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Abstract
True Bugs (Insecta: Heteroptera) produce venom or saliva with diverse bioactivities depending on their feeding strate-
gies. However, little is known about the molecular evolution of the venom toxins underlying these biological activities. 
We examined venom of the giant fish-killing water bug Lethocerus distinctifemur (Insecta: Belostomatidae) using infrared 
spectroscopy, transcriptomics, and proteomics. We report 132 venom proteins including putative enzymes, cytolytic toxins, 
and antimicrobial peptides. Over 73% (96 proteins) showed homology to venom proteins from assassin bugs (Reduviidae), 
including 21% (28 proteins from seven families) not known from other sources. These data suggest that numerous protein 
families were recruited into venom and diversified rapidly following the switch from phytophagy to predation by ancestral 
heteropterans, and then were retained over > 200 my of evolution. In contrast, trophic switches to blood-feeding (e.g. in Tri-
atominae and Cimicidae) or reversions to plant-feeding (e.g., in Pentatomomorpha) were accompanied by rapid changes in 
the composition of venom/saliva, including the loss of many protein families.
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Introduction

The composition of an animal’s venom evolves dynami-
cally within its larger ecological context. This process is 
well documented at the sequence level of toxin-encoding 
genes, which frequently exhibit accelerated rates of dupli-
cation and hyperdivergence, due to both increased positive 
selection and reduced negative selection [1–4]. Diversifying 
selection may be particularly prevalent following niche shifts 

such as changes in prey specialisation or hunting behaviour 
[5–7]. Complete loss or gain of venom use (i.e., changes in 
whether a secretion is used for envenomation or not) unsur-
prisingly entails marked consequences for the evolution of 
its composition over time. For example, diversifying selec-
tion is most rapid in taxa that only recently evolved venom 
use [8], whereas loss of venom use results in accumulation 
of frame-shift and other mutations in toxin-encoding genes, 
as observed in the egg-eating marbled sea snake Aipysurus 
eydouxii [9, 10]. Beyond the level of sequence mutation, 
dramatic changes in venom activity and composition may 
reflect rapid changes in expression levels of toxin-encoding 
genes, i.e., in the recruitment of new proteins into venom 
or their loss or downregulation. For example, differences in 
prey type drive the presence or absence of particular venom 
proteins in pit viper venom [11]; tetragnathid spiders that use 
the ‘wandering’ hunting strategy rather than building webs 
show reduced levels of peptide toxins [12]; and in parasi-
toid wasps, the rapid changes in venom composition that 
accompany changes in host specificity reflect rapid mutation 
of the cis-regulatory elements that control toxin expression 
levels [13].

Heteropteran insects are an ideal group in which to 
explore how large changes in trophic strategy—for example 
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between phytophagy, entomophagy, and haematophagy, and 
including complete loss or gain of venom use—co-evolve 
with the composition of a venom/saliva secretion. Heter-
optera diverged from phytophagous hemipteran taxa such 
as cicadas (Auchenorrhyncha), aphids (Sternorrhyncha), 
and moss bugs (Coleorrhyncha) around 293–262 mya (95% 
confidence interval) [14]. Since the vast majority of ‘lower 
Heteroptera’ [15] (Nepomorpha, Enicocephalomorpha, Lep-
topodomorpha, Gerromorpha, and Dipsocoromorpha) are 
predatory and venomous, a trophic switch to predation likely 
occurred closely following or accompanying the divergence 
of Heteroptera from other hemipterans [15–19]. Thus, the 
salivary systems of plant-feeding bugs were adapted to form 
venom systems, and their oral secretions acquired new bio-
activities such as the ability to paralyse prey [20–23]. The 
predatory heteropterans diversified and some groups subse-
quently transitioned to different trophic strategies. The Pen-
tatomomorpha (stink bugs and allies) and some Cimicomor-
pha such as Miridae (plant bugs) returned to phytophagy; 
whereas the kissing bugs (Triatominae) and bed and bat 
bugs (Cimicidae and Polyctenidae) independently became 
ectoparasitic blood-feeders [15]. These trophic changes were 
accompanied by alterations in the bioactivity of the venom/
saliva secretion [17]: instead of immobilising and liquefy-
ing prey, the venom of blood-feeders adapted to counteract 
blood clotting and vasoconstriction [24], while the saliva 
of plant-feeding species is thought to subvert host-plant 
defences [25]. Although blood- and plant-feeders consti-
tute a minority of heteropteran families, their venom/saliva 
secretion is the best characterised due to their economic 
and medical importance [24, 26]. We recently reported the 
venom proteome of the predaceous assassin bug, Pristhesan-
cus plagipennis (Cimicomorpha: Reduviidae). The venom of 
this species contains a wide range of peptides and proteins, 
packaged into two separate complex venoms in different 
gland lumens [23, 27]. Venom produced by the posterior 
main gland (PMG) quickly paralyses prey, and is rich in 
proteases, putative cytolytic toxins, and peptides. In contrast, 
the smaller anterior main gland (AMG) secretes a venom 
rich in ‘haemolysin-like’ proteins and uncharacterised pro-
teins; this venom has little effect on insect prey and appears 
to be used defensively [23].

