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A genomic database of all Earth’s eukaryotic species could contribute to many scientific discoveries;
however, only a tiny fraction of species have genomic information available. In 2018, scientists across
the world united under the Earth BioGenome Project (EBP), aiming to produce a database of high-
quality reference genomes containing all ~1.5 million recognized eukaryotic species. As the European
node of the EBP, the European Reference Genome Atlas (ERGA) sought to implement a new
decentralised, equitable and inclusive model for producing reference genomes. For this, ERGA
launched a Pilot Project establishing the first distributed reference genome production infrastructure
and testing it on 98 eukaryotic species from 33 European countries. Here we outline the infrastructure
and explore its effectiveness for scaling high-quality reference genome production, whilst considering
equity and inclusion. The outcomes and lessons learned provide a solid foundation for ERGA while
offering key learnings to other transnational, national genomic resource projects and the EBP.

Background

Reference genomes as a key biodiversity genomics tool

In the midst of the Earth’s sixth mass extinction, species worldwide are
declining at an unprecedented rate' directly impacting ecosystem func-
tioning and services’, human health’ and our resilience to climate
disturbances’. Biodiversity and ecosystem decline™, loss and degradation
raise the prospect that much, if not most, of the Earth’s biodiversity will be
lost forever before they can be genomically explored—analogous to the ‘dark
extinctions’ in the pre-taxonomic period’. Our ability to genomically
characterise and investigate the species that span the tree of life, and their
ecosystems, can help not only scientifically inform decision making pro-
cesses to flatten the biodiversity extinction curve®, but also can unlock
diverse genetic-, species- and ecosystem-level” discoveries that can be used
for human health, bioeconomy stimulation, food sovereignty, biosecurity
amongst many more.

As genomic sequencing has become increasingly cost effective and the
platforms and computational algorithms become more technically efficient,
many biodiversity genomics tools have become available to expedite the
investigation of both known and unknown species e.g. DNA barcoding,
genome skimming, reduced representation sequencing, transcriptome
sequencing, and whole genome sequencing for reference genome
production'’. Reference genomes (Supplementary glossary) are one such
tool that offers an unparalleled, scalable, and increasingly cost-effective
high-resolution insight into species, and their accessibility has made the

construction of a planetary-wide genomic database of all eukaryotic life a
more realistic endeavour''.

To date, reference genomes do not exist for most of eukaryotic life. For
instance, the largest genomics data repository, the International Nucleotide
Sequence Database Collaboration (INSDC), has genome-wide DNA
sequence information for just 6480 eukaryotic species (about 0.43% of
described species) of which over 63% (4082) are short-read based (draft
quality)'' and most are variable in terms of sequence quality, data type, data
volume, associated voucher samples, completeness of metadata and pro-
tocol reproducibility’”*. Building from this, the biodiversity research
community is pushing to expand beyond reference genome production
alone and toward the production of a complete reference resource for each
species. A complete reference resource includes a reference genome, an
annotation, all metadata, and associated ex-situ samples (voucher(s) and
cryopreserved specimen(s)). Complete reference resources are necessary to
unlock the plurality of possible scientific enquiries beyond the scope of any
singular research project’. However, the scientific enquiries that can be
realised from reference resources™ are limited in scope due in large to a
current lack of standardisation across the multitude of actors involved
throughout the production of complete reference resources.

The state of reference genome production today
After two decades of uncoordinated and unstandardised biodiversity
genomics sequencing data production (e.g. with little coordination among
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individual research laboratories or projects), the Earth BioGenome Project
(EBP)"! was established. The goal of the EBP is to create a global network of
biodiversity genomics researchers that share a mission to produce a database
of openly accessible, standardised, and complete reference resources that
span the whole eukaryotic phylogenetic tree. The project has a three-phase
approach and to date (Phase I) has produced ~1213 reference genomes for
species across ~1010 genera'®. However the rate of production is fast
increasing, for instance in 2022 over 316 reference genomes were produced
and in the coming years, the rate is estimated to increase by at least 10 fold. It
is important to acknowledge that during this initial phase, 910 reference
genomes were produced by a single affiliated project, the Darwin Tree of
Life”, and a further 120 by the Wellcome Sanger Tree of Life Programme
(https://www.sanger.ac.uk/programme/tree-of-life/). As the EBP approa-
ches Phase I where 150,000 reference resources for species are planned, the
status quo centralised approach poses significant challenges for scaling up
reference genome production. Additionally, it raises important concerns
regarding inclusion, accessibility, equity, and fairness.

The goal of building a decentralised model embracing all of
Europe and beyond

Given these limitations, the European node of the EBP, the European
Reference Genome Atlas (ERGA) (Box 1) set out to develop and implement
a pilot decentralised infrastructure that would act to test the effectiveness of
the approach in creating and scaling reference genomic resources for Eur-
ope’s eukaryotes.

A decentralised approach for the production of genomic reference
resources for ERGA supports: 1) an expansion in the diversity of expertise,
processes and innovative ideas that can act synergistically to accelerate
scientific outcomes, 2) a platform for accessible, equitable, and standard
production of, high quality, ethically and legally compliant reference
genomic resources, 3) streamlined communication and opportunities for
new collaborations to be fostered, 4) an expansion of funding opportunities,
5) mitigation of hierarchical power imbalances, 6) increased access to up-to-
date and reproducible tools and workflows, and 7) increased downstream
analyses applications.

The ambition of the pilot test was to identify the challenges in con-
structing and implementing a decentralised infrastructure, but also to
understand and find solutions on how best to support the inclusion of
ERGA members who face a multitude of different realities whilst partici-
pating e.g. resource availability, geographic, and political positioning. The
lessons learned from this initial pilot can certainly be used by ERGA to
inform future developments, but can also be used to inform the broader EBP
strategy as to whether decentralised approaches are effective in the pro-
duction of reference genomic resources that meet with EBP minimum
standards.

The first step towards decentralisation was to create a pan-European
network of existing sequencing centres, biobanks, and museum collections

that were willing to participate and provide diverse support options for
sample storage, wet lab preparation, sequencing, and data handling and
storage. The second step was to obtain adequate funding to support the
development and implementation of the infrastructure. Here, no central
source of funding was available and so the majority of funds were acquired
through the grassroots efforts of individual ERGA members contributing to
the pilot test as well as a plethora of partnering institutions (Supplementary
Table 1). In many cases, researchers completely, or partially financed their
participation in the pilot test. In other cases, sequencing partners con-
tributed their own grant funds to completely cover or offer heavy discounts
for the cost of library preparation, sequence data production and/or
assembly services whilst also covering the costs of the scientific personnel
within their facilities to participate in the pilot test. In addition, collabora-
tions were fostered with commercial sequencing companies to obtain in-
kind contributions that could be used to support those researchers who
wished to participate but deserved financial support. All in-kind contribu-
tions were shipped to three established ERGA Hubs, two ERGA Library
Preparation Hubs (University of Antwerp, Belgium and the Metazoa
Phylogenomics Lab at the Institute of Evolutionary Biology (CSIC-UPF) in
Barcelona, Spain) and one ERGA Sequencing Hub (University of Flor-
ence, Italy).

