguishable peptide masses for the six ant venoms. The two
matrices gave similar numbers of peptides, with N. commutata
being the only venom to have markedly different peptide
counts using the two matrices.
Despite the relatively high peptide counts, there exists the

possibility that the two matrices were detecting different
peptides. Using the separate mass lists created using CHCA and
FA matrices, masses common to both data sets (±1 Da) were
identified using an in-house mass-matching Microsoft Excel
spread sheet. This analysis revealed a large number of pep-
tides that were only detected using one of the two matrices.
For example, with N. commutata venom, only 245 peptides
were detected using both FA and CHCA from a total of 1032

Figure 3. Number and distribution of E. tuberculatum venom peptides
detected with different MALDI matrices. (A) Box-and-whisker plot
depicting the mass distribution of peptides obtained with the different
MALDI matrices. (B) Total peptide counts from all RP-HPLC
fractions using the matrices CHCA, FA, a combination of CHCA
and FA, ionic CHCA, and 1,5-DAN before and after removal of
adducts, dimers, and doubly charged species. (C) Box-and-whisker
plot showing ranges of peptide masses determined by CHCA (cyan
boxes) and FA (beige boxes) matrices from the six venoms. The
bottom and top of each box in panels A and C represent the first and
third quartiles, respectively, while the band and cross inside each box
represent the median and mean masses, respectively. The ends of the
whiskers represent the 5−95 percentile range, while the closed circles
represent masses outside the 5th to 95th percentile range.
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peptides detected using FA alone (24%) and 574 peptides
using CHCA alone (43%). This leaves 787 unique peptides
detected by FA alone and 329 unique peptides detected by
CHCA alone. Together, the total mass count for N. commutata
was therefore 1361 peptides (245 + 787 + 329). The data for all
six venoms are presented in the form of area-proportional Euler
plots in Figure 7.
Inter-Species Variations in Peptide Masses. If ant

venoms are to be exploited as chemical libraries of unique
peptides, it is important to determine if there is sufficient peptide
heterogeneity between various ant venoms both across and within
ant subfamilies. First, LC-MALDI-TOF mass spectrometry
revealed that all ant venoms investigated in the present study
showed differences in the broad distribution of masses within
the range 1−10 kDa, with limited overlap (see Figures 5−7).

Using the same mass lists generated from LC-MALDI-TOF MS,
an analysis of masses common to different venoms was
undertaken. Comparisons were made between ants belonging
to the poneroid clade and those belonging to the formicoid clade.
Analyses were carried out using both CHCA and FA as MALDI
matrices to negate any bias in peptide identification.
Area-proportional Euler plots (Figure 8) revealed only lim-

ited overlap of masses between ants from the same clades, as
only 16 peptides were common to all three poneroid ants and
only 2 peptides were common between the three formicoid
ants using CHCA matrix. These numbers were similar to those
obtained using FA. In general, the poneroid ants appeared to
have more peptides in common compared with formicoid ants,
with O. hastatus and N. commutata sharing the highest number
of peptides.

Figure 4. Representative MALDI-TOF MS spectra of N. commutata RP-HPLC fractions. MS Spectra were obtained in positive linear mode and
fractions are labeled according to the RP-HPLC chromatogram shown in Figure 2A as f10 (A), f4 (B), and f 21 (C). Left-hand panels labeled “a” with
cyan shading were obtained using CHCA matrix, while right-hand panels labeled “b” with beige shading were obtained using FA matrix.
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Disulfide Bond Identification. Peptides with disulfide
bonds are highly stable and inherently more resistant to
proteases.29 Individual LC fractions were spotted on a MALDI
target plate along with the reducing matrix 1,5-DAN and
subjected to MALDI-TOF MS in reflector mode to identify
disulfide-bonded peptides present in each ant venom. Fractions
were also analyzed using the nonreducing matrix CHCA in
reflector mode for comparison purposes. Each peptide peak
obtained with the 1,5-DAN matrix was then analyzed for a
+2 Da or greater shift from the native mass obtained using
CHCA matrix (see Supplementary Figure S1).
The six venoms were found to contain variable numbers of

disulfide-bonded peptides. This ranged from 2 disulfide-bonded
peptides in M. gulosa venom to 28 disulfide-bonded peptides
in E. tuberculatum venom (Figure 9A−F). These peptides

were usually of low mass (typically <3 kDa) and distributed
across the full HPLC chromatogram. The one exception was
E. tuberculatum venom, where disulfide-bonded peptides were
detected in two distinct groups in the ranges 1 to 2 kDa and
3 to 4 kDa (Figure 9G). As a percentage of the total number of
peptides, N. apicalis had the greatest proportion of disulfide-
bonded peptides (10.2%), followed by O. hastatus (9.0%),
E. tuberculatum (7.6%), E. brunneum (5.0%), N. commutata
(3.7%), and M. gulosa (1.4%). What can also be seen in the 2D
landscapes in Figure 9A−F is that multiple peptides coelute
in each LC fraction, with some fractions containing more
than 50 peptides. It can also be seen that peptide mass
distribution is independent of the RP-HPLC retention time
(hydrophobicity).

