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Synopsis  Venoms are complex bioactive mixtures that have independently evolved across diverse animal lineages, including
snails, insects, sea anemones, spiders, scorpions, and snakes. Despite the growing interest in venom research, data is frag-
mented across disparate databases which lack standardization and interoperability. A vision for the proposed VenomsBase
platform presented here seeks to address these challenges by using the best practices approach in creating a centralized, open-
access platform adhering to FAIR principles (Findable, Accessible, Interoperable, and Reproducible). VenomsBase will unify
venom datasets, standardize terminology, and enable comparative analyses across species, facilitating novel toxin discovery
and functional annotation. Key features of VenomsBase include user-friendly data submission modules with built-in valida-
tion, advanced cross-species analysis tools, and integration of multidisciplinary datasets spanning genomics, transcriptomics,
proteomics, functional assays, and ecological metadata. A modular, cloud-based design will ensure scalability, while heuristic
scoring systems will guide users toward high-confidence data entries. To promote accessibility, the envisioned VenomsBase will
provide tutorials, regular training sessions, case studies, and feedback loops, supporting researchers at all levels. By harmonizing
venom research and addressing the limitations of outdated or nonstandardized methods, VenomsBase aims to revolutionize
the field, while being continuously improved and refined by venom experts. This initiative will unlock venoms’ potential to
make groundbreaking discoveries, address global health challenges, and foster collaboration and innovation across the scien-
tific community.

Italian I veleni sono complesse misture bioattive che si sono evolute indipendentemente in diversi linee evolutive di ani-
mali, fra i quali lumache marine, insetti, anemoni di mare, ragni, scorpioni e serpenti. Nonostante il crescente interesse nei
confronti della ricerca sul veleno, i dati ad oggi accumulati sono frammentati in diversi database privi di standardizzazione
e interoperabilita. In questo lavoro viene presentata la visione che ispira la proposta della piattaforma VenomsBase, formu-
lata per superare queste limitazioni basandosi sulle best practices disponibili. VenomsBase sara una piattaforma centralizzata
e open-access, in linea con i principi FAIR (Findable, Accessible, Interoperable, and Reproducible). VenomsBase unifichera i
dataset sul veleno e standardizzera la terminologia, permettendo analisi comparative fra specie diverse e facilitando la scoperta
di nuove tossine e la loro annotazione funzionale. Le caratteristiche principali di VenomsBase includono la sottomissione di
dati tramite moduli user-friendly con validazione incorporata, la disponibilita di strumenti avanzati di analisi interspecifica,
e I'integrazione di dataset multidisciplinari comprendenti genomica, trascrittomica, proteomica, saggi funzionali e metadati
ecologici. Un design modulare, basato su cloud, ne assicurera la scalabilita, mentre un sistema euristico a punteggio guidera
gli utenti nell'inserimento di dati robusti e affidabili. Laccessibilita di VenomsBase verra promossa tramite l'offerta di tutorial,
sessioni periodiche di training, presentazione di casi studio, e interazione continua con gli utenti, supportando i ricercatori a
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tutti i livelli. Armonizzando la ricerca sui veleni e superando le limitazioni dovute a metodi arretrati o non stan-
dardizzati, con miglioramenti continui da parte della comunita di esperti di riferimento, VenomsBase si propone
di rivoluzionare lo studio dei veleni animali.

Questa iniziativa facilitera la completa realizzazione del potenziale dei veleni animali nel condurre a scoperte pio-
nieristiche, affrontare sfide globali per la salute umana, e promuovere collaborazione e innovazione nella comunita
scientifica.

German  Tiergifte sind komplexe bioaktive Gemische, die sich unabhingig voneinander in zahlreichen Tierlin-
ien entwickelt haben, darunter Schnecken, Insekten, Seeanemonen, Spinnen, Skorpione und Schlangen. Trotz des
wachsenden Interesses an der Tiergiftforschung sind die Daten auf zahlreiche Datenbanken verteilt, die nicht stan-
dardisierte sind oder untereinander operieren. Die hier vorgestellte Vision einer VenomsBase-Plattform zielt darauf
ab, diese Herausforderungen zu 16sen, indem sie eine zentralisierte, frei zugéngliche Plattform auf die bestmdglich-
ste Art und nach den FAIR-Prinzipien (Findable = Auffindbar, Accessible = Zugénglich, Interoperable = Interop-
erabel, Reproducible = Reproduzierbar) aufbaut. VenomsBase wird dabei Datensétze zahlreicher Tiergifte verein-
heitlichen, die Terminologie standardisieren und vergleichende Analysen zwischen den Gifttierarten ermdglichen.
Dies wird die Entdeckung neuer Toxine und deren funktionelle Annotation erleichtern. Zu den Hauptmerkmalen
von VenomsBase gehoren benutzerfreundliche Dateneingabemodule inklusive Validierung, fortschrittliche Anal-
ysewerkzeuge fiir den Vergleich zwischen verschiedenen Arten sowie die Integrierung multidisziplindrer Daten-
sdtze aus den Bereichen Genomik, Transkriptomik, Proteomik, funktionelle Assays und ckologische Metadaten.
Ein modularer, cloudbasierter Aufbau gewiahrleistet Skalierbarkeit, wahrend heuristische Bewertungssysteme die
Nutzer zu besonders zuverldssigen Dateneintragen fithren. Um die Zugénglichkeit weiter zu fordern, wird Venoms-
Base Lehrmethoden, regelmifige Schulungen, Fallstudien und Feedback-Schleifen anbieten und Forschende aller
Erfahrungsstufen unterstiitzen. Durch Datenharmonisierung in der Tiergiftforschung sowie durch neue Strate-
gien im Umgang mit den Limitierungen von veralteten oder nicht standardisierter Methoden mdchte VenomsBase
das Forschungsfeld revolutionieren und sich dabei kontinuierlich unter Mitwirkung von Giftexpert: innen weit-
erentwickeln. Diese Initiative wird das Potenzial von Tiergiften zuganglicher machen und somit bahnbrechende
Entdeckungen ermdglichen, globale Gesundheitsherausforderungen adressieren und Zusammenarbeit sowie In-
novation in der wissenschaftlichen Gemeinschaft vorantreiben.