Development of a decentralised infrastructure

Overall, from the 33 countries (17 Widening countries (Supplementary
glossary)) and regions, 98 species were included in the pilot test (Fig. 2a).
However despite efforts made during the prioritisation process, the dis-
persion of species selected was not equal across countries predominantly
due to the acceptance of additional species after nomination closure
(Fig. 2b). Nine iterative steps were developed to support the production of a
complete reference genomics resource for each of the species included into
the pilot project (Fig. 1).

Genome team establishment

After a successful nomination, including a species into the ERGA infra-
structure was reliant on the creation of a ‘genome team’. A genome team is a
transdisciplinary group of researchers that have a shared interest in a par-
ticular species and assume the shared responsibility of shepherding this
species through each of the infrastructure’s steps. Each team member has an
assigned role (Fig. 1, Supplementary Table 2). Further, all teams were
strongly encouraged to include both national and international members
and all teams were overseen by the ‘Principle Investigator’ and a ‘Sample
Ambassador’ who was ideally from the country of origin of the focal species.
The role of the sample ambassador was to coordinate the species project, and
to ensure the continuous communication across the team members. In total,
98 genome teams were established and each had at least one international
team member, 23% having three members, and 26% having >five members
(n=93) (Fig. 2b). A total of 76 genome team sample ambassadors were

Box 1 | The European Reference Genome Atlas

As the European node of the Earth BioGenome Project (EBP; https://
www.earthbiogenome.org/)"", the mission of the European Reference
Genome Atlas is to coordinate the generation of high-quality reference
genomes for all eukaryotic life across Europe®™. At the core of this mission
is ensuring the implementation of an inclusive, accessible, and dis-
tributed genomic infrastructure that supports the inclusion of allwho wish
to participate, advances scientific excellence and data-sharing best
practices, and increases taxonomic, geographic, and habitat repre-
sentation of sequenced species in a balanced manner. Embracing
diversity in this way brings opportunities for ERGA to build a genomic
infrastructure that can be used by the large network of biodiversity
researchers and also foster new international and transdisciplinary
collaborations.

The organisational structure of ERGA currently comprises the gov-
erning body of the Council of Country/Regional Representatives, with
actions developed and implemented by the Executive Board and nine
expert Committees, with participation from the large network of members
(https://www.erga-biodiversity.eu/). With over 750 members spanning 38
countries, one regional ERGA-affiliated project, and 234 institutions,
ERGA is currently the largest initiative of its kind in the world. ERGA
membership is open to all who wish to engage in the sequencing of
European eukaryotes, foster new collaborations in and beyond Europe,
and learn about the most up-to-date technologies for generating refer-
ence genomes for species (individuals interested in becoming a member
can register through the ERGA website).
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Fig. 1| . Establishing an inclusive, accessible, distributed and pan-European genomic infrastructure that could support the streamlined and scalable production of genomic

resources for all European species.

comfortable sharing their self-declared sex, (only ‘male’ and ‘female’ were
proposed as choices) from this subset, 63 (16%) self-identified as male and
36 (84%) as female (Fig. 2b). To ensure compliance with GDPR regulations,
no other data was collected to assess representation by other critically
important dimensions of diversity e.g. race, ethnicity, religion, sexual
orientation or their intersections. Hence, ERGA does not currently have any
means to evaluate its inclusiveness beyond sex and it is likely that it suffers
the same lack of racial representation and inclusion that characterises
European science at large.

Building a representative species list

Prior to developing and testing the decentralised infrastructure (Fig. 1), we
first needed to consider the species that would test it. For this, a nomination
form was issued for completion by all ERGA members that were willing to
contribute samples for a species. The form collected information on genome
properties, vouchering, habitat and sampling, conservation status, permit
prerequisites, sample properties, species identification, and sex (https://
treeofsex.sanger.ac.uk/)'” for each suggested species™. To prioritise nomi-
nations, a scoring system was applied based on several feasibility criteria:
small genome size (<1 Gb), an ease of availability, possibility for being
freshly collected and flash frozen, >1 g of tissue, a well-established nucleic
acid extraction protocol, a specimen voucher present, no species identifi-
cation ambiguity, all necessary permits existing, and no restrictions on
export”. ERGA council representatives were given the prioritised species list
and asked to select three species per predefined ERGA target category
(pollinators, freshwater species and endangered/iconic) from the nomina-
tions from members within their country. After nomination form closure,
many additional species were nominated by ERGA members. However,
only nominations that fulfilled all of the selection criteria, had funding
available, and/or were from a country not yet represented were accepted for
inclusion into the test.

Developing a communication and coordination strategy
The nature of the infrastructure constructed required streamlined com-
munication between ERGA genome teams and partnering sequencing

facilities spanning large geographic distances. To facilitate this, we created
avenues to maximise continuous communication both in and outside of the
ERGA community. In partnership with Ensembl at EMBL’s European
Bioinformatics Institute (EMBL-EBL https://www.ebi.ac.uk/)*', we built an
ERGA Data Portal (https://portal.erga-biodiversity.eu/) to provide a com-
prehensive overview of all ERGA data. The portal provides a powerful and
intuitive ability to search over each ERGA metadata, genomic dataset,
assembly and annotation, with filters for component project, sequencing
status and taxonomy. Additionally, an interactive phylogeny provides
another route to exploring available species and can display ERGA species
sequenced at any taxonomic level. We developed the current portal rapidly
to support the goals of the pilot test, but it will be continually and iteratively
improved to enhance usability, for example by potentially adding species
imagery and distribution ranges, Ensembl” and community annotations,
interactive geographic map searches, and cross referencing to key resources
such as the Global Biodiversity Information Facility (https://www.gbif.org/)
and climate data. Progress data is continuously shared through the portal's
public tracking pages (https://portal.erga-biodiversity.eu/status_tracking)
and the GoAT database’ https:/goat.genomehubs.org/projects/
ERGA-PIL).

