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ABSTRACT

Wasp venoms possess complex compositions and diverse bioactivities, making them potential pharmacological
sources. In this study, venoms from four wasp species (Vespa mandarinia, V. velutina, V. basalis, and Provespa
barthelemyi) were collected by electrical stimulation and analyzed using liquid chromatography-tandem mass
spectrometry. A total of 681 peptides were identified, nearly 90% of which had not been previously reported.
Comparative analyses revealed pronounced species-specific signatures at both peptide and peptide family levels.
Sequence-based analyses indicated that peptide release is consistent with targeted proteolytic cleavage patterns,
exhibiting features resembling known substrate preferences of metalloproteases and serine proteases, rather than
stochastic degradation. Bioinformatic predictions identified 291 peptides with potential bioactive properties
spanning multiple functional categories, with angiotensin-converting enzyme (ACE) and dipeptidyl peptidase IV
(DPP4) inhibitory activities being the most prominently represented. Among these, eight ACE inhibitory peptides
and seventeen DPP4 inhibitory peptides were prioritized as candidates based on predicted safety profiles, and
sequence-based analysis further identified ten putative cryptides. Overall, this study establishes the first
comparative peptidomic dataset across four wasp venoms, providing insights into peptide diversity, inferred
generation patterns, and predicted activities.

Significance: Venoms are rich sources of biologically active molecules and have historically provided templates
for clinically used therapeutics. Although major protein toxins have been extensively characterized, the
endogenous low-molecular-weight peptide fraction remains comparatively underexplored, particularly in social
wasps, and systematic comparative resources remain limited. Venom peptidomic datasets inherently contain
multiple layers of biological information, including diversification patterns, peptide origin, and potential
bioactivity, yet these aspects are often interpreted independently. By integrating these dimensions, this study
establishes a multi-level analytical framework for extracting biological insights and function-related information
from venom peptidomes. The identification of consistent cleavage patterns suggests a degree of regulation in
peptide generation, shifting the interpretation of venom peptides from degradation by-products toward bio-
logically organized repertoires. Moreover, candidate prioritization illustrates how peptidomic datasets can
generate experimentally testable functional hypotheses rather than serving solely as descriptive catalogs. The
resulting dataset serves as a reference resource for cumulative comparative analyses. The analytical framework
presented here also provides a transferable strategy for functional peptide discovery in other complex secretions.
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1. Introduction

Animal venoms are finely tuned biochemical arsenals that have
evolved over millions of years, primarily serving as predation, defense,
and ecological competition [1,2]. Beyond their ecological functions,
venoms represent valuable sources of pharmacologically active com-
pounds, and several venom-derived agents have been successfully
translated into clinical applications, including captopril, developed from
a peptide in Bothrops jararaca snake venom, and ziconotide, derived
from the marine cone snail Conus magus [3-5]. Hymenopterans (saw-
flies, wasps, ants, and bees) represent one of the most species-rich insect
lineages, comprising more than 153,000 described species [6]. Within
this order, venoms from wasps, ants, and bees have been reported to
exert a wide range of biological functions, including neuroregulatory,
immunomodulatory, antimicrobial, anticoagulant, and metabolic effects
[7-11]. Bee venom has been extensively investigated, particularly in the
context of apitherapy and bee venom-based interventions, owing to its
long-standing therapeutic use and reported -clinical applications
[12,13]. In contrast, wasp venoms are often associated with more
intense pain and immune responses, remain comparatively less explored
[14].

Given that naturally occurring bioactive peptides often exhibit high
target specificity, wasp venoms represent a largely underexplored yet
pharmacologically promising resource for therapeutic discovery [3].
Wasp venoms are complex biochemical mixtures comprising high-
molecular-weight proteins (such as enzymes and allergens), biogenic
amines, and diverse small peptides, including mastoparan, kinins, and
cytolytic peptides [14]. To date, research on wasp venoms has pre-
dominantly focused on a limited number of high-abundance proteins
and a small subset of well-characterized functional peptides, leaving the
overall composition and diversity of venom peptides insufficiently
explored [14,15]. In addition, a hallmark of animal venoms is their
remarkable diversity, as even closely related species can exhibit sub-
stantial variation in venom composition and biological activity [16]. To
date, studies focusing on venom peptides in wasps have largely been
restricted to individual species, and multi-species comparative datasets
remain scarce [14]. At the peptide level, fundamental features,
including peptide diversity, sequence variability, and species-specific
distribution patterns, remain poorly characterized across different
wasp venoms [14,15]. Considering the remarkable species richness of
wasps, their broad ecological distribution, and their pronounced bio-
logical effects, comparative analyses across multiple species are there-
fore essential.

Recent advances in trace-level analytical techniques, together with
the maturation of high-resolution liquid chromatography coupled to
mass spectrometry (LC-MS/MS) platforms, have enabled high-
throughput peptidomic analyses, facilitating to identify known pep-
tides and discover these previously unreported molecules [17,18].
Peptidomics has therefore been widely applied to elucidate the peptide
composition of animal venoms across diverse taxa, including snakes,
scorpions, and ants, and has proven particularly valuable for organisms
with limited venom availability [19-21]. Moreover, the direct charac-
terization of naturally occurring peptides provides unique insights into
their generation mechanisms and potential biological activities [19].
Accumulating evidence indicates that animal venom peptides are not
only produced through canonical precursor processing but may also
arise from regulated proteolytic cleavage events, highlighting non-
random mechanisms underlying venom peptide generation [22-25].
For example, cryptides, sequence-embedded bioactive peptides, have
been reported in venom systems and may represent an additional source
of functional peptides [25]. Thus, systematic analyses of venom peptides
may offer a powerful framework to gain deeper insights into species-
specific venom diversification and to uncover overlooked bioactive
peptides.

Based on the above considerations, the present study analyzed pep-
tidomics of venoms from four wasp species, V. mandarinia, V. velutina,

Journal of Proteomics 329 (2026) 105676

V. basalis, and Provespa barthelemyi. Venoms were collected by electrical
stimulation and analyzed using LC-MS/MS to comprehensively char-
acterize the repertoire of naturally occurring peptides. On this basis,
comparative analyses were performed to evaluate similarities and dif-
ferences in peptide composition among species, with the aim of eluci-
dating species-specific distribution patterns of wasp venom peptides.
Sequence-based analyses were further employed to explore potential
proteolytic cleavage features underlying peptide generation. Bio-
informatic approaches were applied to predict the putative pharmaco-
logical activities of the identified peptides, providing an initial
assessment of their functional potential. This study also reported the first
discovery of potential cryptide candidates from wasp venoms, offering
new perspectives for exploring the diversity and origins of bioactive
peptides in wasp venoms and their prospective relevance to drug
discovery.