Characterisation of venom from giant water bugs (Nepo-
morpha: Belostomatidae) has the potential to inform multi-
ple aspects of venom evolution in Heteroptera. Belostoma-
tids diverged early in the radiation of Heteroptera from the 
major terrestrial infraorders (Pentatomomorpha + Cimico-
morpha = Terheteroptera) [15, 28], probably between 254 
and 226 mya [14], and recognisable Belostomatidae were 
abundant fauna of Triassic lakes > 200 mya [29]. Belos-
tomatids have several distinguishing features compared to 
most other venomous Heteroptera. They are adapted to an 
aquatic lifestyle, and their raptorial forearms used in prey 

capture are particularly well developed [30]. Some belos-
tomatids, such as Lethocerus sp., grow exceedingly large 
(up to 12 cm long), allowing them to prey on vertebrates 
including fish, amphibians, turtles, and small birds [31, 32]. 
Therefore, examination of nepomorphan venoms has the 
potential to provide unique insights about venom evolution 
in Heteroptera and might additionally uncover novel toxins 
adapted to modulate vertebrate targets.

The previous investigations into the composition of belos-
tomatid venoms focussed on lysophospholipids, reported to 
be the major component of Belostoma anurum venom [22]. 
Lysophospholipids, which can be formed through enzymatic 
digestion of phospholipids by phospholipase  A2  (PLA2), 
may exert toxic effects via modification of nerve terminals 
that disrupt neurotransmission [33]. Both purified lysophos-
phatidylcholine and B. anurum venom block twitch contrac-
tions in a mammalian nerve-muscle preparation and cause 
paralysis when injected into zebrafish [22]. However, while 
 PLA2 enzymes are commonly found in predatory venoms 
from other animal taxa [34, 35], the inclusion of lysophos-
pholipids themselves as the principle toxins in venom has 
not been reported for any other predatory venomous animal. 
In any case, studies combining transcriptomics and proteom-
ics to study nepomorphan venoms are lacking. This fact, 
combined with the wide variety of enzymatic activities 
reported in belostomatid venom (e.g.,  PLA2, hyaluronidase, 
protease, amylase, esterase, glucosidase, glucosaminidase, 
invertase, lipase, nuclease, and phosphatase) [22, 36–38], 
suggests that peptides and proteins may be important but 
undescribed components of belostomatid venom.

In this study, we use vibrational spectroscopy, transcrip-
tomics, and mass spectrometry to characterise venom of the 
Australian giant fish-killing water bug Lethocerus distinc-
tifemur. We found a little evidence for lysophospholipids 
in the venom of this species but instead report evidence of 
rich protein content. Many detected giant water bug venom 
proteins show sequence homology to the venom proteins of 
distantly related reduviid heteropterans, which are separated 
by > 200 million years of evolution but share a predaceous 
trophic strategy descended from a common ancestor. By 
comparing data from diverse hemipteran insects with a range 
of trophic strategies, we find evidence for rapid alterations in 
the composition of the heteropteran venom/saliva secretion 
over evolutionary time. Mapping these data against estab-
lished phylogeny suggests rapid evolution: (a) accompanying 
the transition to predatory envenomation by ancestral het-
eropterans and (b) accompanying the subsequent independ-
ent transitions to haematophagy or phytophagy by multiple 
heteropteran subgroups.
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Results

Rich protein content of belostomatid venom

We examined venoms from representative species of each 
of the two major subfamilies of Belostomatidae, the giant 

fish-killing water bug L. distinctifemur (Lethocerinae; 
Fig. 1) and the smaller water bug Diplonychus eques (Belos-
tomatinae). Venom was extracted from individuals of each 
species by electrostimulation (see “Materials and methods”). 
In the previous studies, belostomatid venom collected by 
electrostimulation was described as ‘white and viscous’ 
or ‘milky’, and this was linked to the high lipid content of 
the venom [22]. We found that both L. distinctifemur and 
D. eques produced venom that was sometimes clear and 
sometimes milky; individual animals often produced both 
clear venom and milky venom during the course of a single 
venom extraction. As far as possible, clear venom samples 
were kept separate from samples containing milky material, 
resulting in two samples from each species for analysis.

To investigate their protein and lipid contents, we 
examined each belostomatid venom sample using Fourier 
transform infrared spectroscopy (FTIR; Fig. 2). For both 
the ‘clear’ and ‘milky’ venom samples from L. distinc-
tifemur, and the ‘clear’ sample from D. eques, the FTIR 
spectra obtained were similar to those of pure protein [39, 
40], being dominated by the amide I–III regions (maxima 
1622–1655, 1526–1552, and 1235–1245 cm−1 respectively) 
and N–H stretch region (maxima 3272–3286 cm−1). In con-
trast, the spectrum of the ‘milky’ D. eques sample showed 
features indicating a mixture of protein plus a lipid com-
ponent similar to a lysophospholipid. Strong  CH2 peaks at 

Fig. 1  Giant fish-killing water bug (Lethocerus sp.) envenomating a 
goldfish (Carassius auratus) held in its raptorial forearms