Figure 5. LC-MALDI-TOF mass profile of the poneroid ants N. commutata, N. apicalis, and O. hastatus. Histograms show the abundance of peptide
masses in each venom sorted into 100 Da mass bins (columns; left-hand ordinate axis) and the cumulative total of peptide masses in each venom
(circles; right-hand ordinate axis). Shaded areas represent 5−95% of the total number of peptides. (Aa−Ca) Peptide masses obtained using CHCA
matrix (Aa) N. commutata, (Ba), N. apicalis, and (Ca) O. hastatus. (Ab−Cb) Peptide masses obtained using FA matrix (Ab) N. commutata, (Bb),
N. apicalis, and (Cb) O. hastatus. Total peptide counts are indicated in the upper right-hand corner of each panel. All lateral and front images of the
ants investigated were taken by Ryan Perry and can be found at www.AntWeb.org.
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■ DISCUSSION

Until recently, knowledge of the composition and properties of
ant venoms was limited despite the fact that ants are among the
most widespread of all social insects.39 The present study
constitutes the first characterization and comparison of the
proteome and peptidome of ants belonging to the poneroid
and formicoid clades.

Ant Venom Proteomes

The 1D- and 2D-PAGE gels confirmed the complexity of
ant venom proteomes as well as the broad interspecies variation
in protein expression. The 2D-PAGE separation of both
N. commutata and E. tuberculatum resulted in over 70 spots
being resolved, significantly higher than the 25 spots previously
described from S. invicta venom, one of the only ant venoms

on which a 2D-PAGE has been performed.16,24 Not sur-
prisingly, there were some proteins that were shared between
N. commutata and E. tuberculatum venoms after examination by
2D-PAGE. The 90 kDa protein band present in all six venoms
from the 1D-PAGE and confirmed in E. tuberculatum by
2D-PAGE was identified as dipeptidyl peptidase IV. There was
also a band common to all six venoms at ca. 24 kDa in the
1D-PAGE gels, identified as a PLA2.

17,40 This was confirmed by
the nanoLC-ESI-QTOF MS/MS identification of PLA2 in
both 2D-PAGE gels around this molecular weight range. This
is a common allergenic protein of ant venoms17 and other hyme-
nopterans,41 although the PLA2 from the fire ant Solenopsis
invicta is not considered as an allergenic protein.42

Overall, the majority of spots were assigned to proteins from
hymenopteran species, where there is a high conservation of

Figure 6. LC-MALDI-TOF mass profile of the formicoid ants E. tuberculatum, E. brunneum, and M. gulosa. Histograms show the abundance of
peptide masses in each venom sorted into 100 Da mass bins (columns; left-hand ordinate axis) and the cumulative total of peptide masses in each
venom (circles; right-hand ordinate axis). Shaded areas represent 5−95% of the total number of peptides. (Aa−Ca) Peptide masses obtained using
CHCA matrix (Aa) E. tuberculatum, (Ba) E. brunneum, and (Ca) M. gulosa. (Ab−Cb) Peptide masses obtained using FA matrix (Ab) E. tuberculatum,
(Bb) E. brunneum, and (Cb) M. gulosa. Total peptide counts are indicated in the upper right-hand corner of each panel. Lateral and front images of
the ants investigated were taken by April Nobile, Estella Ortega, and Zach Lieberman and can be found at www.AntWeb.org.
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protein sequences, especially between bees, wasps, and
ants.43,44 For example, the known insect venom allergen
lysosomal acid phosphatase, also found in honeybees, was
identified in both ant venoms.45−47 An interesting protein that
was identified in the N. commutata gel was the antimicrobial,
insecticidal, and hemolytic peptide ponericin. This peptide was
first isolated from the venom of the closely related ant N. goeldii
from the same genus11 and has been found in other ants.15 This
protein was identified in several spots throughout the gel, which
suggests the presence of a precursor protein that is cleaved into
ponericin.
A small number of the spots were identified as contaminants

or artifacts of the venom extraction procedure, as the identified
proteins are not believed to represent venom peptide toxins.
For example, actin present in the N. commutata venom is most
likely a contaminant of the exoskeleton48 or reservoir gland,49

while endochitinase present in E. tuberculatum venom hydro-
lyses chitin, an important protein for insect growth and mor-
phogenesis.50 The enzyme trehalase identified in N. commutata
venom is also believed to be another contaminant, as it is a
hemolymph protein involved in the rapid supply of energy for
insects by converting trehalose to glucose.51