2. Material and methods
2.1. Materials

Venoms from Vespa mandarinia, V. velutina, V. basalis, and Provespa
barthelemyi were collected in Yunnan Province, China, in July 2022. The
venoms were obtained using specialized collection devices placed at the
entrance of the hives. Adult wasps were electrically stimulated to trigger
venom release onto sterile glass plates. The collected venom was
immediately lyophilized and stored at —80 °C in the dark prior to
analysis.

2.2. Preparation of crude wasp venom (WV) extracts

Lyophilized wasp venom (4 mg) was reconstituted in 1 mL of ultra-
pure water and mixed by gentle vortexing for 1 min. The suspension was
subsequently sonicated (100 W, 3 min) and clarified by centrifugation at
11,180 xg for 10 min at 4 °C. The resulting supernatant was passed
through a 0.22 pm membrane filter to obtain crude WV extracts.

2.3. Purification of proteins and peptides from crude WV extracts

Proteins and peptides in the crude WV extracts were separated by
cation-exchange chromatography using a Toyopearl GigaCap S—650S
column (Tosoh Bioscience, Tokyo, Japan). The system was operated
with 0.2 M citrate buffer (pH 5.0) as solvent A and the same buffer
supplemented with 1 M NacCl as solvent B. Samples (2 mL per injection)
were loaded, then eluted at 1 mL/min, while UV absorbance was
recorded at 280 nm. Based on venom diversity, species-specific multi-
step gradient programs were applied. For V. mandarinia, the gradient
was as follows: 0-37 min, 0% B; 37-220 min, linear 0 - 100% B;
220-250 min, hold at 100% B. For V. velutina, V. basalis, and Provespa
barthelemyi, the gradient program was: 0-20 min, 0% B; 20-470 min,
linear 0 — 50% B; 470-480 min, linear 50 — 100% B; 480-530 min, hold
at 100% B. Fractions corresponding to individual peaks were collected,
and peak areas were calculated to estimate their relative contributions
to the total WV protein contents.

2.4. SDS-PAGE analysis of individual fractions

Protein profiles of the collected fractions were examined by reducing
SDS-PAGE in a Tris-glycine buffer system. A pre-stained molecular
weight marker (Beyotime Biotechnology, Shanghai, China; 10-180 kDa)
was included for size estimation. Samples were mixed with 5x loading
buffer, heat-denatured at 95 °C for 5 min, and briefly centrifuged to
remove insoluble material. Electrophoresis was carried out at 120 V
using a 4-20% Tris-glycine gel (Beyotime Biotechnology, Shanghai,
China). Gels were subsequently fixed and stained with Coomassie Bril-
liant Blue R-250 for protein visualization.
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2.5. Protein identification of electrophoresis bands

Protein bands were excised from SDS-PAGE gels and processed by in-
gel digestion. Briefly, gel pieces were rinsed with ultrapure water, cut
into 1 mm® cubes, and destained using 50% acetonitrile in 25 mM
ammonium bicarbonate. Disulfide bonds were reduced with 10 mM
dithiothreitol (56 °C, 30 min) followed by alkylation with 55 mM
iodoacetamide. The proteins were then digested with sequencing-grade
trypsin (12.5 ng/pL) overnight at 37 °C. Peptides were recovered by two
consecutive extractions with 1% trifluoroacetic acid in 50% aqueous
acetonitrile (30 min each) and subsequently concentrated to near dry-
ness using a SpeedVac centrifugal vacuum concentrator.

Protein identification was performed on an Orbitrap Fusion mass
spectrometer coupled to an Easy-nLC 1000 system (Thermo Fisher Sci-
entific). Peptide mixtures were resolved on a C18 trap column (Acclaim
PepMap, 100 pmi.d. x 2 cm, 3 pm; Thermo Fisher Scientific) using a 60-
min linear gradient at a flow rate of 300 nL/min. Solvent A was 0.1%
formic acid in water and solvent B was 0.1% formic acid in acetonitrile.
Data were acquired in a data-dependent acquisition (DDA) mode, with
full MS scans collected in the Orbitrap over an m/z range of 350-1500 at
a resolution of 120,000. The most intense precursors were subsequently
selected for top-speed MS/MS analysis in the ion trap using a 1.6 m/z
isolation window and 35% normalized collision energy. Raw spectra
were processed in Proteome Discoverer (v2.4, Thermo Fisher Scientific,
USA) and searched against the Vespinae FASTA database downloaded
from NCBI (taxonomy ID: 7439; 92,332 entries; accessed May 6, 2023).

2.6. Peptidomics analysis

Peptide-containing fractions obtained from the 2.3 section were first
processed using 3 kDa ultrafiltration centrifugal devices (Millipore, MA,
USA) to enrich low-molecular-weight peptides (<3 kDa). The resulting
filtrates were desalted and concentrated on a C18 solid-phase extraction
cartridge (Waters, USA). After drying under vacuum, peptides were
reconstituted in 20 pL of 0.1% (v/v) formic acid prepared in ultrapure
water and subjected to LC-MS/MS analysis.

Peptidomics data were acquired under the same LC-MS/MS condi-
tions described in Section 2.5. Raw MS/MS files were processed in
PEAKS X Pro (Peaks Studio 10.6; Bioinformatics Solutions Inc., Water-
loo, Canada) using the de novo sequencing workflow with the following
settings: precursor mass tolerance, 20 ppm; fragment ion tolerance, 0.02
Da; enzyme specificity, none; and variable modifications including
oxidation, deamidation, and protein N-terminal acetylation, allowing up
to three variable post-translational modifications (PTMs) per peptide. As
tandem mass spectrometry cannot reliably distinguish isoleucine from
leucine, isoleucine residues were reported as leucines in de novo se-
quences. Peptides with ALC > 80% and non-zero peak areas were
retained as high-confidence endogenous venom peptides and compiled
into an in-house venom peptide database consisting of four species-
specific libraries (Vm, Vv, Vb, and Pb) for downstream comparative
and bioactivity analyses (see Supplemental Peptide Database_Vm, _Vv,
_Vb, and _Pb.txt). Homology-based annotation was performed using the
UniProt BLAST tool against UniProtKB entries restricted to Vespa (tax-
onomy ID: 7443) and Provespa (taxonomy ID: 76993) (accessed October
10, 2024). Peptide novelty was further evaluated using the UniProt
Peptide Search tool (https://www.uniprot.org/peptide-search) against
UniProtKB (accessed October 18, 2024).

2.7. Sequence-level specificity and conservation analysis of peptides
across four wasp venoms

To assess the sequence-level specificity and conservation of venom
peptides among the four wasp species, we firstly performed an UpSet
analysis based on exact sequence matching, enabling a direct compari-
son of fully identical peptides across species. To further explore
sequence conservation, peptides were clustered at 90% sequence
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identity using MMseqs2 implemented on the Galaxy server (https://useg
alaxy.eu/), and the resulting clusters were visualized as an additional
UpSet plot. All analyses were performed in RStudio (version 2025.051; R
version 4.5.1) using the UpSetR package [26] to quantify unique and
shared peptides (or peptide family clusters) among species.

