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Beyond formic acid: Peptides in carpenter ant venoms

aid in disease protection
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Venom peptides are key to the evolutionary success of most venomous animals, including stinging ants. The
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stingless ant subfamily Formicinae is thought to rely solely on formic acid in their venoms, despite early, unsub-
stantiated hints of proteinaceous venom constituents. Here, we show that carpenter ants, the largest formicine
genus, produce a diverse venom peptide arsenal. Mass spectrometry and transcriptomics across eight geograph-
ically distant species uncovered 35 peptides, formicitoxins, belonging to two gene families. Several formicitoxins
display antifungal activity. Application to pupae delays fungal outgrowth, suggesting a role of the peptides in
colony hygiene. Genome analyses revealed that formicitoxins are widespread but variable across the Formicinae.
Our findings overturn the paradigm of formicine venoms as simple acid sprays and establish them as a source of

bioactive peptides.

INTRODUCTION

Most ant species (Hymenoptera: Formicidae) are venomous. Fol-
lowing the first isolation of formic acid from Formica ants in the
dawn of modern chemistry (I), it was believed that formic acid
served as the principal toxin in the venoms of ants as well as honey-
bees and other aculeates (2). Today, we know that venoms containing
concentrated formic acid are an exception and among ants con-
fined to the Formicinae subfamily (3). In contrast, venoms composed of
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peptidic and proteinaceous toxins in aqueous solution are the norm—
not only among most ant subfamilies, but across venomous animals
in general, including other aculeates such as wasps and bees, chelic-
erates such as scorpions and spiders, and vertebrates such as snakes
and lizards (4).

The venoms of the Formicinae subfamily of ants, one of the most
speciose and ecologically dominant ant subfamilies, contain formic
acid in concentrations ranging from 40% to 70% (3). Since the sting
is absent in this subfamily, formicine ants expel their venoms through
a shared opening of the venom duct and the associated Dufour
gland, the so-called acidopore (3). Thus, formicine ants may apply
their venoms either in close contact by smearing, at a distance by
spraying, or directly into wounds inflicted by biting. Beyond their
role as biochemical weapons for offense and defense, venoms fre-
quently fulfill additional biological functions (4). This is particularly
evident in the Formicinae, which spread their venoms onto brood
and the surrounding nest environment, using it as an external im-
mune defense trait (5, 6). Moreover, formicine ants have been shown
to ingest their venom, thereby acidifying their gut for microbial
selection (7) (Fig. 1A), and to use it in recruitment signaling and
alarm communication (3, 4). It is widely assumed that the primary
constituent of these venoms, formic acid, plays a crucial role in this
diversity of functions. However, mostly overlooked findings from
earlier studies suggest the presence of peptidic compounds in the
venoms of formicine ants (2, 8, 9). Despite their potential involve-
ment in the functions of these venoms, this initial observation has
not been investigated to date.

Here, we characterize peptides in the venoms of formicine ants.
Combining mass spectrometry and transcriptomics, we identi-
fied 35 venom peptides from 13 samples of different carpenter ant
(Camponotus) species, one of the largest and most diverse ant gen-
era. We describe their structures and bioactivities, discuss their bio-
logical functions, mechanism of action, and evolutionary origins, and
demonstrate that these peptides belong to two formicitoxin (FRTX)
gene families present in at least 21 genera across the Formicinae
subfamily. In addition, we present data on the presence of various
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Fig. 1. Analysis of C. nicobarensis venom. (A) C. nicobarensis major worker during acidopore grooming. (B) Total ion current chromatogram of C. nicobarensis venom.

Major peaks corresponding to venom peptides are labeled as formicitoxins FRTX;-

Cnicla (LDIKEIINKIISDIKEKIAKAL), FRTX,-Cnicla (DIVSFLLELPKIIEEFFLKLINLFKLIF), and

FRTX,-Cnic2a (NILSNIIDSIIHLLFEDFSRIFL). Signals corresponding to N-acylethanolamines (NAEs) are labeled as linoleoyl ethanolamide (LEA), oleoyl ethanolamide (OEA),
linoleamidoethyl formate (LEA-f), and oleamidoethyl formate (OEA-f). (C) Dissected venom apparatus of a C. nicobarensis major worker as used for extraction of venom

and RNA. (D) MALDI mass spectrum of C. nicobarensis venom showing molecular

ions of FRTX,-Cnicla and FRTX,-Cnic2a along with potassium adducts (+39 Da) and

formyl esters (+28 Da). Inset: Magnified mass/charge ratio (m/z) range 3350 to 3550. (E) Structures of LEA, OEA, LEA-f, and OEA-f.

lipids in the venoms of carpenter ants, illustrating that carpenter ant
venoms are far more complex than previously recognized.