Fig. 2  Infrared absorption 
spectra of belostomatid venoms. 
Both the milky (a) and clear 
(b) samples of Lethocerus 
distinctifemur venom as well as 
the clear sample of Diplonychus 
eques venom (c) are dominated 
by absorption bands typical of 
protein, including the amide I 
and II regions and N–H stretch. 
The milky sample of D. eques 
venom (d) contained additional 
bands consistent with the pres-
ence of a lysophospholipid or 
similar compound with long 
alkane chains. Each spectrum is 
normalised and offset
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2854 and 2923 cm−1 (symmetric and asymmetric stretches, 
respectively) with weaker  CH3 absorptions near 2958 and 
2872 cm−1 (symmetric and asymmetric stretches, respec-
tively) indicate the presence of long alkane chains [41]. 
In addition, the D. eques milky venom spectrum (but not 
other spectra) displayed a broad shoulder from 3300 to 
3400 cm−1 attributed to O–H stretch; an amide I shoulder 
from 1710–1740 cm−1 attributed to a conjugated C=O ester; 
and a sharp peak at 1043 cm−1 attributed to a P–O–C stretch 
[41]. These results are consistent with a strong content of 
lysophospholipids in the milky venom sample obtained 
from D. eques, but not other samples. Both samples from 
D. eques (but not those from L. distinctifemur) additionally 
contain peaks at 1118 and 618 cm−1 (indicated by arrows 
in Fig. 2) that may originate from a sulfur- or phosphorus-
containing group [41]. These results support the notion that 
belostomatine water bugs such as D. eques—members of the 
same subfamily as Belostoma anurum [22] —can produce 
lysophospholipid-rich venom. However, D. eques can also 
produce primarily protein-based venom under some circum-
stances. For L. distinctifemur, our results suggest that the 
venom consists predominantly of proteins.

Venom proteome of the giant fish‑killing water bug

We combined RNA-Seq analysis of venom glands with 
venom proteomics to gain a holistic overview of the venom 
system of L. distinctifemur. For RNA-Seq experiments, we 
dissected out venom glands from one adult of each gender. 
These glands are anatomically complex [15] and they were 
separated into four different compartments: the posterior 
main gland (PMG) lobe, anterior main gland (AMG) lobe, 
‘storage sacks’ (SS) [42, 43], and accessory glands (AG). 

Isolation of mRNA yielded 43.2, 58.9, 6.0, and 0.08 ng 
mRNA per mg tissue, respectively. These results suggest 
that the PMG and AMG are active secretory tissues, whereas 
the storage sacks and accessory glands are not. Yields of 
mRNA from the PMG and AMG were sufficient to prepare 
a TruSeq cDNA library. Sequencing of this library using 
next-generation sequencing on an Illumina HiSeq platform 
yielded 17,083,410 and 22,958,470 paired-end reads for 
the PMG and AMG, respectively. All reads were assembled 
together (see “Materials and methods”) to yield 78,238 con-
tigs, from which all open-reading frames (ORFs) > 90 bp 
were extracted and translated to produce a library of possible 
protein-coding sequences.

Mass spectral signatures of venom proteins were obtained 
by LC–MS/MS analysis of trypsin-digested crude venom 
and subsets of venom components separated by 1D SDS-
PAGE (Fig. 3, left two lanes) or acid precipitation (see 
“Materials and methods”). A search of all venom-derived 
mass spectra against translated ORFs from RNA-Seq experi-
ments using the Paragon and ProtGroup algorithms in Pro-
teinPilot resulted in identification of 102 protein and peptide 
sequences (Supplementary Dataset S1; Fig. 4). To these 102 
sequences identified confidently from MS analysis of venom, 
we added 30 putative venom proteins and peptides that 
matched the following criteria: proteins confidently detected 
by MS of venom-gland extracts that additionally possess 
predicted signal peptides and stop codons (19 sequences); 
proteins detected by MS of venom samples, with confidence 
at the peptide level of > 95%, but only 10–95% at the protein 
level (9 sequences); and peptides encoded by transcripts that 
possess signal peptides and are among the 20 most highly 
expressed transcripts in venom glands (either PMG or AMG; 
see “Venom proteins are expressed and accumulated in a 

Fig. 3  SDS-PAGE and LC–MS/
MS sampling of venom and 
venom gland extracts. CV clear 
venom, MV milky venom, AMG 
anterior main gland, SS storage 
sacks, PMG1–4 extracts from 
the anterior (PMG1) to posterior 
quarter (PMG4) of the posterior 
main gland, AG accessory 
gland. Left, molecular-weight 
markers. White rectangles show 
portions of the gel used for LC–
MS/MS protein identification 
experiments (number indicates 
sample number). Annotations 
show protein identifications 
with precursor counts > 30% of 
total non-contaminant precursor 
counts
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compartment-specific manner”) but which were not detected 
by MS (2 sequences). This resulted in a venom proteome of 
132 proteins and peptides.

We annotated detected sequences using the HMMER 
algorithm against the Pfam protein family database and 
BLASTp searches against (a) UniProt’s UniRef90 database, 
(b) venom proteins detected in venoms from L. distinctife-
mur in this study, and (c) venom proteins detected in assassin 
bug venoms in the previous studies [23, 27]. The resulting 
annotations (Supplementary Dataset S1) show that 96 (73%) 
of detected L. distinctifemur venom proteins have homology 
to previously described assassin bug venom proteins (89 or 
67% of which have a BLASTp hit, E < 0.01, to assassin bug 
venom proteins). Furthermore, 28 of these (21%) showed no 
detectable homology except to proteins reported in assassin 
bug venom. A further 23 sequences are novel (i.e., no detect-
able homology with any known sequences). Major protein 
classes evident in L. distinctifemur venom are proteases (42 
sequences), other enzymes (17), members of the cystatin, 
pacifastin, serpin, and Kazal protease inhibitor families (10), 
odorant-binding proteins (OBPs; 3), and haemolysin-like 
proteins (3). In addition, we identified 15 venom peptides 
(those with a predicted mature sequence < 100 residues). Of 
these venom peptides, 12 are devoid of cysteine residues and 
three are annotated by HMMER as possessing an antimicro-
bial domain. One peptide (Ld14a, predicted mass 9.6 kDa) 
is disulfide-rich, with 12 cysteine residues that likely form 
six disulfide bonds.