2.8. Analysis of P4-P4’ cleavage site motifs

To define the sequence motifs governing venom peptide proteolysis,
we generated P4-P4’ motifs from all mature peptides (>8 aa). This was
achieved by concatenating the residues immediately flanking the pre-
dicted cleavage sites (P4-P1 and P1°'-P4’). For example, the peptide
AAPPEFIK yields the motif EFLKAAPP. This analytical strategy follows
established approaches used in venom peptidomics [24,27]. Amino acid
frequency patterns of the motifs were visualized as sequence logos using
the ggseqlogo R package implemented in RStudio (version 2025.051; R
version 4.5.1).

2.9. In silico prediction of peptide bioactivities

Peptides from the in-house venom databases were evaluated for in
silico bioactivity. General bioactivity was first predicted using Pepti-
deRanker (https://peptide.ucd.ie/peptideranker/), and sequences with
scores >0.5 were retained as putative bioactive candidates. To further
investigate specific biological functions, these candidates were analyzed
using the BIOPEP-UWM database of bioactive peptides (https://bioch
emia.uwm.edu.pl/biopep-uwm/) [28], which contains literature-
reported bioactive peptides (n = 4765, as of December 2023). This
platform was selected to enable a broad and integrative initial overview
of potential bioactivities within a single analytical framework. The fre-
quency of bioactive fragments within each peptide (A-value; A = a/N,
where a is the number of activity-related fragments and N is the total
number of residues) was calculated, and peptides with A-values >0.8
were considered to possess potential bioactivity. These bioactive can-
didates were further evaluated for safety, including toxicity, hemolytic
potential, and allergenicity. Toxicity was predicted using the ToxinPred
server (https://webs.iiitd.edu.in/raghava/toxinpred/index.html;
accessed August 16, 2025). Hemolytic potential was assessed with
HemoPI (https://webs.iiitd.edu.in/raghava/hemopi/; accessed August
16, 2025), where the PROB score represents the normalized SVM output
ranging from O (very unlikely to be hemolytic) to 1 (very likely to be
hemolytic). Allergenic potential was predicted using the AlgPred online
tool (https://webs.iiitd.edu.in/raghava/algpred/submission.html;
accessed August 18, 2025), with MEME/MAST motif matching applied
as a primary filter to identify non-allergenic peptides.

2.10. Criteria for identifying putative cryptide candidates

Peptides predicted to possess bioactivity were further evaluated to
assess their suitability as putative cryptide candidates based on parent
protein origin and sequence reliability. Each peptide sequence was
mapped to its corresponding precursor protein, and amino acid assign-
ments were carefully examined for both physiological plausibility and
mass spectrometry detectability. Particular attention was given to res-
idue pairs that cannot be unambiguously distinguished by tandem mass
spectrometry, such as isoleucine and leucine. Peptides lacking identifi-
able precursor proteins or exhibiting ambiguous de novo sequencing
assignments were excluded. The novelty of the retained peptide candi-
dates was evaluated as described in Section 2.6 (Peptidomics analysis).

2.11. Data visualization and data availability

Graphical representations were generated using RStudio (version
2025.051; R version 4.5.1) and GraphPad Prism 8.0 (GraphPad Soft-
ware, San Diego, CA, USA). The mass spectrometry data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
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repository with the dataset identifier PXD074345. 3. Results
3.1. Purification of protein and peptide fractions from crude extracts

3.1.1. V. mandarinia (Vm) venom
The cation exchange chromatographic elution profile and
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Fig. 1. Cation exchange chromatography elution profiles (A-D) and corresponding SDS-PAGE analyses (a-d) of four wasp venom samples. Venom samples
A-D (a-d) represent: A, a — Vespa mandarinia; B, b — V. velutina; C, ¢ — V. basalis; D, d — Provespa barthelemyi. (A-D) Chromatographic profiles of crude venom extracts
separated by cation exchange chromatography using a Toyopearl GigaCap S-650S column. Absorbance at 280 nm was monitored, and bound proteins were eluted using a
stepwise NaCl gradient (0-1 M) in 50 mM acetate buffer (pH 5.0) at a flow rate of 1.0 mL/min. A total of five (A), six (B), four (C), and three (D) main protein fractions were
collected from V. mandarinia, V. velutina, V. basalis, and P. barthelemyi, respectively. (a-d) SDS-PAGE analysis (10% gel, non-reducing conditions) of crude venom extracts
and their corresponding eluted fractions. Lanes: M, molecular weight markers; Vm, crude venom extract from V. mandarinia; Vv, crude venom extract from V. velutina; Vb,
crude venom extract from V. basalis; Pb, crude venom extract from P. barthelemyi; F1-F6, eluted fractions F1 to F6 (number of fractions varies by sample).—
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corresponding SDS-PAGE analysis of the crude V. mandarinia venom are
presented in Fig. 1 A. Five distinct fractions (F1-F5) were obtained
(Fig. 1A), respectively accounting for 1.65%, 0.91%, 2.62%, 0.51%, and
87.41% of the total protein content. These fractions were analyzed by
10% SDS-PAGE under non-reducing conditions (Fig. 1a). Mass spec-
trometry analysis (Table 1) identified probable phospholipase Al
(PLA1) magnifin isoform X2 and PLA1 1 as the predominant components
in fractions F2 and F3, respectively. Fraction F4 mainly contained hy-
aluronidase A and PLA1 1 (Table 1). The poor SDS-PAGE resolution of
peptides in fractions F1 and F5, particularly those below 10 kDa, is
attributed to diffusion during electrophoresis or staining. This indicates
that these fractions are enriched in peptides that are poorly retained or
visualized by conventional SDS-PAGE. Given the high abundance of F5,
this fraction was selected for further processing, including sequential
membrane filtration, desalting, and additional purification for
peptidomics.

3.1.2. V. velutina (Vv) venom

The crude V. velutina venom yielded six fractions (F1-F6) following
cation exchange chromatography (Fig. 1B), representing 1.23%,
69.08%, 1.48%, 0.83%, 1.58%, and 21.30% of the total protein content,
respectively. These fractions were separated and analyzed by 10% SDS-
PAGE under non-reducing conditions (Fig. 1b). Mass spectrometry
analysis (Table 1) revealed that fraction F3 primarily contained hyal-
uronidase A and PLA1, while F4 was predominantly composed of PLA1
1. Fraction F5 included both PLA1 1 and venom allergen 5. As with Vm
venom, several peptides smaller than 10 kDa were poorly resolved in
SDS-PAGE. F1, F2, and F6 are presumed to consist mainly of small
peptides undetectable by gel electrophoresis. Fractions F2 and F6, given
their high abundance, were selected for further peptidomics analysis
following membrane filtration and desalting.