RESULTS AND DISCUSSION

The venom of Camponotus nicobarensis contains peptides
and lipids

To test our hypothesis that formicine ant venoms contain peptides,
we analyzed the venom of Camponotus nicobarensis workers using
electrospray ionization tandem mass spectrometry coupled to high-
performance liquid chromatography (HPLC-ESI-MS/MS). We found
the total ion current chromatogram of C. nicobarensis venom domi-
nated by a major peak corresponding to a compound with a mo-
noisotopic mass of 2507.5300 Da (Fig. 1B). Next, we sequenced the
venom apparatus transcriptome of C. nicobarensis and applied a pro-
teotranscriptomic workflow consisting of MS-based de novo peptide
sequencing combined with a BLAST search against the transcriptome
to identify the compound as a docosapeptide we named formici-
toxin FRTX;-Cnicla. Two additional peptides, FRTX,-Cnicla and
FRTX,-Cnic2a, were identified from lower-intensity signals (for no-
menclature, see Supplementary Text). To the best of our knowledge,
these compounds are the first peptides from the venom of a formi-
cine ant species that have been identified to amino acid sequence
level. No matches resulted from BLAST queries against the National
Center for Biotechnology Information (NCBI) core nucleotide and
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whole-genome shotgun contig sequence databases. Despite sharing
little sequence similarity, all three peptides were predicted to adopt
amphipathic a-helical conformations in solution (data S1)—a com-
mon property among venom peptides with antimicrobial activity
(10, 11). Each peptide was found accompanied by smaller amounts
of derivatives that were truncated or deamidated on glutamine or
asparagine residues. We also detected O-formylated variants of the
peptides, as evidenced by a mass increase of 28 Da at serine residues
and a neutral loss of 46 Da, consistent with the elimination of formic
acid. The observed truncation, deamidation, and formylation of the
peptides can well be explained by prolonged exposure to concentrated
formic acid (12, 13), implying that these compounds are produced
and stored in the venom reservoir (Fig. 1C). This was confirmed by
HPLC-ESI-MS/MS analysis of the content of a dissected reservoir,
which was found to be identical to the venom expelled by the ants
upon mechanical stimulation.

Next, we analyzed the venom of C. nicobarensis using matrix-
assisted laser desorption/ionization mass spectrometry (MALDI-
MS). While FRTX;-Cnicla could not be detected, FRTX,-Cnicla
and FRTX,-Cnic2a were observed, along with smaller amounts of
truncated and formylated derivatives (Fig. 1D). However, both pep-
tides were predominantly detected as their potassium adducts in
MALDI-MS. This prompted us to analyze the metal contents of the
venom using inductively coupled plasma mass spectrometry (ICP-
MS). Potassium was found to be indeed the most abundant metal
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ion in the venom (1.3 mg ml™"), along with smaller amounts of iron
and calcium (table S1), consistent with early reports on the compo-
sition of formicine ant venoms (3). While alkali metal adducts are
commonly observed in MALDI-MS of ant venom peptides (14), lit-
tle is known on the concentrations and functions of metal ions in
ant venoms. However, the prevenom of the scorpion Parabuthus
transvaalicus has been shown to contain elevated concentrations of
potassium (3.2 mg ml™"), aiding in the paralysis of prey (15).

In addition to the peptides, we identified two known N-
acylethanolamines (NAEs), oleoyl ethanolamide (OEA) and lino-
leoyl ethanolamide (LEA), in the venom of C. nicobarensis (Fig. 1E,
fig. S1, and Supplementary Text). While these compounds are known
signaling lipids in animals (16), they have, to the best of our knowl-
edge, not yet been reported as constituents of an animal venom. Both
LEA and OEA are known to influence the growth of different bacte-
ria (17), possibly assisting a function of the venom in microbial con-
trol. As for the FRTX peptides, OEA and LEA were accompanied by
their formyl esters LEA-f and OEA-f. We hypothesized that LEA-f
and OEA-f form spontaneously from LEA and OEA in the presence
of concentrated formic acid. Overnight incubation of synthetic OEA
and LEA in neat formic acid procured complete conversion to their
formic acid esters, which are identical to the compounds found in
the venom as judged by HPLC-ESI-MS/MS (figs. S2 to S9). Repeat-
ing this reaction on a preparative scale allowed us to confirm the
structures of LEA-f and OEA-f using nuclear magnetic resonance
(NMR) spectroscopy (figs. S11 to S18). While formylation of pep-
tides and proteins exposed to formic acid is well-known (12), we are
not aware of any application of this reaction in the synthesis of for-
mic acid esters, which usually requires catalysts or activating agents.
Of note, the free NAEs and their formic acid esters exist in equilib-
rium, and the ratios of LEA to LEA-f and OEA to OEA-f provide a
convenient estimate of the formic acid concentration in Camponotus
venoms (table S2 and Supplementary Text). Further analysis of the
HPLC-MS/MS data revealed the presence of lysophosphatidyl cho-
lines (LPC 18:1, 18:2, and 20:1) in the venom, which were not char-
acterized in further detail (fig. S10). LPCs are also present in the
venom of the predatory waterbug Belostoma anurum, where they con-
tribute to prey paralysis (18).