Developing a training and knowledge transfer strategy

Investing in building competency is important if ERGA is to provide sci-
entists across disciplines, experience levels, demographic sectors of society,
and geographies with equitable opportunities to leverage and benefit from
the use of the enormous volume of data expected to be generated through
ERGA, but also other large biodiversity genomics initiatives including and
especially those in parts of the world where economic opportunities are
much more limited. However, a significant gap remains in expertise between
countries due to the diverse nature of resource availability, genomic research
capacity and capability, and access to state-of-the-art training (Box 2). To
increase the accessibility and stimulate the use of existing infrastructure
within ERGA across all the infrastructure steps, efforts were made to share
expertise through conference participation, webinar organisation and
through organising hands-on training workshop opportunities. For
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Fig. 2 | Sample, country and partnering institution distribution across Europe.
a Taxonomic distribution of the species included into infrastructure testing. b Top:
Distribution of sample ambassadors per participating country. Bottom-left: self

identified sex distribution across sample ambassadors, Bottom-right: frequency of
genome teams that have international collaborators i.e. collaborators that are outside

of the country of origin that the sample was obtained from. ¢ Map illustrating the
distribution of sampling localities, cryopreserved specimens, collections holding
vouchered specimens, sequencing library preparation hubs and sequencing facilities
across Europe™.
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Box 2 | opportunities for training & knowledge transfer

During an EMBO Practical Course ‘Hands-on course in genome
sequencing, assembly and downstream analyses’ held at the Université
libre de Bruxelles (ULB), Belgium (https://meetings.embo.org/event/22-
gen-seg-analysis), the organisers chose to use the endophytic yeast
Debaromyces sp. RF-E1 (13 Mb) for sequencing during the course.
Microorganisms are excellent objects for genome sequencing and
bioinformatics teaching due to their small genome size (making it pos-
sible to try many workflows and sets of parameters). The genus Debar-
yomyces comprises species of extremophilic yeasts, some of which
support plant health by modulating pathogen invasion®"¢%. A high-quality
reference genome will help study the impacts of radiation on this genome
and elucidate the adaptive potential of host-microbe interactions. The
yeast was isolated from a silver birch tree in the Red Forest, one of the
most radioactive areas in the Chernobyl Exclusion Zone (CEZ) in
Ukraine®. Anthropogenic stresses caused by radionuclide contamina-
tion can adversely affect organism health through genotoxicity®*®.
Although symbiotic interactions with endophytic microorganisms can

instance, many ERGA members participated in a BioHackathon to integrate
new genome assembly methods into an openly accessible Galaxy pipeline
and worked on the development of robust user guidance”. In addition, we
organised a virtual workshop entitled ‘Building high-quality reference
genome assemblies of eukaryotes’ as part of the European Conference in
Computational Biology 2022** and now freely available online to further
educate researchers in best practices for genome assembly. We also orga-
nised a webinar on ‘Access and Benefit-Sharing’ with the National Focal
Points across Europe to help genome team sample ambassadors to under-
stand their Nagoya permitting obligations during the sample collection
stage of the project and organised an online workshop on structural genome
annotation with BRAKER & TSEBRA.

An online workshop was also organised to train pilot genome teams to
identify the external actors (international, national, and local levels)
involved in their reference genome project. During this training, we con-
ducted a stakeholder and rightsholder, herein interested parties, mapping
exercise, and examined sample ambassador perceptions of how to interact
with interested parties across high and low GBARD (government
budget allocations for R&D) countries. The results indicated that
researchers did not categorise their project’s interested parties differently
(X*(3, (153 — 130)) = 5.66, p = 0.12) (Supplementary Fig. 6) depending on
whether they were situated in a low or high GBARD country. However,
there does appear to be a tendency in the ‘Consult’ category (df=1,
p = 0.08), suggesting that researchers located in low GBARD countries may
place a higher value on the involvement and collaboration of interested
parties as opposed to those located in high GBARD countries (Supple-
mentary Fig. 6).

Technical workflows

Pre-sampling requirements. Supporting genome team compliance
with all relevant ethical and legal customary, local, regional, national, and
international obligations was a priority during the infrastructure devel-
opment process. Through ERGA expert committees, namely the Ethics,
Legal and Social Issues (ELSI) Committee and the Sampling and Sample
Processing (SSP) Committee, comprehensive documentation was
developed including a ‘Sampling Code of Best Practice’ and ‘Guidelines
on implementing the Traditional Knowledge and Biocultural Labels and
Notices when partnering with Indigenous Peoples and Local Commu-
nities (IPLC)***. The Traditional Knowledge (TK) and Biocultural BC)
Label and Notice implementation and guideline documentation was
developed through a funded partnership (European Open Science Cloud
Grant) with representatives of the Global Indigenous Data Alliance

facilitate a host’s capacity to adapt and persist under such environmental
stress®, little is known about radiation exposure’s impact on these
endophytic interactions. ONT genomic and cDNA sequencing was per-
formed during the course, then the data were assembled with Flye®® and
annotated with BRAKER®"®® by the course participants. The pedagogy of
the EMBO course effectively combined hands-on research training with
the necessary theoretical framing to support active learning of partici-
pants. Feedback by course participants was extremely positive, and as a
result, a second EMBO-funded Practical Course will be organised by the
same team in 2024 (this time in Valencia, Spain). In addition to providing
participants with a realistic insight into the research process, the training
also created a suite of high-quality publicly available genomic resources
for the yeast species sequence that will be directly useful to the sample
provider’s ongoing research, but also to potentially many more
researchers. This successful teaching-through-research model will
inform future ERGA training and capacity-building activities at locations
across Europe and beyond.

(https://www.gida-global.org/), ~Local Context Hub (https://
localcontexts.org/) and the Research Data Alliance (https://www.rd-
alliance.org/node/77186). Complying with this documentation was
mandatory as it codifies the official ERGA standards for how to ethically
and legally collect samples, as well as how to responsibly engage all
interested parties (Supplementary glossary). In addition, educational
webinars were used as a researcher capacity-building tool, providing
more general information on pertinent topics such as the Nagoya Pro-
tocol on Access and Benefit Sharing, and Digital Sequence Information
(https://www.youtube.com/@erga-consortium1001).

Sampling and metadata acquisition. During sample collection
important metadata concerning the species collection event were expected
to be documented by the sample collector. To standardise this process a
robust metadata schema was developed, using the DToL metadata schema
as a foundation™. The tailored ERGA schema, including unique ERGA
specimen identifiers as well as ToLID (https://id.tol.sanger.ac.uk/), was
codified into a .csv formatted ‘manifest’ and made publicly available
(https://github.com/ERGA-consortium/ERGA-sample-manifest). In tan-
dem, a standard operating procedure document” was developed to pro-
vide details on how to complete all of the 81 validatable manifest fields.
Inspired by the Genomic Observatories Metadatabase™, ERGA also
developed fields to mandate important information disclosure e.g. per-
manent unique identifiers (PUID) associated with ex-situ specimens,
permits, and Indigenous rights and interests (TK and BC Labels and
Notices)*>*~*". Overall, samples were collected for 98 species spanning 92
genera, 81 families, 61 orders, 26 classes, and 13 phyla (https://goat.
genomehubs.org/projects/ ERGA-PIL, Fig. 2a). The geographic distribu-
tion of samples collected was relatively even, although some countries
contributed more species than others (Fig. 2b). Altogether 89% of genome
teams (n = 93) reported >90% confidence level in that they had obtained
all permits required with ten Nagoya permits and three CITES (Supple-
mentary Note 1) permits being obtained.