Venom proteins are expressed and accumulate 
in a compartment‑specific manner

Several studies have reported that the individual gland com-
partments of heteropteran venom glands produce different 

secretions [23, 38, 44]. We investigated the secretory activity 
of the L. distinctifemur PMG and AMG by examining the 
most highly expressed contigs in each compartment (i.e., 
59 contigs with fragments per kilobase million (FPKM) 
of 350–22,844 in PMG and 31 contigs with FPKM of 
350–35,742 in AMG). These data were compared to the 
protein content of the glands (PMG, AMG, AG, and SS) as 
determined by LC–MS/MS analysis of gland extracts either 
in their liquid form or after separation by 1D SDS-PAGE 
(Fig. 3, lanes 3–9).

The two most highly expressed contigs in the PMG 
encode proteins homologous to venom protein family 1 
from the assassin bug P. plagipennis [27]. Most of the highly 
expressed contigs in PMG encode either proteases (20) or 
proteins homologous to venom protein family 2 of P. pla-
gipennis (11). In contrast, the most abundant transcript in 
the AMG encodes the peptide Ld10a (Fig. 5a), a putative 
orthologue of P. plagipennis venom peptide Pp17a. Other 
abundant transcripts in the AMG encode pacifastins and 
haemolysin-like proteins (Supplementary Dataset S2).

These differing patterns of protein expression were con-
firmed by LC–MS/MS analysis of extracts of each gland 
compartment separated by SDS-PAGE (Fig. 3; Supplemen-
tary Table S1). The AMG extract yielded intense gel bands 
of approximately 20, 22, and 25 kDa that were not observed 
in other compartments. LC–MS/MS analysis revealed 
that the 22 and 25 kDa bands correspond to members of 
the haemolysin-like protein family, while the 20 kDa band 
represents a novel protein designated venom protein fam-
ily 27. In contrast, PMG extracts yielded intense bands at 
13–17 and 24–35 kDa. The most posterior segment ana-
lysed, PMG4, showed increased levels of OBP1 and reduced 
levels of proteases compared to other PMG extracts. How-
ever, all PMG samples had a similar protein profile, with 

Fig. 4  Protein families detected 
in the venom of Lethocerus 
distinctifemur. F1–F12 heter-
opteran venom families 1–12, 
vWF von Willebrand factor
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abundant proteins belonging to heteropteran venom protein 
families 1 and 2 and S1 proteases, consistent with our tran-
scriptomic analysis. Venom collected by electrostimulation 
more closely resembles the secretion of the PMG (Fig. 3). 
However, numerous proteins that appear to be expressed 
preferentially in the AMG were identified (Supplementary 
Dataset S1, final two columns).

Overall, the gland-specific expression patterns observed 
for the giant water bug L. distinctifemur are similar to those 
we reported previously for assassin bugs [23]: the PMG 
preferentially expresses venom family 1 and 2 proteins and 
S1 proteases, whereas the AMG preferentially expresses 
haemolysin-like proteins, pacifastins, and peptides such as 
Ld10a.

Ancient recruitment and radiation of heteropteran 
venom proteins

Protein families confidently identified in both reduviid and 
belostomatid venom, but unknown from other sources, 
include the haemolysin-like proteins [23, 45], heterop-
teran venom protein families 1, 2, 5, 10, and 12, and CUB 
domain family proteins (defined as proteins with CUB 
domains < 300 amino acids in length but without protease 
or other known domains). In addition, both venoms contain 
S1 proteases, serpins, inositol phosphate phosphatases, his-
tidine phosphatases, OBPs, cystatins, transferrins, nucleases, 
lipases, and lysozymes. To quantitatively investigate how 
the composition of the venom/saliva secretion varies across 

Heteroptera, we compared the venom proteome of L. dis-
tinctifemur with sialomes from diverse species, focussing 
only on proteins detected by mass spectrometry, in order 
to avoid weakly expressed proteins. Comparison data sets 
included assassin bug venom [23, 27], kissing bug venoms 
[45–49], bed bug venom [50], stink bug saliva [26], plant 
bug saliva [51], and aphid saliva [52]. Water bug venom is 
most similar to assassin bug venom, with 89 (67%) of the 
132 water bug venom proteins documented in this study hav-
ing homologues in venom of the assassin bug P. plagipennis 
(BLASTp E < 0.01; Table 1). Venom and saliva from blood- 
or plant-feeding groups were less similar, containing homo-
logues for < 35% of water bug venom proteins (E < 0.01). 
If S1 proteases are disregarded, 35% of water bug venom 
proteins have homologues in assassin bug venom, 13% in 
bed bug venom, and < 7% for all other groups (Table 1).