3.1.3. V. basalis (Vb) venom

The elution profile of crude V. basalis venom revealed four major
fractions (F1-F4) (Fig. 1C), contributing 2.07%, 55.42%, 6.00%, and
18.32% of the total protein content, respectively. SDS-PAGE analysis
was performed under non-reducing conditions (Fig. 1c). Fraction F3 was
found to be enriched in PLA1 based on mass spectrometry data (Table 1).
Peptides with molecular weights below 10 kDa were not clearly resolved
in SDS-PAGE. Therefore, F1, F2, and F4 are likely to contain predomi-
nantly small peptides. Due to their relative abundance, fractions F2 and
F4 were further purified and processed for downstream peptidomics
studies.

3.1.4. Provespa barthelemyi (Pb) venom
Cation exchange chromatography of crude Provespa barthelemyi
venom yielded three major fractions (F1-F3), as shown in Fig. 1D. These

Table 1
Protein identification of SDS-PAGE bands by LC-MS/MS*.
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fractions accounted for 12.09%, 55.19%, and 1.79% of the total protein
content, respectively. The fractions were analyzed by 10% SDS-PAGE
under non-reducing conditions (Fig. 1d). Mass spectrometry identified
PLA1 1 as the major protein in fraction F3 (Table 1). As in previous
samples, fractions F1 and F2 exhibited poor SDS-PAGE resolution for
low-molecular-weight peptides, suggesting the predominance of small
peptide components. Given its high abundance, F2 was selected for
further peptide-focused purification and analysis.

All four wasp venoms were successfully fractionated using a one-step
AKTA purification strategy. Distinct elution patterns were observed
among species, reflecting interspecific variation in venom composition.
Pure PLAl-related proteins were electrophoretically isolated from the
venoms of V. mandarinia, V. basalis, and Provespa barthelemyi. Two
proteins, Probable PLA1 magnifin isoform X2 and PLA1 1, were purified
from V. mandarinia venom. Mass spectrometry and database searches
indicated that both correspond to entries annotated as “predicted from
genomic sequence,” suggesting that these results represent the first
experimental confirmation of these proteins in V. mandarinia venom.
From V. basalis venom, a single electrophoretical pure PLA1 protein was
identified. The protein isolated from Provespa barthelemyi venom shared
high peptide homology with V. mandarinia PLA1 1, although no gene or
protein record for this enzyme exists in public databases for Provespa
barthelemyi. Collectively, these results demonstrate the presence of
multiple PLA1 isoforms across different wasp venoms and provide a
biochemical foundation for subsequent peptidomics analyses.

3.2. Peptidomics analysis of peptide-containing fractions

The peptidomics analysis of purified fractions are presented in Fig. 2.
A total of 91, 182, 303, and 105 high-confidence peptides (Fig. 2A,
Table S1) were respectively identified from the fraction F5 of
V. mandarinia venom (in Fig. 1A), fractions F2 and F6 of V. velutina (in
Fig. 1B), fractions F2 and F4 of V. basalis (in Fig. 1C), and fraction F2 of
Provespa barthelemyi (in Fig. 1D). Among these, 76, 161, 274, and 97
peptides respectively from V. mandarinia (Vm), V. velutina (Vv),
V. basalis (Vb), and Provespa barthelemyi (Pb) venoms, were not recorded
in the UniProt peptide database, suggesting that they may represent
novel peptides. All identified peptides across the four wasp venoms had
molecular weights below 2 kDa (Fig. 2B). For peptides derived from Vm,
Vb, and Pb venoms, the 1.5-2.0 kDa range represented the most abun-
dant molecular weight interval, respectively accounting for 45.05%,
43.89%, and 48.57% of peptides. In contrast, approximately 58.24% of
peptides from Vv venom fell within the 1.0-1.5 kDa range, indicating a
species-specific distribution pattern. Peptide length distributions across
the four wasp venoms are shown in Fig. 2C. The identified peptides
ranged from 6 to 19 amino acids in Vm, 5 to 18 in Vv, 5 to 20 in Vb, and 6
to 21 in Pb. Despite differences in length ranges, the median peptide

Fractions Accession NO. Coverage (%) Peptides MW (kDa) /PI Protein name

Vm F2 XP_035732009.1 48 15 37.6/8.5 Probable phospholipase A1 magnifin isoform X2, OS = V. mandarinia
Vm F3 XP_035732026.1 59 23 37/8.53 Phospholipase Al 1, OS = V. mandarinia
Vm F4-1 XP_035735901.1 21 10 42.1/9.44 Hyaluronidase A, OS = V. mandarinia
Vm F4-2 XP_035732026.1 46 14 37/8.53 Phospholipase Al 1, OS = V. mandarinia
Vv F3-1 COHLL4.1 23 9 40/9.35 Hyaluronidase A, OS = V. velutina

Vv F3-2 COHLL3.1 55 15 33.9/8.84 Phospholipase Al, OS = V. velutina

Vv F4-1 XP_047357581.1 41 12 37.1/8.6 Phospholipase Al 1, OS = V. velutina
Vv F4-2 XP_047357581.1 48 15 37.1/8.6 Phospholipase Al 1, OS = V. velutina
Vv F5-1 XP_047357581.1 43 15 37.1/8.6 Phospholipase Al 1, OS = V. velutina
Vv F5-2 PODMB9.2 50 8 22.7/9.01 Venom allergen 5, OS = V. velutina

Vb F3 4QNN_B 46 17 33.2/8.63 Phospholipase Al, OS = V. basalis

Pb F3 XP_035732026.1 32 10 37/8.53 Phospholipase Al 1, OS = V. mandarinia

Mw, molecular weight; pl, isoelectric point; *Protein identification was performed using a Thermo Orbitrap Fusion mass spectrometer. Vm, Vespa mandarinia; Vv,
V. velutina; Vb, V. basalis; Pb, Provespa barthelemyi. Protein band labels such as “F4-1" and “F4-2” indicate multiple visible bands observed within a single SDS-PAGE
lane corresponding to elution fraction F4. The numbering reflects relative molecular weight in descending order, i.e., F4-1 represents the band with higher molecular

weight than F4-2 within the same lane.
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Fig. 2. Peptidomic characterization of venom extracts from four wasp species. (A) Number of peptides identified in each wasp venom. (B) Molecular weight
distribution of peptides. All peptides fell below 2 kDa in molecular weight; thus, only three intervals were used for comparative distribution analysis. (C) Peptide
length distribution in each venom sample. (D) Protein source classification of the identified peptides based on BLASTP annotation against the UniProt wasp pro-

tein database.

lengths were relatively consistent among species, with values of 13, 12,
13, and 13 amino acids for Vm, Vv, Vb, and Pb, respectively.
V. mandarinia, V. basalis, and Provespa barthelemyi venom exhibited
unimodal and relatively concentrated peptide length distributions,
whereas V. velutina venom showed a broader profile with potential
bimodal characteristics, suggesting greater variability in peptide pro-
cessing or composition. The protein origins of the identified peptides are
presented in Fig. 2D and detailed in Table S1. A large proportion of
peptides in all four venoms did not match any known proteins in the
UniProt wasp protein database, accounting for 79.12%, 56.04%,
43.89%, and 71.43% in Vm, Vv, Vb, and Pb, respectively. Among the
peptides with identifiable protein origins, most were derived from
mastoparan-related precursors, including Mastoparan-B, Mastoparan-X,
and Mastoparan-V, whereas only a small fraction (1-3%) originated
from other protein sources. These results indicate the coexistence of
conserved and species-specific components in the wasp venom
peptidomes.