Sample manifest submission, validation, ex-situ storage. An acces-
sible and streamlined metadata manifest submission system was imple-
mented to ensure that all ERGA’s sample metadata was accurately
validated and promptly submitted into the public archive. To achieve
this, a user-friendly and highly customised data and metadata brokering
system called Collaborative OPen Omics (COPO) (https://
wellcomeopenresearch.org/articles/7-279/v1) was used”. The COPO
submission system validated each manifest submitted against an ERGA-
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provided checklist to standardise and automate entry into the Bio-
Samples public archive. By automating this process it ensured that all
species samples collected had a permanent unique identifier (PUID) from
BioSamples that can be automatically linked to the associated genomic
sequencing data submitted to the European Nucleotide Archive (ENA;
https://www.ebi.ac.uk/ena). Additionally, the submission system had the
capability to upload permit documentation and supported its immediate
transfer to a private and secure location on an internal ERGA data
repository (that was built for the purposes of the pilot test) to avoid
privacy concerns and data leakages. All documents were subsequently
deleted from COPO’s internal servers. The internal data repository itself
was constructed in partnership with the Barcelona Supercomputing
Centre (BSC; https://www.bsc.es/) and was a Nextcloud instance con-
taining a group folder with a tiered storage system, or HSM (see Sup-
plementary glossary). All ERGA members could request access to the
ERGA data repository and upon approval, members were assigned
appropriate access privileges depending on their needs (read-, write-, or
full file control access). To support repository utilisation, guidelines were
developed detailing protocols for data upload/download as well as
directory structure, to ensure standardisation, reusability, and
interoperability™.

We highly recommended that both voucher specimen(s) and cryo-
preserved specimen(s) be associated with all genomic resources produced
during the pilot test. To support this we issued supporting guidance for
biobanking and vouchering. The vouchering best practices developed
recommended the deposition of both a physical and digital e-voucher(s)
(high-quality, informative photographs). Through ERGA’s SSP Com-
mittee, we also supported genome teams in seek of a permanent collection
for voucher deposition and a partnership with the LIB Biobank at
Museum Koenig (Bonn) (https://bonn.leibniz-lib.de/en/biobank) was
established to support the deposition of cryopreserved samples for those
without access to a local biobank. Samples biobanked in LIB were made
publicly visible via the international biodiversity biobanking portal
(GGBN.org). Although not a mandatory requirement, voucher specimens
were provided for 67% of the species (19% digital, 40% physical, and 40%
had both physical and digital) and deposited in museum collections across
23 countries (Fig. 2c). Of the specimens, 45% had an associated cryo-
preserved sample that were stored in 34 biobanks in 22 countries (Fig. 2¢).
Al 98 genome teams successfully completed, validated and uploaded their
metadata publicly to BioSamples through the COPO system and manifest
submissions are publicly available through the ERGA Data Portal (https://
portal.erga-biodiversity.eu/) that provides intuitive search and direct links
to all of the data held in the public archives ('Communication and
Coordination' Section).

Sample preparation. Sample quality and shipment requirements were
formalised for each data-type across ERGA sequencing facility part-
ners, including sample requirements for long reads (Oxford Nanopore
Technologies (ONT)/Pacific BioSciences (PacBio)), scaffolding
(Omni-C/Hi-C), and annotation (RNA-Seq/IsoSeq) of data. Sample
collectors were expected to adhere to the requirements of the ERGA
sequencing facility specified and ensure that samples shipped are: 1) ofa
quality suitable for HMW DNA extraction, and 2) of an appropriate
quantity for long-read, proximity ligation and annotation sequence
data production. Two ERGA Library Preparation Hubs were estab-
lished to support genome teams that required resource support for the
library preparation of samples prior to sequencing. To increase the
likelihood that the HMW DNA of sufficient quantity was obtained for
effective sequencing, most library preparation was conducted by
partnering sequencing facilities. However, the ERGA Library Pre-
paration Hubs facilitated the production of 99 libraries: 15 libraries for
proximity ligation data (Hi-C/Omni-C® kit) that were provided by 27
countries; Eight libraries for PacBio data provided by eight countries;
and the remainder were for RNAseq data (Supplementary Tables 3, 4,
Supplementary Figs. 1, 2).

Sequencing strategy. A key component and strength of the decen-
tralised infrastructure was the intentional distribution of sequence data
production across partnering European sequencing facilities. To initialise
these partnerships, a sequencing platform landscape assessment was
conducted across all of the countries that had ERGA council repre-
sentation. This effort assessed the quantity, distribution, and diversity of
the sequencing platforms available across Europe and specifically
examined their capability to produce long read (PacBio HiFi reads/ONT
reads /IsoSeq reads), and short read (Hi-C/Omni-C/RNA-Seq/PCR-free
Mlumina) sequencing data. This mapping indicated an uneven distribu-
tion of sequencing platforms across Europe, and so we decided that any
sequencing facility with a platform to produce long read sequencing data
could be an ERGA partner. We took this long read data-type agnostic
approach to maximise geographic breadth and increase accessibility but
also to reduce shipping costs and the likelihood of customs issues. An
additional strength was that it could facilitate the development of more
standardised and automated approaches for long read technologies that
are currently underrepresented in generating genomic references for
biodiversity genomics. Supporting a variety of technologies is important
as it takes advantage of their individual characteristics (e.g. portability or
lower priced solutions) to increase sequencing capability and accessibility
in under-resourced countries, regions and institutions in ERGA. In the
end, we partnered with a total of 26 sequencing facilities, 17 with PacBio
and 9 with ONT sequencing platforms available (Fig. 2¢), and docu-
mented the minimum sample collection and quality requirements for
each partner. Here, we recommended the following data-type volumes
for assembly generation: 30X HiFi or 60X ONT, 25X Hi-C (per haplo-
type) and 25X (per haplotype) Illumina (in cases where ONT data was
used), and the following data-type volumes for annotation: total of 100
million reads if >five tissue types are available, or 30 million reads if tissue
samples are pooled™. IsoSeq production was not a mandatory require-
ment but was promoted, where feasible. The pilot test’s 98 species were
sequenced across 25 main partnering sequencing facilities (Supplemen-
tary Table 1), and additional data was generated by Novogene for four
species from the Netherlands and Hungary. 27 species were sequenced
using an ONT platform, 75 using the PacBio Sequel II platform, and four
by both platforms. For scaffolding and curation purposes, proximity
ligation sequencing was highly recommended. A total of 76 species had
some form of proximity ligation sequencing conducted, 47 species with
Arima-Hi-C (Arima Genomics), 24 species with Dovetail Omni-C®
(Dovetail Genomics), and five with Proximo (Phase Genomics) (Fig. 3a).
Regardless of the partnering sequencing facility utilised or species being
sequenced, the facilities were expected to produce sufficient data to reach
at minimum EBP recommendations®. An ERGA Sequencing Hub was
also established at the University of Florence (Italy) Genomics Core to
support the sequencing of the 99 libraries prepared by the ERGA Library
Preparation Hubs (Supplementary Tables 3, 4). Upon sequencing data
generation, both genomic and transcriptomic data were shared with the
genome teams through the internal ERGA data repository.