Formicitoxins are widespread among carpenter ants and
across the Formicinae subfamily

Having discovered three peptides in the venom of C. nicobarensis,
we set out to explore the diversity of venom peptides across the
Camponotus genus. Thus, we extended our proteotranscriptomic work-
flow to samples from 13 ant colonies representing eight species and
species complexes, originating from Europe, Africa, North America,
and Asia (Fig. 2A and fig. S19). For each colony, we analyzed venom
samples using HPLC-ESI-MS/MS and sequenced transcriptomes
of venom apparatuses and residual body tissues. Searching de novo
peptide sequences deduced from HPLC-ESI-MS/MS datasets against
the transcriptomes, we identified a total of 35 formicitoxin peptides
from the venoms of C. fallax, C. fellah, C. cf. floridanus, C. japonicus,
C. ligniperda, C. cf. maculatus, C. nicobarensis, and C. vicinus (Fig. 2C).
All samples contained the NAE and LPC lipids also found in the
venom of C. nicobarensis. In addition, using bottom-up proteomics,
we detected phospholipase B-like proteins in all 13 and icarapin-
like proteins in 11 samples (data S2). While phospholipase B likely
accounts for the presence of LPCs detected in Camponotus ven-
oms, the function of icarapin-like proteins is unknown. However,
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icarapin is a major allergen of honeybee venom, from which it was
originally discovered (19).

A maximum likelihood tree of all identified open reading frames
(ORFs) coding for FRTX peptides revealed that all Camponotus for-
micitoxins can be grouped into two gene families, FRTX; and
FRTX,, each characterized by the highly conserved prepropeptide
region (Fig. 2C, fig. $20, and data S3 and S4). Using the prepropep-
tide regions in FRTX; and FRTX, coding sequences as bioinformat-
ic handles, we identified 155 formicitoxins from 62 formicine ant
species (data S6), covering 21 formicine ant genera (data S7 and S8).
This set includes close analogs of the peptides detected using proteo-
transcriptomics such as FRTX;-Cfel1b and FRTX;-Cviclb, as well as
re-identified FRTX;-Cjapla, FRTX;-Cflo1lb, FRTX;-Cfella, FRTX,-
Cflola, and FRTX,-Cvic4a (figs. S21 and S22).

Focusing on the evolutionary origins of the formicitoxins, we
conducted BLAST and Exonerate searches against a total of 112 ant
and non-ant hymenopteran genomes. The results indicate the pres-
ence of FRTX peptides in the Formicinae subfamily only. We found
zero to eight copies of each gene per species, often localized in the
same scaffold or chromosome (data S9 and S10). This observation
matches the organization of venom peptides in tandem repeats in
the genome of the stinging ant Tetramorium bicarinatum (20). We
further constructed a maximum likelihood phylogeny of the formi-
citoxins and representatives of all known hymenopteran venom gene
families, in which FRTX peptides form a separate branch with
two clades corresponding to FRTX; and FRTX, peptides, respec-
tively (data S11). Moreover, we tested the sequences for conserved
domains using HMMER but did not detect any known domains
(data S12 and S13). Together, these results indicate that the formici-
toxins evolved in the Formicinae lineage. However, more in-depth
comparative genomic analyses would be needed to resolve the evo-
lutionary history of aculeate venom peptide families (21).

Camponotus formicitoxins are subject to qualitative and
quantitative variation

Generally, we found that each Camponotus species is armed with
its own arsenal of two to five venom peptides from both formi-
citoxin families (Fig. 2C, figs. S23 to S39, and table S3). How-
ever, we found considerable variation between samples within the
C. floridanus/atriceps and C. maculatus species complexes. For in-
stance, FRTX,-Cflola and FRTX,-Cflo2a are found in all three samples
from the C. floridanus/atriceps species complex, while FRTX;-
Cflola is only found in sample CFLO1 and replaced by FRTX;-
Cflo2a and FRTX;-Cflo2b in samples CFLO2 and CFLO3. Whether
this diversity is due to intraspecific variation, i.e., caused by allelic
diversity as has been described for Rhytidoponera metallica (22),
or rather interspecific variation between cryptic species as was ob-
served for ponerine ants (14), remains to be established. In contrast,
invariably the same peptides were detected in the venoms of five
C. ligniperda colonies sampled from distant geographical locations
in Germany, Switzerland, and Italy, albeit in differing relative quan-
tities (figs. S29 to S33 and $40).