3.3. Sequence-level specificity and conservation of venom peptides and
peptide families

To evaluate the sequence-level specificity and conservation of venom
peptides among four wasp species (V. mandarinia, V. velutina, V. basalis,
and Provespa barthelemyi), we firstly performed an UpSet analysis based
on exact sequence matching (Fig. 3A), enabling direct comparison of
fully identical peptides across species. The number of peptides identified
in each species was consistent with the overall peptidomic profiling
results (Fig. 3A), with 303 in V. basalis, 182 in V. velutina, 105 in Pro-
vespa barthelemyi, and 91 in V. mandarinia. The vast majority of peptides
were species-specific: 279 (92.08%) in V. basalis, 162 (89.01%) in
V. velutina, 89 (84.76%) in Provespa barthelemyi, and 74 (81.32%) in

V. mandarinia. Only two peptides were conserved across all four species,
indicating an extremely limited core venom repertoire. A small number
of peptides were shared between two or three species, such as 13 be-
tween V. basalis and V. mandarinia, 9 between V. velutina and Provespa
barthelemyi, and 4 between V. basalis and V. velutina. These findings
highlight the high degree of species specificity and compositional di-
versity in wasp venom peptidomes.

To further investigate whether peptides with similar sequences
might be conserved across species, we performed peptide clustering at
90% sequence identity using MMseqs2, and generated an additional
UpSet plot (Fig. 3B). This approach grouped highly similar peptides into
putative families for comparative analysis, potentially reflecting shared
structural or functional properties. As a result, 300, 175, 105, and 91
peptide families were detected in V. basalis, V. velutina, Provespa bar-
thelemyi, and V. mandarinia, respectively. Despite this relaxed threshold,
the majority of families remained species-specific: 276 (92.00%), 155
(88.57%), 89 (84.76%), and 74 (81.32%) in each species, respectively.
These values exhibited negligible deviation from the exact-match anal-
ysis, supporting the conclusion that cross-species peptide family overlap
is constrained, even when sequence similarity is high. Notably,
V. mandarinia showed the lowest proportion of species-specific clusters,
suggesting slightly greater interspecies similarity. Only two peptide
families were shared among all four species, underscoring the narrow
extent of conserved venom features. These two shared families are
represented by the peptides FVFGCAEALYK (Vm_013) and
LNWKGLAAMAKKLL (Vm_067), respectively (Table S1). Taken
together, these results demonstrate a strong species-specific signature in
wasp venom peptides at both the individual and family level, while
revealing a small but noteworthy set of conserved peptide families that
may reflect shared evolutionary pressures or ecological adaptations.
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Fig. 3. Comparative analysis of unique and shared peptides (A) and peptide family clusters (B) in the venoms of four wasp species. (A) UpSet plot showing
the distribution of unique and shared peptides identified from the venom peptidomes of V. mandarinia (Vm), V. velutina (Vv), V. basalis (Vb), and Provespa barthelemyi
(Pb), based on exact sequence matches. The bar chart on the bottom left indicates the set size, representing the total number of peptides identified per species. The bar chart on
the top right shows the intersection size, indicating the number of peptides shared by the species highlighted by black dots in the matrix panel below. (B) UpSet plot showing
peptide family clusters identified based on 90% sequence similarity using MMseqs2. The bar chart on the bottom left indicates the set size, representing the total number of
peptide family clusters per species. The top right bar chart shows the intersection size, indicating the number of clusters shared by the species highlighted by black dots in the

matrix panel. For example, two peptide family clusters are present in all four species.

3.4. Characterization of P4-P4’ proteolytic cleavage motif

To examine proteolytic cleavage preferences, we analyzed amino
acid frequencies at the P4-P4’ positions for peptides (>8 amino acids)
identified from four wasp venoms (Fig. 4, Supplementary Fig. S1, Sup-
plementary Table S2).

3.4.1. V. mandarinia

Cleavage sites in V. mandarinia venom peptides exhibited a distinctly
non-random distribution (Fig. 4, Supplementary Table S2). For P1,
leucine (L, 30%), arginine (R, 20%), and lysine (K, 18%) were

predominant. P1’ was similarly enriched in L (39%) and K (26%), with
alanine (A) and phenylalanine (F) more frequent than at P1. Upstream
positions (P4-P2) were mainly hydrophobic, whereas downstream sites
(P2’-P4’) included both hydrophobic residues and small polar residues
such as A, glycine (G), and serine (S).

3.4.2. V. velutina, V. basalis, and Provespa barthelemyi

In these three species (Fig. 4, Supplementary Table S2), P1/P1’ po-
sitions were enriched in basic (K, R) and hydrophobic (L, valine (V))
residues, with species-specific patterns. In V. velutina venom peptides, L
(35%) dominated P1’, accompanied by elevated G and asparagine (N)
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Fig. 4. Sequence logos showing amino acid frequency motifs from positions P4 to P4’ in venom-derived peptides of V. mandarinia (A), V. velutina (B),
V. basalis (C), and Provespa barthelemyi (D). Letter height reflects the relative frequency of each residue at the given position, scaled by information content (bits).
The x-axis indicates motif positions (P4-P4’), and the y-axis represents information content. Due to the inability of mass spectrometry to discriminate between
isoleucine and leucine, all isoleucine residues are represented as leucine (L) in the sequence logos.

downstream. V. basalis venom peptides showed a pronounced L
enrichment at P1° (52%) and a higher occurrence of S at downstream
sites. Provespa barthelemyi venom peptides contained abundant L at P1’
(61%), with downstream increases in G and N.

3.4.3. Combined analysis

Across all 619 peptides (>8 amino acids) from the four venoms, the
P1 position was occupied primarily by L (31%) and K (28%), while R
was also a prevalent residue (13%) (Supplementary Fig. S1, Supple-
mentary Table S2). P1’ was enriched in L (47%) and K (22%). Upstream
positions favored hydrophobic residues (L, A, V, tryptophan (W)),
whereas downstream sites contained more small polar residues (G, S, N).
These results reveal a conserved cleavage motif featuring basic and
hydrophobic residues at core positions, alongside modest interspecies
variation in downstream polar residue usage.