Genome assembly and annotation. A requirement for becoming an
ERGA reference genome was that the genome assembly reached, at
minimum, the EBP standard for assembly quality””. To ensure the
infrastructure supported the production of genomic references to this
standard, we developed assembly guidelines with workflows tailored for
both ONT and HiFi-based genome assemblies. The use of these
workflows was not mandatory, and any assembly workflow would be
accepted if the resulting assembly met the appropriate assembly quality™.
To streamline the assessment and validate all ERGA genomic references,
we established a stepwise procedure of 1) QC metrics assessment, 2)
internal peer review, and 3) manual curation. On completion of a draft
assembly, each genome team reported a set of standard QC metrics” that
include a contaminant assessment, K-mer metrics, Hi-C map and graph
production, gene prediction analyses, and a set of summary statistics.
After this, the assembly and the associated metrics underwent an internal
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round of peer review from assembly experts (ERGA Sequencing and
Assembly Committee). After feedback integration, each genome team
uploaded the pre-curation assembly to the internal ERGA data repository
along with details of the assembly construction (https://gitlab.com/wtsi-
grit/documentation/-/blob/main/yaml_format.md) and each team was
provided with the opportunity to submit their reference genome to an
internal panel of expert curators who conducted a final manual
curation™.

Due to the decentralised nature of the infrastructure, all 98 species
progressed through the steps at different rates, depending on the number
and complexity of permits (Supplementary Note 1), difficulty of sample
collection (Supplementary Note 2), need for sample specific protocol
development (Supplementary Note 3), partnering sequencing facility
capacity, and assembly complexity. Figure 3a highlights the current status of
each species that has an assembly generated and shows that 13 complete and
curated reference genomes have been generated (11 of which can be found
in the INSDC), a further 17 are complete but require curation, and 8 are in
non-final draft stage.

From the 30 reference genome assemblies with a ‘Curated’ or ‘Pre-
curation’ status, we found 14 cases where the assemblies do not meet the
quality standard 6.C.Q40 EBP standard criteria (See Supplementary glos-
sary and Fig. 4a). For instance, Argentina silus (fArgSill) and Knipowitschia
panizzae (fKniPanl) have scaffold N50 values that meet the minimum
requirement, indicating successful Hi-C scaffolding, however both fall short
in terms of contig contiguity (N50 < 1 Mbp). In addition, those two pre-
curation assemblies contained many small scaffolds, which increased the
total number and translated to higher values of Scaffold L95. Notably,
Phaeosaccion multiseriatum (uoPhaMultl) meets the contig N50 but does
not meet the scaffold N50 metric (N50 > 10 Mbp). In the cases of Spongi-
pellis delectans (gfSpoDelel) and Phakellia ventilabrum (odPhaVentl), they
reached a chromosomal scale N50 scaffolding (6.C.Q40), but not the N50
threshold used as a proxy in Fig. 4a (6.7.Q40), a minimum criteria set for
vertebrates but that cannot be applied to taxa with chromosome length N50
less than 10 Mbp.

We found differences between HiFi- and ONT-based assemblies in the
K-mer-based analyses, for example, the average quality value (QV) for HiFi-
based assemblies was 61, while for ONT-based it was 38. From these ONT
assemblies, five species showed values below the recommended 40, which
corresponds to an error rate > 0.01% (Fig. 4b). It should be noted that in the
case of ONT-based assemblies K-mers were derived from orthogonal Illu-
mina reads from the same individual, whereas in the case of Hifi assemblies
the K-mers were derived from the same data used to generate the genome
assembly, likely inflating QV estimation due to data-interdependence.
Further research is warranted on how to mitigate this issue. Recent
unpublished results from within ERGA suggest that assembly of newer
ONT data (Kit14, Q20+) consistently generates assemblies with QV > 40,
perhaps side-stepping this issue. Eleven species showed K-mer complete-
ness below 90%, with four being below 80% and one also lower than 70%.
Out of these, six belonged to ONT-based assemblies while eight had curated
status (Fig. 4b). A caveat to K-mer completeness is that pseudohaploid
assemblies (the typical output of ONT-based assemblies) of heterozygous
genomes tend to have lower K-mer completeness. This highlights the need
for continued development of diploid assembly strategies to ensure high
K-mer completeness.

Five genomes exceeded the recommended metric Gaps/Gbp™ as they
all had >1000 remaining (Argentina silus (fArgSill), Knipowitschia panizzae
(fKniPanl), Ammodytes marinus (FAmmMarl), Salvelinus alpinus (fSa-
1Alpl) and Vipera ursinii rakosiensis (rVipUrsl)). Despite this, for all the
completed assemblies, Ns accounted for less than 0.05% of the genome, with
the exception of Mustela lutreola (mMusLut1). For this genome assembly,
which has yet to undergo final curation (the only large ONT-based assembly
evaluated >2 Gbp), 0.55% of its sequence was composed of N (Fig. 4b).

Besides EBP metrics, when estimating completeness using single-copy
orthologs, Phakellia ventilabrum (odPhaVentl) and Gordionus mon-
tsenyensis (tfGorSpebl) assemblies had lower values than recommended.

tfGorSpeb1 is one of the first of its phylum to be sequenced”, and so is
therefore underrepresented in the BUSCO database (Fig. 4c)*’. Two species,
Trifolium dubium (drTriDubil) and the Salvelinus alpinus (fSalAlp1), both
have higher ploidy levels (tetraploid and partial tetraploid, respectively) and
had much higher BUSCO duplicate values than the recommended 5%
(Supplementary Table 1).

For the pilot test, the sample collection process for the included species
was ideally conducted to facilitate simultaneous genomic and tran-
scriptomic data production. After data deposition to the ERGA data repo-
sitory, we designed the infrastructure to have the flexibility necessary for
each genome team to decide whether the annotation will be conducted i) by
the genome team or sequencing facility, ii) with supporting expertise from
the internal ERGA community, iii) or wait until the assembly and anno-
tation data is uploaded to ENA where a gold standard annotation will be
generated by Ensembl'. Although annotation was not mandatory, we
produced sequencing data to support annotation data for 81 species (66 with
RNA-Seq data, and 15 IsoSeq data). For those species with IsoSeq data
generated, 13 also obtained RNA-Seq data. For the 30 genome teams
spanning 16 countries that lacked the resources necessary to generate
annotation data, we ensured that samples were shipped to a dedicated
ERGA Library Preparation Hub. Here, 76 libraries were prepared and
shipped to the ERGA Sequencing Hub for data production. In some groups
annotation is still underway, but seven genome teams reported that they
have a finalised annotation.