French  Les venins sont des cocktails bioactifs complexes qui ont évolué indépendamment au sein de diverses
lignées animales, incluant les cOnes, les insectes, les anémones de mer, les araignées, les scorpions et les serpents.
Malgré I'intérét croissant de la recherche sur les venins, les données sont dispersées au sein de bases de données dis-
parates avec une faible standardisation et peu d’interopérabilité. L’idée de la plateforme VenomsBase, présentée ici,
cherche a surmonter ces difficultés en utilisant la meilleure approche pratique en créant une plateforme libre d’acces
centralisée adhérant aux principes FAIR (Facile a trouver, Accessible, Interopérable et Reproductible). VenomsBase
compilera des ensembles de données, standardisera la nomenclature et permettra des analyses comparatives entre
espéces, facilitera la découverte et 'annotation fonctionnelle de nouvelles toxines. Les points clés de VenomsBase
incluent une soumission de modules simple d’utilisation avec une validation intégrée, des outils d’analyse inter-
espéces avancés, ainsi qu'une intégration de jeux de données pluridisciplinaires couvrant la génomique, la tran-
scriptomique, la protéomique, les essais fonctionnels et les métadonnées écologiques. Une architecture modulaire,
basée sur le cloud, garantira I'évolutivité, tandis que des systémes de scoring heuristiques guideront les utilisateurs
vers des saisies de données a haute fiabilité. Pour promouvoir l'accessibilité, la plateforme VenomsBase envisagée
fournira des tutoriels, des sessions de formation réguliéres, des études de cas, et un suivi, afin daccompagner les
chercheurs a tous les niveaux. En harmonisant la recherche sur les venins et en saffranchissant des limites de méth-
odes obsolétes ou non-standardisées, VenomsBase a pour objectif de révolutionner le secteur, tout en étant con-
tinuellement améliorée et perfectionnée par des experts en venins. Cette initiative libérera le potentiel des venins
pour faire des découvertes révolutionnaires, relever des défis sanitaires mondiaux et favoriser la collaboration et
I'innovation au sein de la communauté scientifique.

Portuguese  Os venenos sdo misturas bioativas complexas que evoluiram independentemente em diversas lin-
hagens animais, incluindo caracéis, insetos, anémonas-do-mar, aranhas, escorpites e serpentes. Apesar do cres-
cente interesse na pesquisa de venenos, os dados disponiveis encontram-se fragmentados em datasets dispares,
muitas vezes carentes de padronizagdo e interoperabilidade. A proposta da plataforma VenomsBase, apresentada
neste trabalho, visa enfrentar esses desafios por meio da adogdo de boas praticas no desenvolvimento de uma
plataforma centralizada, de acesso aberto, fundamentada nos principios FAIR: Encontravel, Acessivel, Interop-
eravel e Reutilizavel (do inglés, Findable, Accessible, Interoperable, and Reusable). A VenomsBase unificara os
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conjuntos de dados de venenos, padronizara a terminologia e permitird analises comparativas entre espécies, fa-
cilitando a pesquisa de novas toxinas e a anota¢do gendmica. As principais funcionalidades da plataforma incluem
modulos de entrada de dados de facil uso com validagdo integrada, ferramentas avangadas para analise intere-
spécies e integracao de dados multidisciplinares que abrangem gendmica, transcriptémica, protedmica, ensaios
funcionais e metadados ecoldgicos. Um design modular baseado em nuvem eletronica garantird a escalabilidade,
enquanto os sistemas de pontuagdo heuristica auxiliardo os usudrios na identificagdo de dados com alto grau de
confiabilidade. Para promover a acessibilidade, a VenomsBase oferecera tutoriais, sessdes regulares de treinamento,
estudos de caso e ciclos de feedback, dando suporte a pesquisadores de todos os niveis. Ao harmonizar a pesquisa
dos venenos e abordar as limita¢cdes de métodos desatualizados ou ndo padronizados, esta iniciativa visa revolu-
cionar o campo, sendo continuamente aprimorada por especialistas da area. A VenomsBase pretende desbloquear
o potencial dos venenos para descobertas cientificas inovadoras, o enfrentamento de desafios globais em satde e o
estimulo a colaboracéo e a inovagdo na comunidade cientifica.