3.5. Bioactivity in silico prediction for venom-derived peptides

A total of 91, 182, 303, and 105 peptides from V. mandarinia,
V. velutina, V. basalis, and Provespa barthelemyi venoms were subjected to
in silico bioactivity assessment. General bioactivity was evaluated using
PeptideRanker as an initial screening step. In total, 291 peptides with
PeptideRanker scores >0.5 were identified as putative bioactive candi-
dates, distributed as follows: 30 from V. mandarinia, 88 from V. velutina,
108 from V. basalis, and 65 from Provespa barthelemyi venoms (Fig. 5A;
Supplementary Table S3). To further characterize their specific biolog-
ical activities, the candidate peptides were analyzed using the BIOPEP-
UWM database. Bioactivity prediction suggested that the identified
peptides were associated with multiple functional categories, such as
antibacterial, anti-inflammatory, antioxidative, and neuropeptide-
related activities (Fig. 5B-E). Based on the A-value threshold (A >
0.8), the predicted activities retained at this cutoff were angiotensin-
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Fig. 5. Predicted bioactivity landscape of wasp venom peptides. (A) Density distributions of PeptideRanker scores for venom peptides from V. mandarinia (Vm),
V. velutina (Vv), V. basalis (Vb), and Provespa barthelemyi (Pb). (B-E) Bubble plots of predicted bioactivity categories for Vm (B), Vv (C), Vb (D), and Pb (E). Bubble size
indicates the number of peptides assigned to each category, and bubble color represents the mean A-value of peptides within that category.

converting enzyme (ACE) inhibition, dipeptidyl peptidase IV (DPP4)
inhibition, and hypotensive effects (Supplementary Table S4). Peptides
with predicted bioactivity (A-value >0.8) were further evaluated for
safety, including toxicity, hemolytic potential, and allergenicity (Sup-
plementary Table S5). Eight peptides with ACE-inhibitory potential
were identified as predicted to be non-toxic, non-hemolytic, and non-

allergenic (Table 2). Similarly, 17 peptides with DPP4-inhibitory po-
tential fulfilled the predicted non-toxic, non-hemolytic, and non-

allergenic criteria (Table 3).

Together, these predicted non-toxic, non-

hemolytic, and non-allergenic peptides with ACE- and/or DPP4-
inhibitory potential represent candidates for future functional valida-
tion and potential drug discovery applications.
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Table 2
Predicted non-toxic, non-hemolytic, and non-allergenic ACE-inhibitory peptides from wasp venoms.
Peptide ID Peptide sequence Species Length PeptideRanker score A-value Toxicity Hemolysis Allergenicity
Vb_014 GSGGGGGGLGSGEKR Vb 15 0.65899 1 Non 0.49 Non
Vm_082 SSYVLGVPGRP Vm 11 0.554323 0.9091 Non 0.49 Non
Vv_070 LGGWKGLAPGAKK Vv 13 0.700802 0.8462 Non 0.49 Non
Vb_099 KRPPGFTPFRLW Vb 12 0.956529 0.8333 Non 0.49 Non
Vb_098 KRPPGFTLPFR Vb 11 0.89885 0.8182 Non 0.49 Non
Pb_093 QKRPEGAFPFR Pb 11 0.768945 0.8182 Non 0.49 Non
Vb_ 017 KAVKLKGWSLKLKLPA Vb 16 0.745363 0.8125 Non 0.47 Non
Vb_114, Vm_048 LGGWKGLAAFKAKKP Vb, Vm 15 0.820258 0.8 Non 0.46 Non

Species are abbreviated as follows: V. mandarinia (Vm), V. velutina (Vv), V. basalis (Vb), and Provespa barthelemyi (Pb). PeptideRanker score reflects the likelihood of a
peptide being bioactive. The A-value denotes the frequency of ACE-inhibitory fragments within a peptide sequence, as calculated using the BIOPEP-UWM database.
Toxicity, hemolytic potential, and allergenicity were predicted using ToxinPred2, HemoPred, and AllerTOP, respectively. Hemolysis values are presented as prediction

scores (0-1); scores <0.5 are interpreted as non-hemolytic.

Table 3
Predicted non-toxic, non-hemolytic, and non-allergenic DPP4-inhibitory peptides from wasp venoms.
Peptide ID Peptide sequence Species Length PeptideRanker score A-value Toxicity Hemolysis Allergenicity
Vb_098 KRPPGFTLPFR Vb 11 0.89885 1 Non 0.49 Non
Vb_099 KRPPGFTPFRLW Vb 12 0.956529 0.9167 Non 0.49 Non
Pb_018 KAPVPLAKKFL Pb 11 0.815208 0.9091 Non 0.49 Non
Vv_170 WGPAGLAAMAK Vv 11 0.789403 0.9091 Non 0.48 Non
Vv_080 LLGGEPTAAALAHRPWK Vv 17 0.563777 0.8824 Non 0.49 Non
Vb_261 PPLVTLKKVKGPLLKAS Vb 17 0.540995 0.8824 Non 0.48 Non
Vb_240 LVGLKSLVSWAKKVL Vb 15 0.56363 0.8667 Non 0.48 Non
Pb_068 LNWKGLAAFAKKPK Pb 14 0.622539 0.8571 Non 0.49 Non
Pb_069 LNWKGLAAFKKAPK Pb 14 0.620752 0.8571 Non 0.49 Non
Vv_070 LGGWKGLAPGAKK Vv 13 0.700802 0.8462 Non 0.49 Non
Vb_022 KKPKALPSWAKK Vb 12 0.708863 0.8333 Non 0.48 Non
Vv_033 FPPTPLESLVVAKASLPT Vv 18 0.69374 0.8333 Non 0.49 Non
Vb_232 LSKKGWLVKKAL Vb 12 0.537241 0.8333 Non 0.44 Non
Vb_023 KKPKSLVSWAKK Vb 12 0.504754 0.8333 Non 0.49 Non
Vb_248 LVKKAVVLVSWAKLLL Vb 16 0.561746 0.8125 Non 0.49 Non
Vb_115 LGGWKGLAAFKKAPK Vb 15 0.808432 0.8 Non 0.46 Non
Vb_113 LGGWKGLAAAFKKPK Vb 15 0.800076 0.8 Non 0.46 Non

Species are abbreviated as follows: V. mandarinia (Vm), V. velutina (Vv), V. basalis (Vb), and Provespa barthelemyi (Pb). PeptideRanker Score reflects the likelihood of a
peptide being bioactive. The A-value denotes the frequency of DPP4-inhibitory fragments within a peptide sequence, as calculated using the BIOPEP-UWM database.
Toxicity, hemolytic potential, and allergenicity were predicted using ToxinPred2, HemoPred, and AllerTOP, respectively. Hemolysis values are presented as prediction

scores (0-1); scores <0.5 are interpreted as non-hemolytic.