Belostomatid and reduviid venom proteins belonging 
to the same family might have been convergently recruited 
in each lineage due to similar selection pressures imposed 
by the trophic strategy of predatory envenomation. Alter-
natively, the presence of some protein families in venom 
would represent synapomorphies if belostomatid and redu-
viid venom proteins are orthologues, descended from a 
venom protein present in a common ancestor. We consid-
ered that independent recruitment from multigenic families 
might result in belostomatid and reduviid venom proteins 
having closer homologues among non-heteropteran hemip-
terans than to each other. To test this, we used the tBLASTn 
algorithm to search the genomes of the sternorrhynchans 

Fig. 5  Alignments of homolo-
gous proteins occur in venoms 
of distantly related heterop-
terans. Ld10a, Lethocerus 
distinctifemur venom peptide 
10a; Pp17a, Pristhesancus 
plagipennis (assassin bug) 
venom peptide 17a. Ld11a, L. 
distinctifemur venom peptide 
11a; Pp26a, P. plagipennis 
venom peptide 26a; Ld14a, L. 
distinctifemur venom peptide 
14a; Pp_t65, P. plagipennis 
peptide encoded by venom 
gland transcript 65; Ld_f2p1, 
L. distinctifemur venom protein 
family 1, protein 1; Pp_f2p, 
P. plagipennis venom protein 
family 2
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Pachypsylla venusta (Aphalaridae), Diuraphis noxia 
(Aphididae), Diaphorina citri (Liviidae), Pseudococcus 
longispinus (Pseudococcidae), and the auchenorrhynchan 
Philaenus spumarius (Aphrophoridae), using as queries 
venom protein families identified with high confidence 
by MS in both L. distinctifemur and P. plagipennis venom 
(Table 2). Nucleotide sequences expressed in L. distinctife-
mur and P. plagipennis venom glands encoding the queries 
were appended to the largest database (P. spumarius). We 
observed the following pattern: for proteins not reported 
from any other source except heteropteran venoms, no close 
homologues (E < 0.01) were found among non-heteropteran 
hemipterans, whereas belostomatid and reduviid sequences 
were highly similar (E < 10−5 except for families 1 and 
5, where homology signals are likely limited by the short 
sequence length). For proteins previously reported from 
other sources, highly similar sequences were found in both 
heteropteran and non-heteropteran species, but the belos-
tomatid and reduviid sequences were always most closely 
related to each other. Thus, we did not observe any evidence 
of independent recruitment of these shared venom protein 
families using this method.

Heteropteran venom family 2 is a particularly large group 
of venom proteins, with 15 and 7 representatives detected by 
MS in the venoms of L. distinctifemur and P. plagipennis, 
respectively. Despite close homologues not being detected 
among non-heteropteran hemipterans (Table 2), highly simi-
lar sequences exist in the GenBank nr database originating 
from diverse bilaterian and cnidarian animals (BLASTp 
E < 10−9), often containing Pfam DUF4773. This suggests 
that family 2 venom proteins were recruited into heterop-
teran venoms from an undescribed but phylogenetically 
widespread secreted non-venom protein. Redulysin/trialysin 
proteins probably also belong to this family, to which they 
display weak evidence of homology by BLAST search (low-
est E-value = 0.004) and a shared pattern of 8–10 cysteine 
residues in the C-terminal domain (Supplementary Fig. S1). 
We considered that if family 2 proteins were independently 
recruited into belostomatid and reduviid lineages before 
undergoing gene duplication, L. distinctifemur and P. pla-
gipennis proteins should form separate phylogenetic clades. 
To test this hypothesis, we reconstructed the phylogeny of 
this family using Bayesian inference, taking a homologous 
predicted protein sequence from the solitary bee Megachile 
rotundata as outgroup. However, belostomatid and reduviid 
venom do not form separate phylogenetic clusters; instead, 
proteins from both L. distinctifemur and P. plagipennis 
appear in several separate, well-supported clades (Fig. 6). 
This result suggests that family 2 proteins were recruited 
into venom prior to the divergence of the nepomorphan and 
belostomatid lineages. Since we attempted to but did not find 
any evidence for independent recruitment of shared protein 
families, and because postulating single rather than multiple 

recruitment events are preferable by parsimony, we propose 
that the presence of some protein families in venoms of giant 
water bugs and assassin bugs are synapomorphous.

Discussion

In contrast to the previous studies that emphasised the pres-
ence of bioactive lysophospholipids in belostomatid venom 
[22], we found that water bug venoms are rich in proteins. 
Only one sample of cloudy venom, from the belostomatine 
D. eques, yielded an infrared absorption spectrum consistent 
with a significant lysophospholipid content, and no evidence 
of lysophospholipids was found in venom of the lethocerine 
bug L. distinctifemur. This suggests that the presence of a 
significant lysophospholipid content in belostomatid venom 
may be a derived characteristic in Belostoma anurum [22] 
or has been lost in L. distinctifemur.

The venom systems of giant water bugs and assassin bugs 
display numerous features in common, both at the level of 
protein primary structure and in gland-specific expression 
patterns. We propose that some or all of these similarities 
represent synapomorphies, i.e., that these traits were pre-
sent in the common ancestor of Belostomatidae and Redu-
viidae and were retained in both groups. Furthermore, we 
propose that the similarity of belostomatid and reduviid 
venoms, compared with the saliva/venom of previously 
investigated blood- and plant-feeding heteropteran species, 
is best explained as adaptations to their shared trophic strat-
egy of predatory envenomation. Below, we argue that such 
a hypothesis is consistent with the current theories of the 
phylogeny and evolutionary history of feeding strategies in 
Heteroptera, as well as previous studies focussing on the 
molecular evolution of venom and saliva secretions.