Spanish  Los venenos son mezclas bioactivas complejas que han evolucionado de forma independiente en diversos
linajes evolutivos de animales como caracoles, insectos, anémonas de mar, arafias, escorpiones y serpientes. A pesar
del creciente interés por la investigacion en venenos animales, los datos estan fragmentados en distintas bases de
datos dispares que carecen de estandarizacion e interoperabilidad. La propuesta de la plataforma VenomsBase, aqui
presentada, busca abordar estos desafios mediante la adopcién de buenas practicas con el objetivo de crear una
plataforma centralizada y de libre acceso que se adhiera a los principios FAIR: Localizable, Accesible, Interoperable
y Reutilizable (del inglés, Findable, Accessible, Interoperable, and Reusable). VenomsBase armonizard los conjuntos
de datos provenientes de venenos, estandarizara la terminologia y permitira realizar andlisis comparativos entre es-
pecies, facilitando el descubrimiento de nuevas toxinas y la anotacién genémica. Entre las caracteristicas principales
de VenomsBase se incluyen moédulos faciles de usar para el ingreso de datos con validacion incorporada, herramien-
tas avanzadas de analisis entre especies e integracion de datos multidisciplinares, los cuales abarcan la gendmica,
la transcriptémica, la protedmica, los ensayos funcionales y los metadatos ecoldgicos. Su arquitectura modular
basada en la nube garantizara la escalabilidad, mientras que los sistemas heuristicos de puntuacién guiaran a los
usuarios hacia los datos de alta confianza. Para fomentar la accesibilidad, VenomsBase ofrecerd tutoriales, sesiones
de capacitacion periddicas, estudios de caso y canales de retroalimentacion, brindando apoyo a investigadores de
todos los niveles. Al armonizar la investigacion sobre venenos y abordar las limitaciones de métodos obsoletos o no
estandarizados, esta iniciativa busca revolucionar el campo, al tiempo que constantemente serd mejorada y refinada
por expertos en venenos. VenomsBase aprovechara el potencial de los venenos para realizar descubrimientos inno-
vadores, enfrentar desafios globales en salud y fomentar la colaboracién y la innovacién dentro de la comunidad
cientifica.
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Introduction

Venoms are complex bioactive cocktails of proteins,
peptides, and other compounds that have evolved in-
dependently across diverse animal lineages, including
snails, insects, sea anemones, spiders, scorpions, and
snakes (Schendel et al. 2019). The venom of a single
species may contain >100 biologically active proteins
and peptides, encoded by >20 gene families (Casewell
et al. 2013). The broad range of animals that produce
venom, along with the physiological mechanisms un-
derlying venom production, serve as valuable models
for studying the evolution, genetics, and physiology
of how new genes, gene regulatory networks, protein
function, and phenotypes arise in nature (Vonk et al.
2013; Zancolli and Casewell 2020; Barua and Mikheyev
2021; Perry et al. 2022; Schield et al. 2022). The bio-
chemical effects of venoms, their biotechnological ap-
plications and subsequent impact beyond basic biology,
intersect with a variety of fields, including pharma-
cology, neuroscience, and immunology. Many venom
components have been harnessed as valuable resources
for therapeutic and biomedical applications, leading
to breakthroughs in pain management, cardiovascu-
lar treatments, and metabolic therapies (King 2015;
Holford et al. 2018; Muttenthaler et al. 2021). Venom’s
applications in biotechnology continue to expand, with
venom-derived peptides inspiring the development of
drugs like Ozempic for metabolic disorder and obesity
treatment (Christou et al. 2019). Conversely, venoms
also pose significant public health challenges, particu-
larly in tropical and subtropical regions where enven-
omation from snakes, scorpions, and other venomous
organisms remains a major cause of morbidity and mor-
tality (Kasturiratne et al. 2008; Patikorn et al. 2022;
Puzari et al. 2025), with more than 125,000 dying annu-
ally from snakebites alone (Afroz et al. 2024). Research
on venoms therefore transcends numerous diverse dis-
ciplines. Despite the scientific and commercial promise
of venom research (Fig. 1), major obstacles limit its ap-
plication and potential, stemming from critical gaps in
data infrastructure centralization, standardization, and
organization (Frisvold et al. 2021).