3.6. Cryptide candidates with predicted bioactivities

According to the classification by Autelitano et al. (2007), cryptides,
functional sequences encrypted within proteins, comprise three cate-
gories [29,30]: Type I, natural proteolytic fragments with novel bio-
activities unrelated to the parent protein; Type II, natural proteolytic
fragments with similar bioactivity to the parent protein, though poten-
tially modified; and Type III, protein—peptide fragments generated in
vitro with novel bioactivities, regardless of whether they are produced in
yivo.

Following the prediction of bioactivity and safety, peptides were
screened for identifiable parent proteins and reliable sequences, leading
to the exclusion of those with ambiguous de novo sequences or no clear
precursor. From the initial 25 predicted safe peptides (8 with ACE-
inhibitory potential and 17 with DPP4-inhibitory potential), 3 pep-
tides with dual predicted activities were counted once, leaving 22
unique sequences for cryptide assessment. Ten of these peptides met the
criteria for reliable cryptides, exhibiting both a confirmed parent protein
and a reliable sequence (Supplementary Table S6). A search of the
UniProtKB database using the Peptide search tool revealed no prior
annotation of these sequences as mature venom peptides, corroborating
their novel status. Notably, nine peptides embedded within mastoparan
prepropeptide sequences were predicted to have inhibitory activity
against ACE or DPP4. According to Autelitano's classification, these
peptides represent type I cryptides, subject to future experimental
confirmation of their biogenesis and bioactivity. For example, the pep-
tide LVGLKSLVSWAKKVL (Vb_240) from V. basalis corresponds to a

10

segment within the mastoparan-B precursor (UniProt: P21654; residues
48-59 in the precursor sequence). While mastoparans are classically
associated with antimicrobial, mast cell degranulating, and mem-
branolytic activities, in silico prediction suggested that Vb_240 may
function as a DPP4 inhibitor, indicating a potential functional difference
from its parent (mastoparan) activity. In addition, the peptide
KRPPGFTPFRLW (Vb_099), which is embedded within the Vespakinin-X
sequences (residues 2-11), a bradykinin-like peptide with vasodilatory
and hypotensive effects, was predicted to have inhibitory activities
against ACE and DPP4. This predicted function aligns with, but is not
identical to, the activity of the precursor, leading to its classification as a
candidate type II cryptide under Autelitano's framework. For these
candidates, their natural proteolytic liberation and predicted bio-
activities represent testable hypotheses that await experimental
verification.

4. Discussion

PLA1 is widely recognized as a major allergenic component across
diverse wasp venoms [31], and in species such as V. affinis, it is reported
to be highly abundant [32]. In our study, one-step AKTA purification of
electrophoretically pure PLAl-like proteins, followed by proteomic
confirmation, provides the first protein-level evidence of two PLA1-like
isoforms in V. mandarinia venom. The occurrence of multiple PLA1
isoforms aligns with findings in other wasps; for instance, at least three
isoforms (VesT1.0la, VesT1.01b, and VesT1.02) have been purified
from V. tropica venom [33], indicating that PLA1 family expansion is a
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recurrent feature in wasps. Although functional characterization was not
conducted here, previous reports suggest that isoform diversification
may enable venom PLA1-like proteins to adopt differentiated functional
roles, including variations in enzymatic activity, toxicity, or other bio-
logical effects [31,32,34]. Furthermore, the PLA1-like protein purified
and identified from Provespa barthelemyi venom exhibits high peptide
homology to V. mandarinia PLA1, providing the first protein-level evi-
dence for a PLAl-like homolog in this species. This cross-genus con-
servation is consistent with previous studies indicating that venom PLA1
enzymes are evolutionarily conserved across wasp lineages [34,35].
Taken together, our results demonstrate that even the nocturnal and
phylogenetically distinct genus Provespa retains PLA1 homologs com-
parable to those of typical Vespa species, highlighting the evolutionary
stability of this enzyme family and supporting PLA1 as a core component
of wasp venoms. The identification of PLA1-like proteins across four
wasp species significantly expands the known phylogenetic distribution
of venom phospholipases.

Beyond the conserved PLA1-like proteins, our peptidomics analyses
revealed numerous previously unreported peptides across the four wasp
venoms, highlighting their substantial molecular diversity. Notably, the
four venoms exhibited pronounced species-specific peptidomics signa-
tures, with only a small subset of peptides or peptide families shared
among them. Such high divergence and limited conservation are
consistent with observations in other venomous taxa. In ants, for
example, Myrmicines exhibit highly heterogeneous venom peptide rep-
ertoires and, with the exception of EGF-like peptides, share very few
peptide families with toxins from other ant subfamilies, such as Poner-
inae and Myrmeciinae [36]. Similar interspecific divergence has also
been documented in snakes, where closely related Bothrops species (e.g.,
B. cotiara, B. fonsecai, B. jararaca) display marked differences in their
venom peptide profiles [24]. Comparable trends are observed in funnel-
web spiders, with species such as Hadronyche valida and H. infensa
exhibiting substantial heterogeneity in toxin components despite close
phylogenetic relatedness [37]. Conversely, several spider lineages,
including Heteropoda davidbowie, Poecilotheria formosa, Viridasius fas-
ciatus, and Latrodectus mactans, retain highly conserved cysteine-rich
peptide families [38], indicating that peptide diversification is not uni-
versal across all venom systems. Overall, these comparative data
demonstrate that venom peptide peptidomes can vary widely in their
degree of species specificity or conservation. Consistent with this
broader pattern, the four wasp venoms examined here showed strongly
species-specific signatures at both the peptide and peptide family levels.
Beyond this species-level divergence, evidence from other venomous
taxa further demonstrates that peptide repertoires are highly dynamic
and responsive to ecological pressures. In ants, for example, Neoponera
villosa shows pronounced seasonal and habitat-dependent shifts in
venom peptide [21], reflecting changes in prey availability and predator
pressure. Similar patterns are observed in mygalomorph spiders, where
only ~20% of venom peptides are shared among conspecific individuals,
and substantial additional variation can occur even within a single in-
dividual over time [37]. Such plasticity has been attributed to genetic
background, age, geographic origin, behaviour, and predator-prey in-
teractions [37]. Collectively, these observations illustrate that short,
structurally flexible peptides tend to evolve more rapidly than larger,
functionally constrained venom proteins. The marked species-specificity
in wasp venom peptidomes is primarily driven by rapid peptide evolu-
tion and ecological adaptation. Accordingly, our findings suggest that
elucidating venom evolution, particularly within the rapidly evolving
peptidome, requires consideration of peptide sequence diversity, func-
tional diversification, and the ecological contexts that shape these
repertoires.