Using a synthetic standard, we quantified FRTX;-Cnicla in ven-
om samples of C. nicobarensis and found a mean concentration of
0.36 + 0.05 mg ml™" (fig. $41). For five additional formicitoxins
in the venoms of C. nicobarensis and C. floridanus, we estimated
concentrations between 0.02 and 0.28 mg ml~', the variation in
concentrations between different peptides being greater than be-
tween concentrations of the same peptide in different venom samples
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Fig. 2. Proteotranscriptomic analysis of Camponotus venoms. (A) Cladogram, species names, and representative photographs of ants used in this work. The phyloge-
netic relationships between ant samples were reconstructed by mapping raw RNA sequencing reads to 100 reference genes using read2tree. Bootstrap values were cal-
culated from 1000 replicates. Species identities were confirmed using DNA barcoding of the cytochrome oxidase subunit | gene. (B) Volcano plot representing differential
gene expression of venom apparatus versus residual body tissues across all Camponotus samples. Cutoffs were 0.01 for P and 2 for log,-fold change, respectively. Formi-
citoxins: FRTX;, formicitoxin family I-type peptides; FRTX,, formicitoxin family ll-type peptides; DPP-IV, venom dipeptidyl peptidase IV; enzymes involved in formic acid
biosynthesis: 5-FCL, 5-formyl tetrahydrofolate cycloligase; MTHFD, methylenetetrahydrofolate dehydrogenase/cyclohydrolase; PC, pyruvate carboxylase; PEPCK, phos-
phoenol pyruvate carboxykinase; PGDH, 3-phosphoglycerate dehydrogenase; PSTA, phosphoserine transaminase. (C) Multiple sequence alignment of FRTX-coding ORFs
identified by mass spectrometry and mRNA sequencing. Nucleotide sequences of the prepropeptide region (1-47) were codon-aligned using MUSCLE and translated. A
gap was introduced in position 48 to separate preprosequences and mature peptides as determined by mass spectrometry (not aligned). Colony sample names are given
in parentheses. In sample CFLO3, FRTX;-Cflo2a was detected with mass spectrometry but not in the transcriptome. Amino acid color scheme: orange, aliphatic; yellow,
benzylic; green, hydrophilic; blue, basic; red, acidic. Photo credit (photograph of C. fellah): Z. Zhao, University of Cambridge.
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(table S4). These concentrations are somewhat lower than the con-
centrations of ponericin peptides found in the venom of the similar-
sized stinging ant Neoponera goeldii (1 to 46 mg ml™") (23). However,
large Camponotus workers can store up to 6 pl of venom in their
venom reservoirs (3, 24), and in our hands, workers of C. nicobarensis
and C. floridanus frequently ejected volumes larger than 1 pl, ex-
ceeding the total venom reservoir volume of N. goeldii (0.17 pl) by a
factor of 5 to 10. Thus, the total amount of a peptide delivered in a
single venom dose may be comparable.

Camponotus formicitoxins and genes for formic acid
biosynthesis are differentially expressed in venom

gland tissues

A differential gene expression (DGE) analysis comparing expression
levels in dissected venom apparatuses versus residual body tissue
(carcasses) revealed that FRTX-coding genes are differentially ex-
pressed in venom apparatus tissues (FRTX;: 42-fold higher expres-
sion, FRTX,: 49-fold higher expression; Fig. 2B, figs. S42 and 543,
and data S14). While this finding confirms that the formicitoxins are
venom peptides sensu stricto and not ubiquitous compounds unin-
tentionally secreted into the venom, FRTX-coding transcripts were
also detected in the residual body tissues. This may be explained by
either contamination with venom apparatus tissue or transcription
of these genes in other body parts, e.g., the fat body, as was recently
described for the honeybee venom peptide melittin in response to
bacterial infection (25). In addition to FRTX-coding genes, phos-
pholipase B and icarapin genes are up-regulated in the venom
apparatus. Further, we found genes coding for enzymes involved in
one-carbon metabolism and serine biosynthesis to be differentially
expressed in venom apparatus tissues (100-fold to 132-fold), bolster-
ing the proposed biosynthetic pathway for formic acid in formicine
ants from serine via tetrahydrofolate-bound one-carbon intermedi-
ates (3, 26, 27). Notably, the up-regulation of phosphoenol pyru-
vate carboxykinase (PEPCK) may enable funneling of tricarboxylic
acid cycle-derived carbon atoms to serine biosynthesis. This would
render formic acid biosynthesis independent from dietary uptake
of serine, which might be of crucial advantage under conditions of
protein scarcity.

Formicitoxins are translated as prepropeptides and
processed by at least two venom peptidases

The ORFs coding for formicitoxins encode longer peptides than
those detected in the venoms, suggesting that formicitoxins are
translated as precursor peptides (Fig. 2C). The N-terminal regions
of these prepropeptides are predicted to contain signal sequences,
which direct co-translational transport by the Sec translocon and are
subsequently cleaved by signal peptidase I (SPL; data S15). Within
the FRTX, gene family, the resulting propeptides exhibit a repeating
pattern where every second amino acid up to the secreted peptide is
either proline or alanine. Such propeptides are thought to undergo
stepwise cleavage by dipeptidyl peptidase IV (DPP-IV)-like prote-
ases, a process that has been well characterized for the principal
toxin of honeybee venom, melittin (28). We frequently detected small
amounts of unprocessed or partially processed propeptides of the
FRTX, family in Camponotus venoms that were consistent with se-
quential cleavage of dipeptides (figs. S23, S28 to S33, and S40), and
genes coding for venom dipeptidyl peptidase IV-like proteins were
found to be up-regulated in the venom apparatuses (Fig. 2B). Like
FRTX, propeptides, FRTX, propeptides contain dipeptide repeats

Kochetal, Sci. Adv. 12, eaed4078 (2026) 13 May 2026

where every second amino acid residue is alanine or proline. In ad-
dition, FRTX; propeptides contain a highly conserved RXKR motif,
suggesting that FRTX, peptides are eventually liberated by a ba-
sic amino acid-specific proprotein convertase (PPC) (29). In most
cases, this cleavage site directly precedes the sequence of the mature
venom peptides, except for FRTX,-Cmac3a, 4a, and 6a, where an ad-
ditional DPP-IV-cleavable dipeptide follows the PPC cleavage site.
DPP-IV-cleavable propeptides are also known from the aculeatoxins,
a proposed hyperdiverse gene superfamily comprising venom pep-
tides from stinging ants, wasps, and bees (20). It is, however, interesting
to note that FRTX propeptides, in contrast to aculeatoxin propeptides,
are generally not acidic. PPC-mediated processing of venom pep-
tides is common in animals but uncommon in aculeate hymenopter-
ans, where PPC-independent SPI/DPP-IV processing is the norm (30).