The growth in venom research has resulted in
venom-related data in disparate databases, such as

Ao sl 3 lea (e axda ja 55l 5 S

UniProtKB/Tox-Prot (Jungo et al. 2012), Arach-
noServer (Pineda et al. 2018), and Conoserver (Kaas
et al. 2011), which vary greatly in size, scope, and
curation standards (Fig. 1, Jungo et al. 2010). Currently,
venom peptides, proteins, and other bioactive compo-
nents are analyzed and stored from multiple research
disciplines, generating a wide range of databases that
host raw, quality-controlled, or specialized datasets.
However, the diversity of fragmented datasets, with
different standards, and limited cross-disciplinary
collaboration have constrained venom research (e.g.,
Kuzmenkov et al. 2016; Batko and Slezak 2022; Dresler
et al. 2024). To date, three main databases store venom
protein and peptide sequences. UniProtKB/Tox-
Prot contains 8055 curated entries (release 2025_01)
spanning a wide variety of venomous animals and
principally covers toxic compounds with functional
characterization. In comparison, ConoServer is dedi-
cated to just cone snail venom compounds, and holds
a total of 8523 entries, of which, 3058 correspond to
wild-type protein entries (as of February 2025). This
distinction allows a more accurate comparison with
other databases and highlights the differing standards
across venom databases. For its part, ArachnoServer
includes 1458 curated spider entries (as of February
2025), representing a slight decrease compared to the
1569 spider entries listed in Tox-Prot. Furthermore, to
compare the number of entries in ConoServer and Tox-
Prot, we would have to consider the wild-type entries in
Conoserver, that is, 3058 entries. The difference in the
number of entries between Tox-Prot and ConoServer
stems from their distinct annotation standards. Tox-
Prot displays one entry per gene, incorporating studies
on synthetic variant/mutant sequences within these
entries. In contrast, ConoServer presents two entries
for the same protein (one for the mature peptide and
another for the precursor) and provides a new entry for
each synthetic variant/mutant sequence. This discrep-
ancy may be attributed to the update frequencies and
inclusion criteria between the databases. In addition to
the three main databases, the web portal VenomZone
offers detailed information on venoms as well as their
molecular targets. Users can browse data by taxonomy,
activity, or venom protein families, with each page
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Fig. I. Venom-related data currently stored across various databases in a highly decentralized manner organized by data types (left; from
Zancolli et al. 2024), encapsulating sequence data as either being taxon specific or broad taxonomic groups (center) with an increasing number

of publications in NCBIPubMed under the keyword “venom” (right).

linking to related proteins in Tox-Prot, organized by
species or protein family (Zancolli et al. 2024). Frag-
mented, incomplete, and disconnected taxon-specific
datasets with different standards currently limit venom
research and its broader potential applications and
impact.

Creating a centralized, standardized, and expertly
curated platform for venom research is essential to
unify existing and novel data resources, mitigate bi-
ases, identify shared patterns, and establish consistent
gene and/or protein family classifications (Zancolli et al.
2024). Such venom data integration would facilitate a
comprehensive understanding of venom diversity and
function, and unlock significant bioeconomic opportu-
nities in the pharmaceutical, biotech, agricultural, and
cosmetic sectors. Another issue is defining what counts
as a venom protein or compound. This is very much
an open question and part of an ongoing sustainability
issue without a foundational framework to build onto.
Here we propose an initiative to address these issues
that we refer to as VenomsBase. This initiative responds
to calls to establish a transformative infrastructure plat-
form that removes both the technological (intrinsic)
and the organizational (extrinsic) barriers that are pre-
venting venom-focused research in achieving its full
potential. The envisioned VenomsBase will support the
advancement of venom research by providing a process
to explore different approaches, discuss opportunities
and challenges, and ultimately enact some transparent

approaches to defining venom (or venom proteins). In
constructing VenomsBase we are fully considering the
openness of these questions as assets and a rationale for
building a community-driven resource.

Barriers to progress in venoms research

Understanding the barriers to modern venom research
requires examining three key factors: the historical
legacy of venom discovery, the complex genetics un-
derlying venom production, and how the negative
interaction between these elements has created con-
fusion, scientific siloing, and inconsistencies in the
field. For decades, most of the work in the venom
field has been at the translational level, surveying
the diversity and biological activity of whole venom
cocktails or individual venom peptides and proteins.
The original emphasis was on a few lineages and
approaches, being more descriptive rather than com-
parative. Consequently, naming conventions for venom
components largely represent their observed biological
activity (e.g., mastoparan), are not connected across
lineages, and do not reflect the genes that encode these
venoms or their shared (or distinct) origins (Oliveira
et al. 2012; Hargreaves and Mulley 2014). Progress
in understanding the genomic basis of venoms has
developed only recently, as previously hindered by the
unique challenges of how venom genes are encoded
in animal genomes (Zelanis and Keiji Tashima 2014;
Sunagar et al. 2016; von Reumont et al. 2022a). Venom



proteins tend to be encoded by complex multicopy
gene arrays, which vary in coding sequence and copy
number substantially between and even within species
(Wong and Belov 2012; Martinson et al. 2017; Gopalan
et al. 2022; Smith et al. 2023). Post-transcriptional and
-translational modification (PTMs) further complicate
the relationship between genes, proteins, and their
function for venoms (Ogawa et al. 2019; Ye et al. 2023).
Together, these factors significantly complicate, and
thus limit our understanding of basic information
about the number and diversity of venoms, post cura-
tion, encoded in the genomes of otherwise well-studied
species. Accordingly, a fundamental barrier to progress
is the disconnection between nearly 50 years of studies
on venom-derived peptides/proteins and their biologi-
cal properties, their fundamental relationships with one
another, and with the genetic and genomic elements
that encode and regulate these proteins.