Importantly, however, a large number of the peptides had no
similarity to any known sequences, which highlights the
uniqueness of ant venom and also the low number of available
sequences in protein sequence databases. This problem has
been encountered by other studies looking at hymenopteran
venoms.23,39,52 Moreover, there was a lack of separation of the
basic, low mass peptides, especially those present in N. commutata
venom; hence, the 2D-PAGE technique was unable to resolve the
identity of these peptides resulting in the need to employ an
alternative method for peptide characterization.
Ant Venom Peptidomes

The venoms of ants and other hymenoptera are known sources
of biologically active, low-molecular-weight peptides.3,53,54

Unlike snakes, spiders, scorpions, and marine cone snails,37,55−57

most ant venom peptidomes remain barely explored. Accordingly,
the present study represents the first in-depth study of a range
of ant venom peptides using highly sensitive MS technologies.

MALDI Matrix Optimisation. Numerous matrix candidates
have been evaluated, but CHCA has become the favored matrix
for the analysis of peptides.58−61 Our results confirmed recent
reports that different matrices yield different spectra in MALDI-
TOF MS.62,63 We found that CHCA and FA matrices gave the

Figure 7. Area-proportional Euler plots depicting numbers of shared and distinct peptides. Shared peptides were defined as being within ±1 Da.
Spectra were acquired with CHCA (cyan) and FA (beige) MALDI matrices. The numbers within the circles indicate the number of unique peptides
detected employing that particular matrix. The total number of peptides detected by each matrix is indicated in the box on the bottom of the Euler
plots. Area-proportional Euler plots depicting overlapping peptide masses from multiple venoms were constructed using Venn diagram plotter.
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highest peptide counts with the broadest mass distribution,
which is in accord with previous studies.38 Moreover, the range
of peptides detected by the two matrices revealed that FA
was most suited for poneroid ant venoms and was slightly more
effective at detecting low mass peptides <1800 Da in formicoid
venoms, while CHCA was better at detecting peptides in for-
micoid venoms with a wider distribution of masses, for
example, E. tuberculatum and M. gulosa (Figures 7 and 8). It
was also determined that FA resulted in the formation of fewer
adducts compared with CHCA (Figure 3B), as has been pre-
viously reported.64 This is most likely due to its increased
tolerance to salts and other impurities.65 Nevertheless, a con-
sistent difference in signal intensity was noted that has been
reported to be higher with CHCA.65

Ant Venom Peptide Numbers and Distribution. The
presence of higher abundance peptides and proteins in the
sample results in undetected or unresolved signals from quasi-
isobaric peptides and lower abundance peptide components.
Accordingly, ant venoms were subjected to RP-HPLC
separation prior to MALDI-TOF MS, revealing a complex
mixture of peptides due to the separation and thus increased
detection of trace levels of peptides. In addition, this overcame

the ion suppression phenomenon by reducing the number of
co-ionised peptides in the mass spectrometer source.37,66

The different ant venoms did not follow the same mass
distribution, reflecting their peptide diversity. This is not
unique to ants, as both bimodal37 and unimodal67 distributions
have been previously reported with other venoms. Most of the
ant venoms analyzed have the majority of their peptides in the
low-molecular-weight range (1−4 kDa). This suggests that ant
venoms have peptides that are overall smaller than the peptidic
component of other venomous animals such as scorpions
(4−5 kDa),68 sea anemones (2−3.5 kDa),69 and spiders
(3−5 kDa and 6.5−8.5 kDa)70 but not marine cone snails
(0.5−3.5 kDa).55 However, formicoid ant venoms seem to be
more complex than poneroid ant venoms and possess some
larger peptides with masses up to 8 kDa. These results confirm
the conclusions of previous studies about ant venom peptides
using lower resolution MALDI-TOF MS than the present
study.38,53 However, we found that the poneroid ant N. apicalis
has a complex venom despite the fact that it is a highly special-
ized predator of only Syntermes termites.71 Its venom complexity
is comparable to some spider and cone snail venoms.55,72 This
suggests that predation is not the primary factor in venom