Formicitoxins are antifungal peptides that can protect brood
from fungal infection

Venom peptides from stinging ants and other arthropods are known
to exhibit potent algogenic, cytotoxic, insecticidal, paralyzing, or
antimicrobial activities that make them effective tools to deter pred-
ators, subdue prey, and ward off microbial infections (11, 23, 31-39).
To explore the bioactivities and potential functions of the formi-
citoxins, we synthesized seven representatives (FRTX;-Cfella, FRTX;-
Cflola, FRTX,-Cfella, FRTX;-Cnicla, FRTX,-Cflola, FRTX,-Cnicla,
and FRTX,-Cnic2a), selected to cover both gene families FRTX;
and FRTX; and most peptides from the venoms of C. nicobarensis,
C. fellah, and C. cf. floridanus, and subjected them to assays for in-
secticidal and antimicrobial activity.

Like stinging ants, formicine ants use their venoms in predation
(3). However, when injected into blowfly (Lucilia caesar) larvae as
a prey model, none of the tested FRTX peptides produced notable
paralyzing or lethal effects (fig. S53). This lack of activity is perhaps
unsurprising, as the high concentrations of caustic and cytotoxic
formic acid in formicine ant venoms likely alleviate the need for
additional paralyzing or insecticidal peptide toxins. In addition, for-
micine ants are not armed with stings and thus do not have an effi-
cient delivery mechanism for compounds that cannot penetrate the
cuticles of arthropod prey, although spraying venom into bite wounds
may provide an alternative (3).

Next to their most evident role in predation and defense against
competitors, hymenopteran venom peptides have also been proposed
to contribute to the immune defense of their producers (10, 11),
suggesting a dual function of these venoms as weapons and disinfec-
tants. In support of this, antimicrobial venom substances have been
detected on nesting materials and body surfaces of bees, wasps, and
ants (40-44), and the sanitary use of venom secretions is well docu-
mented in formicine ants (3). Formicine ants of various genera have
been observed applying their venom onto fungus-infected brood as
a means of disinfection (45-47), occasionally even sacrificing brood
to contain pathogen spread within the nest (48). Since the formici-
toxins are predicted to adopt amphipathic a-helical structures (data
S1), a characteristic of antimicrobial peptides (AMPs), we tested syn-
thetic formicitoxins for antimicrobial activity.

The peptides showed negligible antibacterial effects against Serratia
marcescens, Bacillus subtilis, Enterococcus faecalis, and Pseudomonas
aeruginosa, with the most pronounced but still weak inhibition ob-
served for B. subtilis by FRTX;-Cflo1a (figs. S54 to S57).

The peptides subsequently were tested against entomopathogen-
ic and opportunistic fungi. Four of the seven tested formicitoxins
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showed concentration-dependent antifungal activity against the op-
portunistic entomopathogens Metarhizium pingshaense and Beauveria
bassiana as well as a Penicillium brocae strain isolated from a
C. nicobarensis pupa (Fig. 3, A to C, and fig. S58). Two peptides,
FRTX;-Cnicla and FRTX,-Cflola, exhibited potent to moderate
inhibitory effects against all three fungal isolates [median inhibitory
concentration (ICsp) between 0.5 and 2.2 pM]. Their antifungal ac-
tivity exceeded that of the human AMP LL-37 against P. brocae and
M. pingshaense (ICsy > 8 pM). Against P. brocae, they achieved lower
molar ICs, values than the antifungal drug substance voriconazole
(0.9 pM and 0.5 pM versus 2.0 pM). In contrast, FRTX;-Cflola dis-
played only weak activity against all three fungal isolates. FRTX-
Cfella was only weakly active against B. bassiana and M. pingshaense
(ICs0 1.9 pM and 1.5 pM but only 35% and 40% maximal inhibition)
while showing stronger inhibition of P. brocae (ICsy 1.6 pM, >70%
inhibition), suggesting that the antifungal activity of the formici-
toxins is at least partially strain-specific. Accordingly, the high degree
of sequence variation among formicitoxins from different carpen-
ter ant species may reflect selection pressures imposed by habitat-
specific fungal pathogens.

Motivated by the antifungal activity of the formicitoxins in the
in vitro experiments, we decided to investigate if this activity would
increase the survival of fungus-infected ant pupae. Using an opti-
cal pH sensor, we first confirmed that C. nicobarensis pupae display
strong surface acidity that declines when pupae are removed from
the colony (fig. $59). This suggests that C. nicobarensis workers ap-
ply their acidic venom onto brood, which is in line with earlier ob-
servations that formicine ants routinely deploy venom around their
nesting environment (49). Next, we treated pupae with FRTX;-
Cnicla (240 ng or 96 pmol per pupa, equivalent to ~700 nl of venom)
and M. pingshaense conidiospores, and monitored fungal outgrowth
in the presence of workers (Fig. 3D and fig. $60). Although all pupae
eventually succumbed to the high dose of conidiospores used in the
experiment, fungal outgrowth was significantly delayed on pupae
treated with FRTX;-Cnicla (P = 0.003, hazard ratio: 1.571). The
same effect was found when the experiment was repeated in the
absence of workers (P = 0.004, hazard ratio: 1.514). Together, these
experiments suggest that the antifungal activity of FRTX;-Cnicla
can protect pupae from fungal infection when the acute antimicro-
bial effects of formic acid wear off due to evaporation.