Another major barrier is that the existing cu-
rated and publicly available resources include broad,
but nonspecific databases like NCBI and UniProtKB
(The UniProt Consortium 2025) and smaller specific
databases like ArachnoServer (Pineda et al. 2018), and
ConoServer (Kaas et al. 2011) (Fig. 1). While these
databases have been instrumental in advancing venom
research, they remain limited in scope, focusing on spe-
cific types of data or lineages, and often having unique
notation schemes for post-translational modifications
or nonstandard amino acids. Critically, they are not
designed to address broader cross-disciplinary chal-
lenges across diverse venomous lineages, such as the
accurate and standardized curation and annotation of
venom genes from genome, transcriptome, and protein
datasets. The current databases are also not designed to
support comparative analyses and are limited in terms
of data annotation for both function and taxa. Further-
more, these resources are not scalable: in some cases,
data formats and infrastructure render them largely in-
compatible or restricted in their interoperability, and in
other cases the data are presented partially with regard
to searchability or summarization (European Commis-
sion: Directorate-General for Research and Innovation
2018; Holmes 2018; Sima et al. 2019; Di Muri et al.
2024). Finally, for most of the existing venom databases,
the user interface is challenging to navigate, often re-
quiring specialized tools or software. This makes user
accessibility a substantial barrier, presenting a steep
learning curve for many early career scientists or those
without bioinformatics expertise. Taken together, the
shortcomings of existing resources indicate that no sin-
gle researcher or research group possesses the infor-
mation or technical capability to generate or interpret
the scope of data associated with venom research. Con-
sequently, venom research’s complexity and interdisci-
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plinary nature emphasize the need for a multimodal
integrated database like VenomsBase to improve data
accessibility and collaboration (Dresler et al. 2024).

Indeed, a decade of community-building among
researchers studying venoms has identified the need
for data standardization and integration. Convening
events, such as the biennial Gordon Research Con-
ference (Venom Evolution, Function and Biomedical
Applications) and the annual World Congress of the In-
ternational Society of Toxinology, often include com-
munity planning and prioritizing sessions that routinely
highlight how existing infrastructure fails to adequately
support the large-scale, multidisciplinary data sharing
and analysis necessary to accelerate venom research
outcomes. This key issue was also thoroughly discussed
within the COST Action European Venom Network
(EUVEN), an EU-funded community-building initia-
tive that gathered researchers in the field in the past 4
years (Zancolli et al. 2024). These conversations echo
nearly all recent review manuscripts in the field of
venom research, which call for approaches that facilitate
the cross-interrogation of diverse data, across lineages
and datatypes, to explore shared attributes of venoms,
model the structure of venom molecules, and search
for bioactive compounds in community-accessible for-
mats (von Reumont et al. 2022b; Prentis et al. 2018;
Schendel et al. 2019; Arbuckle 2020; DiFrisco and Jaeger
2020; Kini 2020; Smallwood and Clark 2021; Avella
et al. 2022; de Oliveira et al. 2023; Calvete et al. 2024).
VenomsBase was conceptualized as a response to this
community need by providing leading-edge infrastruc-
ture that enables comparative investigation of venoms
and their associated genomic regions across species and
facilitates curated multispecies genotype-to-phenotype
datasets.

Proposed solution: creation of an integrated
knowledgebase—VenomsBase

The VenomsBase initiative described here would es-
tablish a global venom data integration platform to re-
solve critical challenges in venom research, such as data
fragmentation, inconsistent characterization between
venom proteins and the genes that encode venoms,
and inconsistent terminology for venom protein fam-
ilies (Oliveira et al. 2012; Hargreaves and Mulley 2014).
The transformative impact of VenomsBase’s infrastruc-
ture is based on its overarching theme of integrating
standardized knowledge across biological scales to as-
sociate venom proteins to the genes and genomes that
encode them, and from the physiological secretory sys-
tems and whole organisms that produce them, spanning
the animal tree of life (Fig. 2). Given the high level of
multidisciplinary venom research, data consistency and
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Fig. 2. Schematic overview of VenomsBase’s modular structure for data processing and integration. The Raw Data Layer gathers datasets
via semi-automatic downloads, which are processed in the Parsing Data Step for high-quality integration. The OMICS Layer curates venom-
related omics data for comprehensive curation and standardization. The Dataset Expansion Step continuously incorporates new datasets
into the Multimodal Data Layer, enabling cross-disciplinary analyses. This modular framework enhances scalability, interoperability, and data

diversity in venom research.

robust quality are inherently challenging and require
coordinated curation and participation at a commu-
nity scale. VenomsBase is intended to fill this gap by
integrating genome-to-phenome datatypes to central-
ize, standardize, and make accessible naming conven-
tions for venom proteins, gene families, and isoforms,
while further developing standardized reference sets
of venom gene/transcript models coupled to the pro-
teins these genes produce. Our vision for the Ven-
omsBase initiative would enable robust data curation
and refinement over time and provide the community
with a highly vetted standard foundation for studying,
comparing, and applying research on venoms and ven-
omous animals. We argue that such an ambitious ini-
tiative could be accomplished through three distinct
phases of prioritized development: (1) Establishment of

a standardized and scalable platform for integration of
diverse platinum-quality venomous reference species;
(2) Development of cross-species search and analysis
tools and expansion of taxa representation; and (3) Inte-
gration of multidisciplinary data types through collab-
orator engagement and feedback.