Heteroptera as a monophyletic group is strongly sup-
ported [28, 53]. However, other aspects of heteropteran 
evolution remain to be clarified. For example, the sister 
group to Heteroptera might either be Coleorrhyncha (moss 
bugs) [28] or Coleorrhyncha + Sternorrhyncha + Auchenor-
rhyncha [53]. The best estimates of the date of divergence 
of Heteroptera from the other hemipteran suborders, based 
on molecular data calibrated with fossil evidence [14], are 
between 293 and 262 mya (95% confidence interval; see 
also [53, 54]), though the true date is likely to be older if 
Coleorrhyncha is not sister to Heteroptera. Despite the pre-
cise relationships between Nepomorpha and the other Lower 
Heteroptera infraorders being uncertain [15], all major 
hypotheses of heteropteran phylogeny agree that Nepomor-
pha diverged from the terheteropteran lineage (including 
assassin bugs) early, around 254–226 mya [14]. In any case, 
fossil evidence indicates that Belostomatidae had emerged 
as a family > 200 mya [29]. Predation and envenomation 
(i.e., the injection of salivary secretions into prey to subdue 
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and liquefy them) are practised by almost all Lower Heter-
optera infraorders, strongly suggesting that the last com-
mon ancestor of extant Heteroptera was also predatory and 
venomous [15, 16, 18, 19]. The salient point of this phylo-
genetic discussion for the current study is that the adoption 
of a predatory and venomous lifestyle preceded divergence 
of the belostomatid and reduviid lineages by a length of 
time reasonably estimated as between 5 and 100 million 
years, a plausible window of time to accumulate numer-
ous adaptations at the molecular level [3, 8]. The ancestral 
shift from phytophagy to predation is likely to have strongly 
altered selection pressures on the secretory output of the oral 
glands, resulting in increased expression of polypeptides that 
facilitate prey paralysis and/or tissue liquefaction [5, 8, 13]. 
The presence of these proteins in venom may have been 
retained in the belostomatid and reduviid lineages, because 
they facilitate predation, which is likely to have continued as 
the trophic strategy in both lineages—unbroken between the 
last common ancestor of Heteroptera and today [15, 18, 19].

In contrast, multiple other heteropteran subgroups sub-
sequently transitioned to either parasitic blood-feeding or 

reverted to plant-feeding; these trophic switches are strongly 
supported by phylogenetic evidence [15, 18, 19]. Some 
venom proteins of predaceous heteropterans are likely to 
have been unnecessary and possibly disadvantageous when 
applied to other trophic strategies. For example, venoms of 
belostomatids and predatory reduviids induce strong pain 
sensations when injected into vertebrates [55, 56], whereas 
the venom of blood-feeding reduviids has an analgesic effect 
[57]. Blood-feeding reduviids have likely undergone active 
selection to lose pain-causing molecules from their venom 
to evade host detection, accompanying their transition to 
haematophagy 24–38 mya [58]. Consistent with this notion, 
numerous venom protein families shared by Belostomatidae 
and Reduviidae appear to have been lost or downregulated 
in Triatominae, and replaced by other protein families that 
have expanded via gene duplication and neofunctionalisa-
tion. For example, the triabin family of proteins is a minor 
component of venoms from predaceous reduviids [27] but 
dominate the venoms of blood-feeding reduviids, in which 
they function to combat haemostasis by multiple mecha-
nisms [24]. In consequence, the venoms of predaceous and 

Fig. 6  Phylogeny of reduly-
sin/trialysin/family 2 venom 
proteins estimated by Bayes-
ian inference. Branches are 
coloured to indicate the trophic 
strategy of the producing 
species with blue = preda-
tory, green = plant-feeding, 
red = hematophagous. An 
uncharacterised putative 
secreted product from the soli-
tary bee Megachile rotundata 
is the designated outgroup. 
Node labels indicate poste-
rior probabilities. Note that 
clades of water bug (light blue) 
and assassin bug (dark blue) 
sequences are interspersed, 
suggesting duplication of family 
2 proteins prior to the diver-
gence of Cimicomorpha and 
Nepomorpha. Sequence refer-
ence numbers in brackets refer 
to either transcriptome-derived 
sequences (‘trans#’ refers to 
transcriptome indices in Sup-
plementary Figure S1, 21) or 
GenBank Accession numbers
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blood-feeding reduviids that diverged recently (24–38 mya 
[58]) are less similar in terms of protein families represented 
than the venoms of predaceous reduviids and belostomatids, 
which diverged > 200 mya but share a conserved trophic 
strategy. Our results suggest that the oral secretions of other 
groups that have transitioned away from predation such as 
the bed and bat bugs (Cimicidae + Polyctenidae), the plant-
feeding stink bugs (Pentatomidae) and plant bugs (Miridae) 
have undergone similar rapid transitions in protein composi-
tion. One limitation of this result is that the proteomes we 
employed for comparison were conducted independently and 
the completeness of the reported proteomes varies, which 
might result in false-negatives for the presence of protein 
families in venom/saliva in some taxa. Nevertheless, the 
available data, including high-coverage proteomes from 
blood-feeding triatomine reduviids [48], support massive 
loss of venom protein families accompanying trophic shifts 
away from predation. An alternative or complementary 
hypothesis to the ancient recruitment of heteropteran venom 
proteins and their loss in blood- and plant-feeding species 
is that some or all protein families represented in venoms of 
both belostomatid and predaceous reduviids were recruited 
into venom convergently, due to similar selection pressures. 
Further information on the composition of the venom/saliva 
secretion of additional heteropteran and hemipteran species 
is required to resolve these possibilities in detail. One sce-
nario that is consistent with currently available data is pre-
sented in Fig. 7.