A Pelficillium brocae B 12 Beauveria bassiana C IMetarhizium pingshaense
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Fig. 3. Antifungal activity of formicitoxins. (A to C) Growth inhibition (growth normalized to growth control) of P. brocae, B. bassiana, and M. pingshaense in the presence
of FRTX;-Cfel1a, FRTX;-Cflo1a, FRTX;-Cnicla, and FRTX>-Cflo1a (WST-8-based microtiter plate assay). (D) Survival of C. nicobarensis pupae treated with conidia of the
entomopathogenic fungus M. pingshaense (F) and the peptide FRTX;-Cnicla (P) or controls. Pupae were kept in groups of four, each with two workers. Each treatment
group contained N = 100 pupae. Treatments P+/F— and P+/F+ were compared with treatments P—/F— and P—/F+, respectively (P+/F— versus P—/F—: COXME: LR-test,
XZ =0.589, df = 1, P = 0.443; P+/F+ versus P—/F+: Cox Mixed Effects Model (COXME): Likelihood Ratio (LR)-test, Xz =8.8792, df = 1, P=0.003, hazard ratio: 1.571). (E and
F) Ultrastructural images of M. pingshaense conidia treated with FRTX;-Cnic1a or FRTX,-Cflo1a (atomic force microscopy). Characteristic defects are highlighted with ar-

rows. Conidia without visible defects are marked with an asterisk.
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Formicitoxins are amphipathic peptides that target
biological membranes

Despite variation in length and sequence, as discussed above, all iden-
tified FRTX peptides are predicted to adopt amphipathic a-helical
conformations (data S1) characteristic for AMPs that target biologi-
cal membranes (50). Principal components analysis revealed that
peptides from each FRTX gene family occupy a confined section of
physicochemical space defined by molecular weight, net charge, iso-
electric point, and hydrophobicity (fig. S61A and data S16 and S17).
This conservation of physicochemical properties rather than sequence
motifs further suggests that formicitoxins may target biological
membranes rather than specific proteins, and that each formici-
toxin family may have different mechanisms of action. Generally,
FRTX; peptides have isoelectric points >6.0 and are only moder-
ately hydrophobic, whereas most FRTX, peptides have isoelectric
points <6.0 and are more hydrophobic (fig. S61B). In contrast, most
known AMPs are polycationic, which is also true for AMPs from ant
venoms (39), although anionic AMPs are known (51-53). Since many
AMPs also display hemolytic activity caused by interaction with the
membrane bilayers of erythrocytes, we subjected our synthetic for-
micitoxins to hemolytic activity assays.

Three of the seven tested formicitoxins displayed concentration
and pH-dependent hemolytic activity against sheep erythrocytes in
low micromolar concentrations (fig. $62), confirming that these pep-
tides are membranolytic. Unlike the antifungal effects, which we
found for peptides from both formicitoxin subfamilies FRTX; and
FRTX,, hemolytic activity was exclusively found within the FRTX,
family (FRTX,-Cnic2a, -Cflola, and -Cfella).

On the basis of their antifungal activity, we selected FRTX;-Cnicla
and FRTX,-Cflo1la for more detailed structural and mechanistic in-
vestigations. First, we examined whether exposure of fungal spores
to these peptides would induce morphological changes. Using phase-
contrast microscopy and atomic force microscopy (AFM), we ob-
served that M. pingshaense conidia treated with FRTX;-Cnicla and
FRTX,-Cflola exhibit characteristic defects (Fig. 3, E and F, and
figs. S63 to S65). Upon treatment with FRTX;-Cnicla in phosphate-
buffered saline, conidiospores and germination tubes appear flat-
tened and fragmented. Exposure to FRTX,-Cflola led to granulation
and flattening of the central area of the spores, resulting in a donut-
like appearance. These defects can be interpreted as signs of plas-
ma loss as it would result from permeabilization of the plasma
membrane. On the other hand, peptide-treated conidia were not
stained when exposed to propidium iodide, suggesting that the
plasma membranes remain at least partially intact (figs. S66 and
S67). Membrane-disrupting peptides have also been described from
stinging ant venoms (54, 55).