Through these prioritized development strategies,
VenomsBase would establish valuable infrastructure to
the research community by lowering barriers to en-
try in terms of expertise and access to analytical tools,
thereby accelerating collaboration, discovery, and ap-
plications of venom-related research. This will be done
via collaborative message boards and GitHub reposito-
ries to establish a centralized communication platform
to coordinate discussions, share updates, and solicit
feedback from community members. The envisioned



VenomsBase platform would address gaps of siloed
and species-specific datasets by developing a central
infrastructure for submitting, standardizing, and an-
alyzing multispecies venom-related data across labs
worldwide that is open-access and Findable, Accessible,
Interoperable, and Reproducible (FAIR) (Wilkinson
et al. 2016, 2024). VenomsBase will draw on successful
aspects of VenomKB v2.0 as described by Romano and
Tatonetti (2015) and of established databases like Echi-
noBase (Arshinoff et al. 2022), ArachnoServer (Pineda
et al. 2018), and ConoServer (Kaas et al. 2011) to cre-
ate a centralized, structured resource that consolidates
venom taxonomy, bioactivities, sequences, and struc-
tural data (Fig. 2). VenomsBase will incorporate el-
ements of other successful annotation pipelines, like
Funannotate (Palmer and Stajich 2020) or similar to
standardized annotation workflows, and incorporate
Ensembl-guided gene model predictions (Dyer et al.
2025) that will be functional across species in order to
track annotations and expand with VenomsBase. Via
an ontology-driven structure, VenomsBase would en-
sure consistency in data classification while integrat-
ing diverse data types, such as genomic sequences,
gene/transcript annotations, proteomic profiles, func-
tional assays, taxon images, and pharmacological in-
teractions, thus establishing a comprehensive resource
for biological and chemical diversity, computational
toxinology, and bioeconomic development. Venoms-
Base would prioritize user accessibility and data qual-
ity, adopting features like heuristic annotation scoring
to guide users toward the most robust entries and pro-
grammatic access through a REST API, as exempli-
fied by VenomKB v2.0 (Romano and Tatonetti 2015).
By incorporating features from other databases, such
as visualization tools for post-translational modifica-
tions and curated protein structural data links, such as
UniProtKB/Tox-Prot (Jungo et al. 2012), VenomsBase
will provide a streamlined interface for venom research,
allowing users to explore data by specific compounds,
molecular targets, species, and translational applica-
tions (Jungo et al. 2010). Taken together, VenomsBase
will integrate with the community to establish new stan-
dards and data practices, using tractable and informa-
tive methods, and test new processes to integrate data
across broad scales.

By unifying knowledge of the genes and regula-
tory networks that produce venoms with the structure
and function of venom proteins and peptides, Ven-
omsBase aims to create a comprehensive resource that
links venom composition to its biological targets and
physiological effects (Fig. 2). Our multi-institutional
team is leading the initial curation effort to secure
infrastructure grants and establish a long-term con-
sortium for sustainability and maintenance. This ef-

T.A. Castoe et al.

fort is modeled on successful large-scale data repos-
itories such as the World Register of Marine Species
(WoRMS), which relies on a distributed network of
backend and scientific experts with clearly defined roles
(Ahyong et al. 2025), including taxonomists, web devel-
opers, and various programmers. VenomsBase will re-
quire not only scientific curators but also dedicated de-
velopers and database administrators. Developers will
maintain platform infrastructure, while database ad-
ministrators will manage data ingestion from gener-
alist repositories (e.g., NCBI, UniProt), validate sub-
mission formats, and coordinate public data releases.
Automated workflows will follow lineage-specific fil-
tering rules (e.g., taxonomic identifiers, venom-related
GO terms, expression in venom glands) to ensure rel-
evant data capture. This tiered structure mirrors ex-
isting systems such as UniProt, which handles diverse
types of submitted sequences, including rejections and
redirection to repositories like GenBank or PRIDE.
This integration is expected to lead to transforma-
tive research across biological scales, from evolution-
ary to organismal-encompassing genomes, gene regu-
latory networks, transcripts, proteins, cell morphology,
and biological activity and applications of venoms for
selected number of species. As VenomsBase grows, we
plan to formalize these roles through institutional part-
nerships and funded positions. From a global health
perspective, VenomsBase would assist with the discov-
ery and development of treatments for envenomations,
which remain a significant challenge around the globe
in tropical and subtropical regions.

VenomsBase uses a standardized and scalable
approach

Developing a standardized and scalable approach is
critical to ensuring VenomsBase’s success and adop-
tion by the research community and its utility for
ecologists, pharmacologists, and others working with
any venomous species across the Tree of Life. This
will involve designing workflows and pipelines based
on multiple “platinum-quality” species as proof-of-
concept and as a means of developing gold-standard
practices. Platinum-quality species are those for which
there are diverse, high-quality data of multiple types
—from genomic, transcriptomic, proteomic resources
to anatomical, ecological, and toxinological observa-
tions. Gold standard practices include rigorous data val-
idation steps to ensure data integrity and quality, a ro-
bust system for annotating and curating datasets, and
clear protocols for integrating new data types as they
become available.