Trophic strategy in general is unlikely to explain all 
aspects of venom composition. For example, some snake 
venoms contain 5′ nucleotidase enzymes with apyrase activ-
ity, degrading ATP/ADP and thereby inhibiting ATP/ADP-
induced platelet aggregation [59, 60]. This enzyme is also 
found in venom from the blood-feeding reduviid Triatoma 
infestans, where it combats platelet aggregation during 
blood-feeding [61]. A 5′ nucleotidase was the most confi-
dently identified protein in venom from the giant water bug 
L. distinctifemur, but has not been reported from predatory 
reduviids [23, 27]. This finding is consistent with the notion 
that belostomatid venom 5′ nucleotidase inhibits ATP/ADP-
induced thrombocyte aggregation, which occurs in fish as 
well as other vertebrates [62] but has not been reported in 
insects [63]. Therefore, prey range may also affect venom 
composition in Heteroptera.

We found that L. distinctifemur produces different sets 
of venom proteins in separate gland lumens, and that gland-
specific expression patterns present another similarity to 
reduviids [23]. In particular, we observed high expression 
of the haemolysin-like protein family in the AMG and high 
expression of proteases and family 1 and 2 venom proteins in 
the PMG, which is also the case for the reduviid P. plagipen-
nis. This result suggests that giant water bugs share the abil-
ity of P. plagipennis to modulate their venom composition 

in a context-dependent manner [23], and that this ability 
represents another synapomorphy of the heteropteran venom 
system. For P. plagipennis, we have suggested that venom 
from the PMG performs prey capture and digestion, whereas 
venom from the AMG is used defensively [23]. However, 
the function of the two compartments of the main gland 
in belostomatids requires further investigation. Our results 
also contrast with a report that describes protease activity 
existing in the accessory gland of belostomatids but not the 
main gland [38], as the reverse arrangement was observed 
in our study. This difference might be partially explained by 
the different methods employed, since we looked at protein 
secretion and storage, whereas the study of Swart and col-
leagues measured substrate cleavage [38].

The present study is consistent with reports that rapid 
changes in venom composition in response to changes in 
venom use are achieved primarily through evolution in the 
expression levels of genes encoding venom proteins [5, 12, 
13]. Moreover, our results may assist the functional charac-
terisation of heteropteran venom constituents, as proteins 
that are strongly conserved in predaceous groups, but read-
ily lost in species that feed on blood or plants, may be spe-
cifically related to prey capture or the breakdown of animal 
tissues. This study provides insights into the evolutionary 
history of venom production in Heteroptera.

Materials and methods

Insects and venom collection

Giant fish-killer water bugs (L. distinctifemur) were pur-
chased from Australian Insect Farm (Innisfail, Australia). 
For L. distinctifemur, all venom extractions and dissections 
occurred less than 2 weeks after insects were collected 
from the wild by the suppliers using light traps. Smaller 
belostomatine water bugs (D. eques) were collected from 
ponds in Regency Downs, Queensland, Australia, and fed 
water snails collected from the same location. Venom was 
collected non-lethally from adult bugs by applying elec-
trostimulation (20 ms pulses of 40 V, 5 Hz) to the ventral 
or dorsal surface between the head and thorax, whilst the 
proboscis was inserted into a P200 pipette tip. Venom was 
immediately stored on ice and clarified by centrifugation 
(17,000 rcf, 10 min, 4 °C), and the supernatant stored at 
− 20 °C until analysis.

Fourier transform infrared spectroscopy

FTIR spectra acquired over the frequency range 
400–4000 cm−1 were obtained on a Nicolet 5700 FTIR 
spectrometer (Thermo Fisher) with a diamond attenuated 
total reflectance (ATR) attachment controlled by OMNIC 
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software. Resolution was 2 cm−1 and each spectrum was 
averaged over 64 scans. For each sample, 4 µl diluted venom 
(concentration ~ 1–5 mg/ml) was pipetted directly onto the 
ATR attachment and allowed to dry under a  N2 gas stream. 
Spectra for each sample shown are the result of averaging 
three different dried spots.

Transcriptomics

For RNA-Seq experiments, insects were anaesthetised by 
 CO2 for 10 min, and the main gland complex and accessory 
glands were dissected out and cleaned. Each gland compart-
ment (PMG, AMG, SS, and AG) was then carefully sepa-
rated. Tissue was pooled between individuals and each side 

of the body (33, 9, 4, and 3 mg of tissue, respectively). Tis-
sue was stored at − 20 °C until further analysis in > 10-fold; 
the tissue volume of RNAlater. Total RNA was extracted 
using a DNeasy kit (Qiagen) and mRNA purified using a 
Dynabeads mRNA Direct kit (1426, 530, 24, and 0.24 ng 
of mRNA, respectively) according to the manufacturer’s 
instructions. Nucleic acid concentrations were quantified by 
 A260 on a Nanodrop spectrophotometer (Thermo Scientific).