Next, to confirm the predicted a-helical structures of these pep-
tides, we decided to perform solution NMR experiments of synthet-
ic FRTX;-Cnicla and FRTX,-Cflola (see Supplementary Text). The
'"H NMR spectrum of FRTX;-Cnicla in aqueous solution indicated
formation of aggregates, leading to line broadening and poor dis-
persion (fig. S68A). In a mixture of 2,2,2-trifluoroethanol (TFE) and
water, FRTX;-Cnicla adopted the predicted a-helical structure as
judged by two-dimensional heteronuclear single-quantum coher-
ence (HSQC) and nuclear Overhauser effect spectroscopy (NOESY)
NMR experiments (figs. S68B, S69, S71, S73, and S75). Similar-
ly, FRTX,-Cflola adopted a mostly a-helical conformation in TFE/
water (figs. S68C, S70, S72, S74, and S76), while its structure in aque-
ous solution could not be determined due to its low solubility. Many
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expected through-space nuclear Overhauser effect correlations were
missing in the region preceding Pro'® of FRTX,-Cflo1a, indicating a
kinked helix as predicted by PepFold and AlphaFold3 (fig. S77).
These predicted structures show that the hydrophobic face of the he-
lix is located on the inner side of the angle. Thus, integration into a
planar membrane would either require partial unwinding of the he-
lix or result in disturbance and bending of the membrane. Under the
conditions of our measurements, the His'2-Pro'? peptide bond was
found to be in trans configuration based on a C*-CY chemical shift
difference of 2.9 parts per million (ppm) (56). Of note, most of the
13 venoms analyzed in this work contain an FRTX, peptide with a
central proline residue, corroborating its functional importance.

To gain further insight into the interaction of both peptides with
biological membranes, we next studied their insertion into model
lipid monolayers by measuring changes of the surface pressure af-
ter injection of the peptides into the aqueous subphase (fig. S78).
Both FRTX;-Cnicla and FRTX,-Cflola showed maximum inser-
tion pressures (MIPs) greater than the monolayer-bilayer equiv-
alence pressure of 30 mN m™" in 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) monolayers (57, 58). The MIP of FRTX,-
Cflola was found to be much higher than that of FRTX;-Cnicla (47
versus 35 mN m™") and comparable to that of honeybee melittin
(45 mN m™ "), which is well-known to bind to and disrupt biomem-
branes (59, 60). These results are consistent with the hemolytic
activity of both melittin and FRTX,-Cflola, which is lacking for
FRTX;-Cnicla (61). Finally, we used infrared reflection absorption
spectroscopy (IRRAS) and film balance measurements to probe the
kinetics and orientation of the adsorption of the peptides to POPC
monolayers (fig. S79, A and C). Judging from pressure isotherms
and amide I integrals, FRTX;-Cnicla inserted into the monolayer
within minutes, whereas FRTX,-Cflola insertion required several
hours to complete (fig. S79, B and D). Despite its slower binding
kinetics, FRTX,-Cflola exhibited more extensive binding to the
monolayer, as evidenced by a higher amide I band integral after
complete adsorption [60 milli Reflectance-Absorbance (mRA) cm™
versus 30 mRA cm™ for FRTX;-Cnicla], consistent with its higher
MIP. The amide I band positions (FRTX;-Cnicla: 1658 cm™}, FRTX,-
Cflola: 1661 cm™") confirm that both peptides adopt an a-helical
structure upon binding to the monolayer, in agreement with our
structure predictions and solution NMR data. Global fitting of the
angle-dependent IRRA spectra yielded a helix tilt angle of 6 = 90°
with respect to the monolayer layer normal for both peptides, equiv-
alent to a parallel orientation with respect to the lipid surface.

In conclusion, we identified and characterized the formicitoxins—
the first venom peptides reported from the Formicinae, one of the
most species-rich ant subfamilies. Previously considered to be sim-
ple formic acid sprays, carpenter ant venoms are now shown to be
complex mixtures of formic acid, peptides, proteins, and lipids. Fur-
thermore, we demonstrate that formicitoxin-coding genes are pres-
ent across multiple genera within the Formicinae subfamily and
display considerable diversity within genera and even closely related
species, revealing a vast source of previously overlooked bioactive
peptides. Several formicitoxins exhibit activity against entomopatho-
genic fungi. Given that formicine ants deploy their venoms onto
nesting materials and brood, we propose that the role of the formi-
citoxins is to reinforce this external immune defense: While concen-
trated formic acid has strong immediate antimicrobial effects, the
formicitoxins may serve as a persistent antifungal protective cloak
after formic acid has lost its potency due to evaporation, dilution, or
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neutralization. However, we only determined the activity of selected
formicitoxins against selected model organisms, and therefore can-
not conclude on broader ecological implications, e.g., to which ex-
tent the formicitoxins help shape nest microbiomes. Conversely, we
are ignorant of how formicine ants, in turn, alter their venom com-
position in response to changes in their environment, e.g., microbial
challenges. Although inactive when injected into blowfly larvae, we
cannot rule out that FRTX peptides may exhibit insecticidal activity
against other arthropods, most notably other ants. In addition, fu-
ture work should investigate possible synergistic actions with other
venom components such as formic acid and lipids. The formicitox-
ins can be clearly delineated into two gene families, unique to the
Formicinae subfamily. The peptides from these gene families differ
in their physicochemical properties, hemolytic activity, and at least
in case of FRTX;-Cnicla and FRTX,-Cflola in membrane MIP and
effects on the morphology of fungal spores, suggesting distinct func-
tions and mechanisms of action. Future work should address in
more detail the mechanisms by which these molecular properties
translate into biological function. Given that formicine ants are dom-
inant in various ecosystems and, as eusocial insects, reliant on effec-
tive infection control, the formicitoxins offer a compelling model to
investigate how lifestyle and environmental pressures drive the evo-
lution of venom as a key adaptive trait.