The key elements of the envisioned VenomsBase
platform include:
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1. Data collection and submission modules: A user-
friendly interface to allow researchers to upload
datasets to NCBI with built-in validation steps to
ensure correct formatting and metadata inclusion.
This feature will maintain consistency and quality
across datasets. The design should incorporate pub-
lic datasets as a gateway to support existing practices
to curate data in the National Center for Biotech-
nology Information (NCBI) and the Sequence Read
Archive (SRA).

2. Standardization protocols: Reproducibility, share-
ability, and comparability of results are critical in
overcoming the challenges of interdisciplinary re-
search, despite increasing data availability and com-
putational power. The infrastructure should em-
ploy a terminology editor application to ensure
uniform naming conventions and nomenclature.
This approach will minimize inconsistencies and
improve data interoperability (Lehne et al. 2019;
Politano et al. 2019; Rahrooh et al. 2024; Zancolli
et al. 2024).

3. Cross-species tools: Advanced search and analy-
sis tools will enable researchers to perform com-
parative analyses across species, leveraging insights
from shared genetic and phenotypic traits. The plat-
form should support taxonomically diverse lineages
and predicted homologous or analogous molecu-
lar models through tools like MetamORF (Choteau
et al. 2021), Orthofinder (Emms and Kelly 2019),
and methods targeting short open reading frames
(Coelho et al. 2024) for annotating novel toxin dis-
covery (Nachtigall et al. 2021) across multiple ven-
omous lineages (Nachtigall et al. 2024). In doing so,
the platform would incorporate expert manual cu-
ration. As the platform grows, experts across rel-
evant fields will guide manual curation through a
tiered model, with a core team for quality control,
invited experts for lineage-specific review, and com-
munity volunteers who contribute annotations or
feedback through the open platforms.

4. Integration of multidisciplinary data types: The
infrastructure should incorporate diverse datasets,
including genomic sequences, transcriptomic
data, proteomic profiles, species distributions, and
ecological metadata, to create a resource spanning
biological scales. Although such a multimodal
dataset does not yet exist for venoms, success-
ful frameworks such as the Global Biodiversity
Information Facility (GBIF.org. 2025) or platinum-
quality species-specific repositories (e.g., Berardini
et al. 2015; Sternberg et al. 2024; Oztiirk-Colak
et al. 2024) can serve as models for developing this
infrastructure.

5. Scalability and modular design: The platform
should employ modular, cloud-based architecture
to allow for growth and adaptation to emerging
research needs. It should also integrate heuris-
tic annotation scoring systems to guide users
toward high-confidence data entries. Similar
heuristic processes have been successfully imple-
mented in genomic next-generation sequencing
pipelines (e.g., McLaren et al. 2016; Afgan et al.
2018), particularly in open-source and modular
applications (Treangen et al. 2013; Breitwieser
et al. 2022).

6. Training and outreach: To ensure accessibility and
usability for researchers at all levels, the platform
should provide regular webinars, training sessions,
and user feedback loops. Case studies and tutori-
als can demonstrate the platform’s ability to stream-
line venom NGS workflows while promoting ac-
cessibility through educational resources (Lowman
et al. 2009; Shaffer et al. 2010; Brazas and Ouel-
lette 2013; i5K Consortium 2013; Clark et al. 2016;
Wilkinson et al. 2016; Attwood et al. 2019; Auwera
and O’Connor 2020).

By adopting these elements, VenomsBase would es-
tablish a reliable and adaptable foundation to the evolv-
ing needs of the venoms and ecological research com-
munities. Incorporating platinum-quality species and
agreed-upon protocols will provide a benchmark for
data quality, setting a new precedent for collaborative
research and discovery.

To democratize access to its resources, the design
of databases underlying VenomsBase would priori-
tize FAIR principles (Wilkinson et al. 2016, 2024).
Accessibility is particularly critical for researchers in
biodiversity-rich regions like Southeast Asia, Africa,
and Latin America, where researchers often face
barriers to accessing advanced bioinformatics tools
(Geneviéve et al. 2018) and where envenomation poses
the most significant public health risk. Developing ac-
cessible online educational programs tailored to venom
research would be another crucial step in bridging the
resource gap. Establishing international collaborations
between researchers in biodiversity-rich but resource-
limited regions and institutions in well-funded coun-
tries would enable comprehensive comparative studies,
linking venom composition and actions to ecological
variables such as climate, prey availability, and habitat
type. Additionally, regional connectivity would facili-
tate the identification of overlooked venomous species,
ensuring that antivenom research is informed by an
accurate understanding of local venom and species
diversity.
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Development of an infrastructure that keeps
pace with innovation across fields

To ensure success, VenomsBase future data infrastruc-
ture and pipelines must actively facilitate interdisci-
plinary collaboration, enabling contributions from sci-
entists both within and on the periphery of venom
research. This inclusiveness will make the platform
more robust and nimble to anticipate new technologies,
data types, and analyses. It also expands the scope of
questions that can be addressed and reinforces and ex-
tends the quality of the protocols through broad and
rigorous cross-validation. This approach is also criti-
cal for integrating diverse perspectives and expanding
the boundaries of the field. Achieving the degree of
inclusive flexibility needed hinges on the standardiza-
tion of data formats, ensuring that datasets are accessi-
ble, interpretable, and compatible for researchers across
disciplines, including bioinformatics, ecology, physiol-
ogy, evolutionary biology, and many others (Kaas and
Craik 2015). Standardization would enable a seamless
exchange of data, fostering collaboration and driving
innovation.