Data analysis

Reference genomes can support many downstream analyses, including
population genomics, phylogenomics, functional genomics and com-
parative genomics’. Following the assembly and annotation of the newly-
built reference genomes, we offered assistance through the ERGA Data
Analysis Committee to genome teams by suggesting and supporting
avenues of downstream data analyses that could be followed to answer
their biological questions of interest. In addition, we connected genome
teams with relevant ERGA members that may be able to assist or mentor
downstream biological exploration, sparking new collaboration and
working groups. As many of the 98 species participating had not yet
reached the point of data analysis, we conducted a brief survey to better
understand what downstream analysis was planned across the genome
teams participating (Supplementary Fig. 5). For 59.8% of genome teams,
the downstream analyses planned would not have been possible without
the reference genome, and 70.7% reported that their planned analyses will
be significantly improved by the availability of the reference genome,
reinforcing that the biodiversity genomics community is in great need of
genomic resources of this kind and quality. Results across the genome
teams indicate that the most common type of downstream genomic
analyses planned was population genomic based analyses (37.7%) for
assessments of population history, structure and status of endangered and
endemic species (e.g. demography, inbreeding, hybridization, and asso-
ciation with morphological or environmental factors). Comparative
genomics was also a common analysis type across genome teams (27%)
who seek to examine relevant evolutionary processes across species (e.g.
trait-associated gene family evolution analysis, repeat content evolution,
synteny, inversions, tRNA evolution). Overall, the results of this survey
show that the availability of reference genomes are considered a key tool
for downstream applications.

Upload to public archives

To follow the principles of Open Access to Scientific Publications and
Research Data Guidelines of the European Research Council under Horizon
2020, ERGA adopted the data policy of ‘as open as possible but as closed as
necessary’. To support this policy, we developed an ERGA Pilot Project Data
Sharing and Management Policy” specifically seeking to balance data
openness with respecting the needs of diverse ERGA genome teams. The
policy itself codified that all reference genome, annotation and raw sequence
data was expected to be uploaded upon generation to the internal ERGA
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data repository, ensuring its immediate accessibility to the ERGA com-
munity. The policy also grants each genome team the ability to place an
embargo on public upload of ERGA data into the public archives until the
first publication but no longer than two years after data release. Laid clear in
the policy is the provisions for fair and rightful attribution in all associated
publications.

Decentralisation challenges

From the outset of the pilot test, we realised that the decentralised infra-
structure built would have huge implications on who was included, had
access to, and benefited from the production of genomic resources into the
future. Collecting, identifying, storing, and cold-chain shipping of speci-
mens as well as producing, analysing, and storing sequencing data is
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Fig. 4 | Quality control and status of the 38 genome assemblies evaluated.

a Genome assemblies are represented according to their Scaffold N50 (y-axis, log;)
and number of the longest scaffolds that comprise at least 95% of the assembly (x-
axis, log,). Bubble size is proportional to assembly span. Empty bubbles depict HiFi-
based genomes, while full bubbles are ONT-based. Colours are according to
assembly status (Curated, Pre-curation, Non-final draft). Lower values for both axes
indicate better assembly contiguity. Assemblies not reaching the EBP-recommended
One Megabase Contig N50 (log;1,000,000 = 6) or 10 Megabase Scaffold N50
(log1010,000,000 = 7) here a proxy for chromosome-level scaffolds are labelled with
their ToLIDs* (https://id.tol.sanger.ac.uk/). b Completed HiFi- and ONT-based
genomes assemblies are represented according to their Quality value (QV, y-axis)
and number of gaps per Gbp (log;, x-axis). The bubble size is proportional to
assembly size. Colour grade of the bubbles is according to the K-mer completeness
score. ToLIDs are reported for the assemblies that are below the recommended EBP
metric for QV (40), Gaps/Gbp (log101000 = 3) or K-mer completeness (90%).
Quality values are calculated differently for HiFi-based assemblies than for ONT-
based assemblies and should not be compared directly. ¢ BUSCO completeness
scores for genome assemblies with ‘Curated’ and ‘Pre-curation’ status. Using two
orthologs databases, one for a more recent last common ancestor encompassing
related species (blue), and one for all eukaryotes (grey), we seek a more compre-
hensive estimation of the assembly completeness. Number of single-copy orthologs
present on each database is reported. *Briefly, a ToLID is a unique identifier for an
individual organism within a species sampled for genome sequencing, consisting of
one or two lowercase letters for high-level taxonomic rank and clade, respectively,
followed by three letters for genus and species each. Thus, within insects (i), the

Hemiptera (i) includes Andrena humilis (iyAndHumil) and Osmia cornuta
(iyOsmCornl). The Coleoptera (c) contains Carabus granulatus (icCarGranl), C.
intricatus (icCarlntrl), and Leptodirus hochenwarti (icLepHoch2). Ephemeroptera
(e) features Epeorus assimilis (ieEpeAssil), and among Strepsiptera (v) it is found
Stylops ater (ivStyAterl). Lepidoptera (1) includes Coenonympha glycerion
(ilCoeGlycl), Helleia helle (ilHelHell1), and Parnassius mnemosyne (ilParMnem1).
Within the fungi (g), Agaricomycetes (f) are represented by Spongipellis delectans
(gfSpoDelel). For sponges (o), Demospongiae (d) includes Phakellia ventilabrum
(odPhaVentl), and among algae (u), Heterokontophyta (o) are represented by
Phaeosaccion multiseriatum (uoPhaMult1). The fishes (f) include Alburnus albur-
nus (fAlbAlb2), Ammodytes marinus (fAmmMarl), Anaecypris hispanica (fAna-
Hisl), Argentina silus (fArgSill), Knipowitschia panizzae (fKniPanl), Perca
sp.‘yellow fin Alpine’ (fPerYfal), Salvelinus alpinus (fSalAlp1), Silurus aristotelis
(fSilAril), Solea solea (fSolSol8), Tripterygion tripteronotum (fIriTrp1), and Zingel
asper (fZinAspl). Birds (b) are represented by Haliaeetus albicilla (bHalAlb1),
Oenanthe leucura (bOenLecl), and Tetrao urogallus (bTetUro2). Mammals (m)
include Canis aureus (mCanAur2), Chionomys nivalis (mChiNiv1), Lepus grana-
tensis (mLepGral), Lepus europaeus (mLepEur2), and Mustela lutreola (mMus-
Lutl). Among reptiles (r) is Vipera ursinii (rVipUrs1). Within dicotyledons (d), the
Ericales (d) include Hottonia palustris (ddHotPalul), and Rosales and Fabales (r)
features Prunus brigantina (drPruBrigl) and Trifolium dubium (drTriDubil),
respectively. Finally, among ‘other chordates’ (k), Ascidiacea (a) includes Botryllus
schlosseri (kaBotSchl2), while in the category ‘other animal phyla’ (t), Nemato-
morpha (f) is exemplified by Gordionus montsenyensis (tfGorSpebl).

expensive, requiring ex-situ long-term storage facilities, sequencing
equipment, laboratory access, a skilled workforce, and significant com-
putational resources. The resources to create genomic resources are nei-
ther evenly distributed across the globe, nor across Europe. A key goal of
the pilot test was to identify how the existing inequitable structures and
systems would manifest whilst building a distributed genomic infra-
structure. Intertwining and embedding justice, equity, diversity and
inclusion into the scientific mission was considered essential if a decen-
tralised, accessible, and scalable infrastructure was to be achieved that
truly supported the production of complete reference genomics resources
for all species, and was accessible to all researchers. Overall, the main
objectives we set out for the decentralised infrastructure were achieved as
it: i) supported the ethical and legal production of high quality genomic
resources; ii) created a network of the researchers and institutions engaged
in the field of biodiversity genomics; iii) leveraged the network’s existing
institutional capacities and capabilities; and iv) harnessed the diverse
expertise of the ERGA memberbase and streamlined, as much as possible,
equitable participation. However, the decentralised approach also
revealed a number of challenges that need to be addressed by ERGA
moving forward.