Construction and sequencing of RNA-Seq libraries 
were performed by the Institute for Molecular Bioscience 
Sequencing Facility at The University of Queensland, Aus-
tralia. For each of the posterior and anterior lobes of the 
main gland, a TruSeq library was constructed from ~ 300 ng 
mRNA. The multiplexed libraries were then sequenced as a 

Fig. 7  Ancient recruitment and radiation of heteropteran venom pro-
teins. Highly simplified heteropteran phylogeny showing probable 
locations of trophic switches and changes in venom composition. 
Branches are coloured green for predominantly phytophagous line-
ages, blue for predatory lineages, and red for haematophagous line-
ages (after [15]). Major changes in trophic strategy are marked with 

an asterisk. Possible recruitment and loss events for different pro-
tein families in the venom/saliva secretion are based on comparison 
with previously reported proteomes. Upward arrow: protein recruited 
or abundance in venom increased. Downward arrow: protein lost or 
abundance in venom diminished
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part of a high-output run on an Illumina HiSeq instrument, 
yielding 17,083,410 and (posterior lobe) and 22,958,470 
(anterior lobe) 150 bp paired-end reads. A combined tran-
scriptome of the anterior and posterior lobe was then assem-
bled as described previously [27] using Trinity v2.2.0, CLC 
Genomics Workbench (CLC) and CD-HIT-EST [64]. Con-
tigs were refined by re-mapping all reads with the ‘update 
contigs’ option selected in CLC Genomics Workbench. A 
library of possible protein sequences was generated using 
GetORF [65] with length > 90 bp. Gene expression data 
were obtained using the RNA-Seq Gene Expression module 
in CLC Genomics Workbench.

Proteomics

To obtain gland protein extracts, a single adult male was 
anaesthetised by  CO2 for 10 min and dissected under phos-
phate-buffered saline (PBS). After obtaining the venom 
gland complex, glands were washed and then carefully cut 
into their separate compartments (PMG, AMG, SS, and 
AG). The gland region from each side of the body was then 
pooled into 30 µl PBS; the sample was then vortexed for 
10 s and centrifuged (17,000 rcf, 30 s) to empty the gland 
lumens. Glandular tissue was removed with tweezers, the 
extract was clarified by centrifugation (17,000 rcf, 1 min), 
and the supernatant analysed. For electrophoresis, 10 µg 
 (A280 equivalent) of venom or protein extract was denatured 
in SDS-PAGE sample buffer containing 100 mM dithiothrei-
tol for 2 min at 95 °C, run on a 12.5% PAGE gel under 
denaturing conditions, and stained with Coomassie R250.

Tandem mass spectrometry (LC–MS/MS) of whole 
venom and SDS-PAGE bands was performed as previously 
described [27]. Briefly, tryptic digests of protein samples 
were separated on a Nexera Nano system coupled to an 
SCIEX 5600 mass spectrometer equipped with a Turbo V 
ion source. The resulting mass spectra in WIFF format were 
then compared to a library of possible protein sequences 
generated from RNA-Seq experiments (see “Transcrip-
tomics”) together with a list of common MS contaminants 
using a Paragon search within ProteinPilot (SCIEX) soft-
ware. Minimum criteria for protein identification were three 
distinct peptides observed with > 95% confidence, or one 
peptide with > 95% confidence plus a signal peptide with a 
D-score > 0.7 in SignalP 4.1.

Bioinformatics

Protein sequences were annotated by BLAST search against 
the UniProt UniRef90 database, as well as in-house data-
bases of assassin bug venom proteins. Further annotation of 
protein domains was performed using SignalP 4.1 [66] plus 
a HMMER search against the Pfam database [67].

For phylogenetic analysis, sequences were aligned using 
MAFFT [68] using the G-INS-I algorithm recommended 
for less than 200 sequences with a global homology and 
BLOSSUM62 as the substitution matrix. ProtTest3 soft-
ware [69] determined the best model as LG + I (Invariant 
sites) + G (Gamma), with discrete gamma distribution in 
four categories. Bayesian inference analysis was imple-
mented in BEAST version 1.8.3 [70]. The analysis ran for 
5 million cycles, with sampling every 1000 generations. 
The burn-in option on TreeAnnotator was used to discard 
the initial 10% of trees.

For comparing protein sequences with venom/saliva 
secretions of other heteropterans, we located studies from 
diverse heteropteran groups that used tandem mass spec-
trometry to identify proteins with high confidence against 
a transcriptome database prepared from the same species 
[23, 26, 27, 45, 49–52]. For each species, a FASTA file 
containing the identified sequences was prepared based 
on the published data and used as a database for a local 
BLAST search.

Hemipteran genomes searched (Table 2) comprised one 
representative from each family of non-heteropteran hemip-
terans available, AZLD00000000.1 (Pachypsylla venusta), 
JOTR00000000.1 (Diuraphis noxia), MPAX00000000.1 
(Philaenus spumarius), AWGM00000000.1 (Diaphorina 
citri), and FIZU00000000.1 (Pseudococcus longispinus). L. 
distinctifemur and P. plagipennis sequences were appended 
to the largest genome, that of P. spumarius, so that the cited 
E-values for the venomous species are the most conserva-
tive possible.
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