Many current bioinformatic techniques used to gen-
erate genomic, transcriptomic, and proteomic datasets
for venomous organisms may have relied on methods
that have since been improved or changed or that are
nonstandard. These limitations stem partly from the
fact that many venomous organisms are often cate-
gorized as “nonmodel organisms” by the broader sci-
entific community, which has historically prioritized
the development of advanced ‘omics approaches for
model species (Armengaud et al. 2014; Muth et al.
2018; Calvete et al. 2021). This has led to a signifi-
cant gap in the tools and resources available for study-
ing the unique and often complex biology of ven-
omous taxa that VenomsBase (Fig. 2) would address.
Visualization tools built into VenomsBase accompa-
nying genome browsers and protein structure render-
ings would enable intuitive access to complex datasets,
making it easier for interdisciplinary researchers to
interact with these diverse data types. These tools
could foster collaboration between traditionally distinct
fields.

VenomsBase will transform venom research by cen-
tralizing and standardizing data, bridging disciplines,
and enhancing interdisciplinary collaboration. By uni-
fying fragmented datasets and enabling comparative
analyses, it will advance fundamental research while
unlocking applications in pharmaceuticals, biocontrol,
and cosmetics. This integrated platform exemplifies the
power of centralized infrastructure to drive scientific
innovation.

T.A. Castoe et al.

VenomsBase: infrastructure that both serves
and integrates research communities

VenomsBase will serve as a critical infrastructure for
data integration, collaboration, and innovation, provid-
ing an equitable platform for researchers across dis-
ciplines and geographic regions (Fig. 2). By enabling
the sharing of protocols and methodologies, Venoms-
Base will help standardize best practices in venom re-
search while supporting global accessibility. Through
its open-access design and commitment to FAIR prin-
ciples, it will foster cross-disciplinary knowledge ex-
change. It will ensure researchers have access to cutting-
edge techniques, such as transcriptomic workflows,
venom protein isolation methods, and bioinformatic
analysis pipelines. Experts could contribute specialized
protocols, which others could adopt or adapt. It can
incorporate existing cloud platforms such as Cyverse
(Swetnam et al. 2024) with integrated GitHub reposi-
tories and UCSC genome browser (Lee et al. 2020) for
new organisms, environments, or experimental condi-
tions, promoting inclusivity and innovation. Addition-
ally, the database could provide training resources, fa-
cilitate knowledge exchange, and create opportunities
for researchers from underrepresented regions to par-
ticipate in collaborative projects.

Venoms hold untapped potential for addressing
global health challenges, including envenomation,
which affects over 5 million people annually. Snakebites
alone cause significant morbidity and mortality, par-
ticularly in under-resourced regions (Simpson 2008;
Williams et al. 2011; Patikorn et al. 2022). By devel-
oping centralized, open-access databases and foster-
ing collaborative networks, researchers in these regions
could gain access to critical venom protein sequencing
data, genomic datasets, and bioinformatic tools with-
out incurring prohibitive costs. Additionally, investing
in local venoms research capacity, through partnerships
with universities, hospitals, and public health organi-
zations, could lead to improved diagnostics and an-
tivenom development tailored to regional snake, spi-
der, or scorpion species (Fry et al. 2003; Yu et al. 2020).
Addressing the global disparities in venom research by
providing cost-effective and scalable solutions would
reduce the burden of snakebite envenomation and also
empower researchers in low-resource settings to con-
tribute meaningfully to scientific discoveries in toxinol-
ogy, evolutionary biology, and pharmacology.

Online educational infrastructure would also help
bridge the research gap among educational and research
institutions that would benefit from applying these
resources. An online infrastructure hosting standard-
ized high-quality venom resources, along with tutorials
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and instructional resources, would provide hands-on
data analysis training and introductory opportunities
for functional genomics (Brown 2016; Gao and Guo
2023). This infrastructure could bridge the gap between
basic research and translational applications, accelerat-
ing the development of antivenoms and novel drugs.
In conclusion, by outlining best practices toward
collaborative venom-based research, VenomsBase
represents a transformative leap in venoms research
(Fig. 2). A centralized platform like VenomsBase would
pave the way for groundbreaking discoveries in evolu-
tionary biology, pharmacology, and ecological science
by addressing the limitations of fragmented datasets,
standardizing nomenclature, data collection, and in-
tegrating multidisciplinary and multimodal datasets.
VenomsBase exemplifies the power of centralized,
interdisciplinary infrastructure to drive scientific inno-
vation by unifying resources, increasing comparative
studies and facilitating flexibility in data analyses.
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