The cleavage motifs of peptides across the four wasp venoms exhibit
distinctly non-random P4-P4’ distributions, suggesting that peptide
maturation is unlikely to arise from stochastic degradation and may
instead reflect regulated proteolytic processes. Despite interspecies
variation in peptide repertoires, all venoms consistently showed strong
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enrichment of leucine (L), lysine (K), and arginine (R) at P1, along with
over-representation of L and K at P1’, a pattern consistent with prefer-
ential cleavage after hydrophobic or basic residues. The pronounced
enrichment of L at the P1’ position resembles cleavage preferences of
hydrophobic-residue-preferring proteases, commonly observed in met-
alloproteases, including matrix metalloproteinases (MMPs) [39]. In
venom systems, most prominently in snake venoms, related metal-
loproteases such as snake venom metalloproteinases (SVMPs) [40] and
hemorrhagic SVMPs [41] have been reported to cleave adjacent to hy-
drophobic residues. Large proteome-derived substrate screens have
consistently shown that L is the dominant P1’ determinant in SVMP-
mediated peptide processing [40,41]. Outside snake venoms, metal-
loproteases are also present in other venom systems, including spiders
[42], scorpions [43], and parasitoid wasps [44]. However, their func-
tions in these taxa have not yet been experimentally linked to the gen-
eration of endogenous venom peptides. The strong enrichment of K and
R at P1 is consistent with cleavage patterns of basic-residue-directed
serine proteases, particularly trypsin-like serine proteases, which
canonically cleave after these residues [45]. In snake venoms, trypsin-
like serine proteases are well characterized, and proteome-derived
substrate screens have revealed their strong P1 preference for K and R,
thereby generating defined peptide products [46]. Within this context,
the pronounced R enrichment resembles cleavage preferences of Arg-
selective proteases, such as thrombin-like serine proteases, which have
been reported to exhibit strict P1-Arg specificity in snake venoms [47].
Beyond snake venoms, serine proteases with trypsin- or thrombin-like
activities have also been reported in bee [48] and parasitoid wasp
[49] venoms, suggesting that basic-residue-directed proteases are
widespread across diverse venom systems. Nevertheless, in these non-
snake venoms, their substrate specificities and potential roles in gener-
ating endogenous venom peptides remain far less well defined. Taken
together, the cleavage profiles across P4-P4’ reveal a characteristic ar-
chitecture: hydrophobic or basic residues (L, K, R) dominate P1/P1’,
hydrophobic/basic residues are favored upstream (P4-P2), and small
residues such as G, S, and N occur more frequently downstream
(P2’-P4’). This motif aligns with precursor-processing patterns
described in snake venoms, where coordinated metalloprotease—serine
protease networks preferentially cleave at hydrophobic or basic P1/P1’
residues followed by small downstream residues [22,50,51]. Therefore,
we propose that wasp venoms are likely to operate within a comparable
proteolytic framework, a view supported by the broad distribution of
metalloproteases and serine proteases across Hymenoptera venoms
[44,49,52-54]. The modest interspecies differences observed here may
reflect variation in protease repertoires, catalytic efficiencies, or venom-
gland microenvironments. Collectively, these findings support the hy-
pothesis that wasp venoms may employ a conserved yet adaptable
proteolytic system to generate diverse, species-specific repertoires of
endogenous peptides. Further experimental validation will be required
to elucidate the roles of specific proteases in peptide generation.

The predicted bioactivity profiling and cryptide mining analyses
collectively suggest that wasp venom peptidomes may contain an
additional layer of sequence-embedded functional features, extending
their functional scope beyond classical neurotoxic and membrane-
interactive activities. Rather than representing nonspecific degrada-
tion products, venom-derived peptides may constitute a versatile
biochemical repertoire with broader regulatory potential, including
enzyme-modulating activities. It should be noted that the bioactivity
predictions were derived from the BIOPEP-UWM database, which in-
tegrates literature-reported bioactive peptides across multiple func-
tional categories. Due to differences in data availability and annotation
depth, certain activity classes, particularly ACE and DPP4 inhibition, are
more extensively represented in this platform, which may contribute to
their prominence in the prediction results. Accordingly, the present
analysis should be interpreted as an initial, integrative screening rather
than a comprehensive assessment of all possible bioactivities. It provides
a framework for prioritizing candidate peptides and generating testable
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hypotheses. Future work will extend this framework by incorporating
additional prediction strategies and experimental validation to enable
more comprehensive and systematic investigation of peptide functional
properties. Notably, the predicted ACE-inhibitory potential is in line
with previous preclinical reports showing that apitherapy formulations
incorporating bee venom ameliorate hypertension-associated pheno-
types in animal models, including improvements in blood pressure and
modulation of renin-angiotensin-aldosterone system (RAAS)-associ-
ated markers [55]. Similarly, the predicted DPP4-inhibitory potential is
in line with experimental studies suggesting that bee venom adminis-
tration can improve diabetic phenotypes, including reductions in blood
glucose levels and modulation of metabolic parameters [56]. Although
these effects have thus far been demonstrated primarily in animal
models, they collectively suggest a broader association between venom-
derived peptides and the regulation of blood pressure and glucose ho-
meostasis. Beyond predicted bioactivities, cryptides represent a partic-
ularly underappreciated dimension of venom peptide diversity. While
cryptides have been increasingly documented in snake, scorpion, and
spider venoms [25,57,58], their systematic investigation in Hymenoptera
venoms has been limited. Our study therefore provides, to our knowl-
edge, the first integrative, hypothesis-driven peptidomic framework for
exploring sequence-embedded cryptide candidates in wasp venoms.
Although experimental validation is required to confirm their biogenesis
and biological activities, this approach offers accessible starting points
for future biochemical, structural, and pharmacological investigations,
and further highlights the potential of wasp venoms as reservoirs of
bioactive molecules.

5. Conclusion

This study presents a comparative peptidomics framework for the
systematic investigation of wasp venoms across multiple species. Our
work indicates that wasp venom peptidomes display pronounced,
species-specific composition patterns consistent with potentially regu-
lated proteolytic processing, rather than arising from nonspecific pro-
tein degradation. These findings suggest that proteolysis may be an
important contributor to venom peptide diversification in wasps.
Beyond compositional insights, predictive bioactivity profiling suggests
that wasp venoms may represent a source of peptides with diverse
functional potential, including enzyme-modulating activities relevant to
cardiometabolic regulation. The identification of putative cryptide
candidates further expands current views of venom complexity by
implicating sequence-embedded functional peptides. Collectively, this
work positions comparative peptidomics as a powerful strategy for
exploring venom-derived peptide diversity and provides a foundation
for future studies on peptide biogenesis, activity, and evolutionary sig-
nificance in Hymenoptera venoms.
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