MATERIALS AND METHODS

Camponotus workers were collected in the wild or from lab-reared
colonies. Ant species were determined morphologically and by cy-
tochrome oxidase subunit I DNA barcoding. Phylogenetic rela-
tionships between Camponotus samples were inferred by mapping
raw RNA-sequencing (RNA-seq) reads against 100 hymenopter-
an reference genes using read2tree (62). Venoms were expelled by
workers upon mechanical stimulation, collected with glass cap-
illaries, pooled, and stored at —70°C. For bottom-up proteomics, dried
venoms were reconstituted in buffer, reduced, alkylated, and
trypsin-digested before HPLC-ESI-MS/MS analysis. HPLC-ESI-MS/
MS analysis of ant venoms was carried out using Q Exactive Plus,
Q Exactive HE and Orbitrap Exploris hybrid quadrupole-orbitrap
mass spectrometers equipped with ESI sources (Thermo Fisher Sci-
entific) coupled to Dionex UltiMate or Vanquish Flex HPLC sys-
tems (Thermo Fisher Scientific). MALDI mass spectra were obtained
with an Ultraflex III MALDI-TOF/TOF mass spectrometer (Bruker
Daltonik, Bremen), operated in positive ionization and reflectron
mode. For each measurement, 1000 spectra with a range of 600 to
5000 Da were accumulated. RNA was isolated from venom appara-
tuses (reservoir, duct, convoluted gland, and glandular filaments)
and carcasses of at least 15 workers per colony using TRIzol extrac-
tion and sequenced to approximately 100,000,000 reads per sam-
ple on the Illumina HiSeq platform after poly(A) selection. Raw
reads were quality-filtered using fastp and assembled using Trinity
(63, 64). For cross-species differential gene expression (DGE) analy-
sis, a consensus genome and annotation were iteratively generated
per sample to reduce reference bias, using trimmed and filtered
RNA-seq reads mapped to the C. floridanus reference genome. Tran-
scripts with high coverage were retained to define a baseline gene
set. Expression differences were quantified using Bowtie2 (65), RSEM
(66), and DESeq2 (67) following count aggregation with tximport
(68). FRTX peptides were identified using BLAST (69) to search de
novo sequences obtained from fragment ion mass spectra against
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transcriptome assemblies and confirmed by manual analysis of
raw LC-MS data (top-down approach). Proteins were identified by
matching MS raw data against transcriptome-derived protein da-
tabases and annotated using the C. floridanus RefSeq genome as a
reference (bottom-up approach). Folded peptide structures were
predicted using PepFold4 (all peptides) and AlphaFold3 (FRTX,-
Cflola) (70, 71). Venom peptides were quantified against synthetic
standards using HPLC-MS. Synthetic formicitoxins were prepared
using microwave-assisted solid-phase peptide synthesis (Fmoc strat-
egy), purified using reversed-phase HPLC, converted to their hydro-
chloride salts by repeated lyophilization from diluted hydrochloric
acid, and used in experiments as dimethyl sulfoxide (DMSO) stock
solutions. Insecticidal/insect paralyzing activities of formicitoxins
and NAEs were determined by injection into L. caesar larvae at dos-
es of 400 and 200 nmol, respectively. To determine the antibacterial
effects of synthetic formicitoxins and NAEs, dilution series of com-
pounds were prepared in MH-I medium, inoculated with bacteria,
and growth curves were recorded using the optical density of the
bacterial suspension at 600 nm. Hemolytic activity of the tested
compounds was determined against sheep erythrocytes at 37°C for
1 hour in citric acid/phosphate buffers. P. brocae was isolated from
an ant pupa covered in fungal spores, which originated from a lab-
reared C. nicobarensis colony. This isolate was identified using DNA
barcoding of the internal transcribed spacer (ITS) region of the
rRNA cluster. The antifungal activities of formicitoxins and NAEs
were assessed in a WST-8-based microtiter plate assay (72), in which
dilution series of the test compounds in RPMI 1640 were inoculated
with conidiospores and incubated for 2 days at 27°C in the pres-
ence of menadione and WST-8. Fungal growth was then quantified by
photometric readout at 460 nm. For in vivo pupae infection experi-
ments, C. nicobarensis pupae were treated with 3 X 10° M. pingshaense
conidiospores and 96 pmol FRTX;-Cnicla or control solutions,
placed in petri dishes in groups of four, and inspected daily for fun-
gal outgrowth. Before AFM, fluorescence microscopy, and phase-
contrast microscopy, conidiospores of M. pingshaense were diluted
in phosphate-buffered saline (pH 7), test compounds were added as
DMSO stocks, and spore suspensions were incubated for 18 hours at
27°C. Insertion of peptides from a phosphate buffer subphase into
POPC monolayers was studied using film balance measurements
and IRRAS. Orientations of the peptides in POPC monolayers were
determined from angle- and polarization-dependent IRRAS experi-
ments. A complete description of the materials and methods used in
this study is provided in the Supplementary Materials.

Supplementary Materials
The PDF file includes:

Supplementary Materials and Methods
Supplementary Text

Figs.S1to S79

Tables S1to S5

Legends for data S1to S17
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