Technical

Phylogenetic representativeness and sampling bias. Bias was found
in the representation of countries (Fig. 2), distribution of species sampled
per country (even when population size is considered (Supplementary
Fig. 7) and species distribution across the phylogenetic tree. Generally,
non-Widening countries were more strongly represented than Widening
countries and certain branches of the tree of life were overrepresented
(Mammalia, Aves, Actinopterygii and Magnoliopsida), whilst others
(Insecta, Amphibia Mollusca, Annelida, Fungi and most protist groups)
were underrepresented. Feasibility was another obstacle. First, the pro-
duction of long-read and -range sequencing on a species sample requires
a significant amount of HMW DNA per 1 Gb of genome size and so
small-sized species or species with very large genomes remain an
unsolved challenge (Supplementary Note 2). Second, for some taxa and
species, co-purification of secondary compounds resulted in sequencing
chemistry interferences. Finally, ideal tissue preservation was not always
possible due to sampling at remote destinations or from scientific col-
lections where samples were preserved a long time ago (Supplementary
Note 6).

Moving forward, a more robust species prioritisation process could
ensure that all species are assessed using clearly specified criteria with a
scoring system that is responsive to the needs of both equity deserving
countries (see Supplementary glossary) and underrepresented taxa. For
example, species from higher taxonomic groups without reference genomes
could be prioritised over those more resource abundant groups or Widening
countries could be prioritised over non-Widening countries. A more robust
species prioritisation process could also facilitate knowledge transfer and
serve as a seed for national investments in biodiversity genomics. Tackling
these challenges will require a greater investment in research and devel-
opment as well as highly-skilled personnel, additionally researchers may
need incentives to prioritise the interest of species or taxa that remain
underrepresented in public databases.

Enhancing end-use through genome annotation. The first hurdle in
annotation is the availability of sufficient evidence (transcriptomic and
protein sequence data) from focal species, databases and predictive
models of repeats. Secondly, even with appropriate data, the most
accurate genome annotation pipelines require advanced skills to both
install and run which reduces their accessibility and ultimately their
utility. Finally, robust annotation quality assessment tools are lacking
particularly for species with underrepresented genomic resources, for
instance gene content assessment tools such as BUSCO* remain unable
to account for species within taxonomic groups that have incomplete
gene sets available leading to unreliable quality assessments.

Obtaining, and equitably distributing, financial resources will be
required to equip researchers, labs, and regions for annotation in a manner
that responds to their varying resource realities. Additionally, the devel-
opment of more easily installable and reproducible pipelines are needed, and
thankfully some new tools are now emerging with this in mind”. Stan-
dardised and streamlined annotation pipelines are needed for consistency
which is crucial for many analyses such as comparative genomics as it can
facilitate more confident comparisons. Finally, sequencing more under-
represented genomes will help improve quality assessment tools. Filling in
phylogenetic gaps will provide more opportunities for comparisons among
taxa but also to develop better models for gene predictions. Despite these
challenges, it is important that genomes are annotated. Many downstream
analyses are based solely on the predicted genes from the annotation, and
incomplete or incorrect results will negatively impact studies of both short-
term and broad evolutionary processes.
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Decentralising reference production and reproducibility. During the
pilot test the reference genomics resources were produced across diverse
and transdisciplinary research groups, institutes and countries. This
diversity resulted in variances in accessibility, capacity and capability in
sequencing technologies, computation, and software but also across
different taxa. The overrepresentation of pilot sequencing facility part-
ners located in Western Europe compared to Eastern Europe demon-
strates such disparity. Furthermore, the data agnostic approach taken led
to challenges in standardising assembly, annotation and curation pro-
tocols, workflows and procedures across the project. For instance, a
blanket adoption of the VGP pipeline for diploid genomes based on
PacBio HiFi and Hi-C sequencing (https://gxy.io/GTN:T00039; https://
workflowhub.eu/workflows/3252version=1) was not appropriate as this
approach would not cater for polyploid genomes nor those assemblies
produced that were ONT-based. A further challenge was the provision of
a centralised system for the storage and transfer of raw and final genomic
and transcriptomic data. This was particularly challenging in cases where
data production spanned two or more locations (e.g. PacBio sequenced at
one site, Hi-C at a second, and RNA at a third) and was subsequently
assembled at another site. While the Nextcloud instance created by BSC
was an elegant solution for transferring vast quantities of data between
parties, it required a vast amount of personnel hours to manage, in
addition to its baseline system-wide maintenance requirements.

Moving forward, a key goal for ERGA is the production of standardised
and reusable pipelines that are: responsive to all sequencing ‘recipes’ (Pac-
Bio, ONT, or other future technologies); written for Galaxy, Snakemake,
and/or Nextflow workflow managers; made publicly available (https://
github.com/ERGA-consortium/pipelines); and are actively maintained by
the ERGA community with regular scheduled and versioned updates. It
would also be beneficial to diversify the availability of sequencing instru-
ments to allow for more instances where sequencing and assembly can be
produced concurrently at the same location, reducing the need for trans-
ferring files that can reach up to 1 TB in size.

Ethical and legal

ERGA is an international initiative and so safeguarding production of only
ethical and legal reference genomes was a complex endeavour. Decen-
tralisation of the infrastructure resulted in many species samples being
transported across national and regional jurisdictions as well as in and out of
the European Union, creating an ethical and legal compliance tribulation.
Additionally, depending on the species in question, the legal landscape may
differ drastically e.g. CBD*, CITES®, ITPGRFA*, UNCLOS", etc. Under-
standing legislation can be complex and difficult, especially for researchers
who do not have formal legal training, usually lack legal support within their
institution, and often do not have the time or resources to acquire either.
This created uncertainty amongst many researchers, especially those navi-
gating this for the first time (Supplementary Note 1). To add to this
uncertainty, the pilot test coincided with international discussions on the
fair and equitable sharing of benefits from the access and use of digital
sequence information (i.e. genomic sequences) under the Nagoya Protocol
adding increased uncertainty surrounding the legal compliance landscape™.
Additionally, although researchers were supplied with documentation and
infrastructural support to aid ethical and legal compliance, the pilot test had
no means to monitor compliance.

Moving forward addressing the ethical, legal and social implications of
ERGA will require professionalisation through a dedicated funding stream.
Funded positions will attract trained personnel with the necessary experi-
ence needed to navigate complex permitting issues and compliance mon-
itoring. Additionally, a greater effort needs to be made on training ERGA
members on the importance of ethical and legal compliance in biodiversity
genomics research.