Figure 8. (A) Cumulative total of peptides detected using CHCA (cyan circles) or FA (beige circles) from the poneroid ants N. commutata,
P. apicalis, and O. hastatus (Aa) or formicoid ants O. hastatus, O. brunneum, and M. gulosa (Ab). Panel Ab gray shaded area, FA was more efficient at
detecting lower molecular weight peptides below 1800 Da in the formicoid venoms. (B,C) Common peptides between ant clades. Area-proportional
Euler plot depicting species variation in numbers of shared and distinct peptides (±1 Da) determined using MALDI-TOF MS. Left-hand panels
labeled “a” contain data from poneroid ants; right-hand panels labeled “b” show a comparison of the formicoid ant data. Panels B refer to the venom
peptides detected using CHCA matrix, while Panels C represent peptides detected using FA matrix.
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composition and that defense against predators and pathogens
may play a larger role in the diversification of ant venom toxins.
Given the paucity of data on ant venom peptides, the present

study highlights that the enormous biodiversity of ant venoms
remains almost completely unexplored. If one assumes each
species of ant has on average 600 unique venom peptides
(average of the six ant venoms), the total biodiversity present
from around 9000 species (ca. 70% of the total 13 000 extant
species) of venomous ants in the world is ca. 5 400 000 distinct
peptides (Aili et al., 2014). Thus, ant venoms represent an

enormous pharmacological library that is significantly larger
than scorpions (ca. 100 000 peptides)57 and marine cone snail
venoms (ca. 500 000 peptides)55 but is comparable to that of
spiders (ca. 10 000 000 peptides).37 Of course, this fails to
account for common peptide masses across all species (Figure 8).
Hence a more conservative estimation of ant venom pep-
tide biodiversity is around 2 000 000+ peptides. To place this
potential resource in perspective, only 75 peptides from the
enormous chemical library of ant venom peptidomes have been
described to date, representing a mere 0.003%.

Figure 9. Determination of disulfide-bonded peptides in ant venoms. MALDI-TOF MS analysis of individual RP-HPLC fractions from five ant
venoms. (A−F) 2D Landscape plots where the abscissa represents the C18 RP-HPLC retention time while the ordinate shows the masses obtained
by MALDI-TOF MS. Cyan circles represent the nondisulfide-bonded peptides in the venom. Red triangles indicate peptides with a disulfide bond.
Total number of disulfide-bonded peptides in each venom is indicated in the top right-hand box in each panel (S−S). (A) N. commutata, (B)
N. apicalis, (C) O. hastatus, (D) E. tuberculatum, (E) E. brunneum, and (F) M. gulosa. The shaded areas represent 5−95% of the total number of
peptides. (G) Scatter dot plot showing all disulfide-bonded masses from each venom; the dotted horizontal line represents the mean mass of
disulfide-bonded peptides while the solid bars represent the mass range.
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Disulfide-Bonded Venom Peptides. Disulfide bonds
render peptides very stable and resistant to a number of
proteases and environmental extremes.28,73 This is an advanta-
geous feature and consequently has become a focus in the
search for stable therapeutic or insecticidal peptide toxins.28,73

Indeed, all eight venom-derived drugs on the pharmaceutical
drug market contain between 1−14 disulfide bonds.73

Furthermore, other venomous animals such as cone snails,
scorpions, and spiders contain a high proportion of disulfide-
rich peptides.37,73−75 While the present study confirms previous
findings that ant venom is believed to be a rich source of small
linear peptides,53 disulfide-bonded peptides are minor
components of ant peptidomes; however, biological activities
and functions of these reticulated peptides still remain
unknown and should be investigated in future studies as
potential sources of insecticides.

■ CONCLUDING REMARKS
This proteomic-based study has revealed not only the vast
complexity of ant venom proteins and peptides but also their
inter- and intrafamily variation. The mass range of ant venom
peptides, particularly those from poneroid ants, is lower than
that of peptides from other venoms, indicating likely novel
structures and pharmacologies. The peptide mass distributions
varied across ant clades and between different ant genera from
the same clade, reflecting their peptide diversity. Also, given
that some ant venoms were complex despite only preying upon
one prey species suggests that there are likely a wide variety of
bioactive molecules involved in predator defense, communica-
tion, and host defense against infection. This peptide diversity
highlights the utility of ant venoms as novel chemical peptide
libraries with the potential to be sources of novel therapeutic or
insecticide leads.
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