Social justice
Building a more socially just infrastructure. Building a truly inclusive,
diverse and equitable infrastructure for biodiversity genomics faces

structural constraints. They are mainly twofold: first, lack of equity for
and inclusion of minorities in science within the countries of Europe'**;
second, extreme economic and political inequity between Europe and
countries in the Global South™. For the pilot test, no data was collected on
race, ethnicity, religion, sexual orientation, disability, career level or the
intersections of these with gender and with each other. This data defi-
ciency made it impossible to critically evaluate the consortium in terms of
inclusiveness. Some preliminary data generated in regard to sex suggested
that by allowing genome teams to organically form it resulted in sex
imbalances. Hence, there is a high likelihood that this also resulted in an
underrepresentation of many other minoritised groups'®, a known trend
across European science'®. The second constraint arises from a pressure
to confine a biodiversity genomics consortium to the political boundary
of Europe and the nation-states within. Europe, and the nations within it,
are not naturally occurring units of biodiversity. In fact, Europe is part of
a much wider biogeographical realm (the Palaearctic) that includes
large parts of Africa and Asia™ (https://www.britannica.com/science/
biogeographic-region).

As ERGA progresses, the consortium should prioritise the collection of
applicable demographic data. Moreover, outreach activities should be
conducted to explicitly recruit researchers from sectors of the population
that are underrepresented in science. To really address the biodiversity crisis
in a meaningful way, it will be important for ERGA to expand its reach
globally. After all, most biodiversity by far resides not in Europe but in the
Global South. Much commitment and ingenuity will be required to over-
come the effects on biodiversity genomics of the equity gap that separates
Europe as a block from many countries in the Global South. It will be a
challenge to overcome the boundaries and constraints often dictated by
scientific funding, but it is a challenge that must be overcome on the road
towards a sustainable future. Through harnessing the power of its posi-
tioning in the EBP, ERGA should make efforts to become more integrated
with other ongoing and related initiatives in neighbouring regions, e.g.
Africa BioGenome Project™.

Prioritising engagement and outreach. Effective engagement is com-
monly seen as a constraint rather than an opportunity due to resource
and time limitations, and a lack of training and awareness. Although a
virtual workshop was provided during the pilot test to train researchers
on 1) the significance of interested party engagement and 2) the skills to
identify, map, and comprehend the needs of potential interested parties,
it remained a challenge to transition researcher focus from reference
genomes to the practical applications of genomics more broadly. Addi-
tionally, although the infrastructure was designed to recognise and
include the rights and interests of Indigenous Peoples and Local Com-
munities (TK and BC Labels and Notices, supporting guidelines for
researcher implementation, and an ‘Open to Collaborate’ Notice on the
ERGA website), researchers require more training on why and how to
proactively engage and establish sustainable partnerships with Indigen-
ous Peoples and Local Communities.

Overall, more training is needed for interested party identification,
mapping, tailored engagement (varying interests and cultural perspectives),
and communication. To address this, a comprehensive framework that
encompasses targeted communication strategies, tailored dissemination
channels, and proactive exploitation of research findings would be useful.
This plan, if developed, could ensure that all interested parties receive timely
and relevant information, fostering broader awareness, understanding, and
utilisation of the results generated by biodiversity genomics research. Sup-
porting ERGA members in this way could empower researchers to get more
involved at the interface between biodiversity genomics research and bio-
diversity policy (Supplementary Note 4).

Scaling training and knowledge transfer. Financial resources are not
equally distributed among countries, institutions or researchers, leading
to limited access to crucial state-of-the-art training, resulting in sig-
nificant disparities in terms of the expertise required to access and utilise
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these resources. Given the economic privilege that even the least wealthy
EU countries have when compared to countries in the Global South, it is
clear that access to funding for mobility is a huge barrier globally.
Throughout the pilot test, several trainings were held and guidelines
developed to enhance the user-friendliness of the infrastructure as well as
to streamline its use; however, there was no clear long-term strategy for
training and knowledge transfer.

To develop a genomics curriculum that is responsive to the needs of
researchers and trainees, and promote the long-term building of capacity
within these countries, an investment into a long-term strategy will be
required. For instance, a publicly available knowledge transfer platform
could be created to provide ERGA members with resources and training
relating to each step of reference genome production, but could also provide
links to complementary initiative resources e.g. EBP, Elixir (https://elixir-
europe.org/), Galaxy (https://usegalaxy.org/), DSI Network (https://www.
dsiscientificnetwork.org/), gBIKE (https://g-bikegenetics.eu/en), CETAF
(https://cetaf.org/), etc. Such a platform could also provide a space for the
sharing of relevant biodiversity genomics educational materials that could
further aid collaborations between researchers who are shaping the future of
biodiversity genomics curricula development globally.

Future directions

The decentralised approach taken by ERGA through the pilot test illustrates
the huge potential of the consortium to become a model for equitable and
inclusive biodiversity genomics in the future. The power of such an
approach was evident through the momentum it built across its participants.
Not only did the pilot test successfully unite an international community of
biodiversity researchers, but it also stimulated communities of researchers
within the same country to combine and consolidate efforts under the
ERGA umbrella e.g. DeERGA and Portugal BioGenome™. Additionally, it
allowed participating researchers to apply the lessons learned from the test
to build localised infrastructures that would remain interoperable with
partners across Europe, e.g. ATLASea"".

A key aim for testing the approach was making visible the challenges
and issues that would manifest whilst working at an international level, and
at scale and working to improve and build upon these learnings as the
consortium moves forward. Some key challenges highlighted by the pilot
test concerned: species selection processes (criteria, prioritisation) and
sampling procedures (permitting, collection, preservation, metadata);
modes of engagement across interested parties (citizen scientists, policy-
makers, Indigenous Peoples, Local Communities, etc); the diversity and
inclusion of the researchers participating; defining the scope of ERGA and
how that aligns with global efforts, particularly those containing the majority
of the planets remaining biodiversity; disparities in resources and capacity
(personnel, financial, and infrastructural); balancing decentralisation and
innovation with standardisation, reproducibility and consistency; a need for
more long-term and consistent training opportunities and disproportionate
interest; and protocols, research and investment in species that are under-
represented in public data repositories.

As ERGA progresses, now with a dedicated funding stream through
Biodiversity Genomics Europe, it can now build upon, learn and make the
intentional investments needed to address at least some of these challenges.
Although a centralised source of funding to support these endeavours is
overall a positive it will also provide many challenges concerning diversity
and equity, however, efforts are underway to safeguard at least some level of
the decentralised process e.g. community sampling and hotspot sequencing.

Data availability

Sequence data that support the findings of this study have been deposited in
the European Nucleotide Archive with the primary accession code:
PRJEB47820. Sequence data is also stored in an ERGA-Pilot Nextcloud
instance hosted by Barcelona Supercomputer, if you would like to request
access please email the corresponding author. The DOI for Supplementary
Materials is DOI: 10.5281/zenodo.10789421. The DOI for the scripts/code
related to our manuscript is DOI: 10.5281/zenodo.10789421.

Code availability
All code used to conduct analysis is openly available with unrestricted access
through Zenodo (https://doi.org/10.5281/zenodo.10789421).
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