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The European Reference Genome Atlas (ERGA) consortium aims to generate a reference genome
catalogue for all of Europe's eukaryotic biodiversity. The biological material underlying this mission,
the specimens and their derived samples, are provided through ERGA’s pan-European network. To
demonstrate the community’s capability and capacity to realise ERGA’s ambitiousmission, the ERGA
Pilot project was initiated. In support of the ERGA Pilot effort to generate reference genomes for
European biodiversity, the ERGA Sampling and Sample Processing committee (SSP) was formed by
volunteer experts from ERGA’s member base. SSP aims to aid participating researchers through (i)
establishing standards for and collecting of sample/specimenmetadata; (ii) prioritisation of species for
genome sequencing; and (iii) development of taxon-specific collection guidelines including logistics
support. SSPserves as the entry point for sample providers to theERGAgenomic resourceproduction
infrastructure and guarantees that ERGA’s high-quality standards are upheld throughout sample
collection and processing.With the volume of researchers, projects, consortia, and organisationswith
interests in genomics resources expanding, this manuscript shares important experiences and
lessons learned during the development of standardised operational procedures and sample provider
support. The manuscript details our experiences in incorporating the FAIR and CARE principles,
species prioritisation, andworkflowdevelopment, which could be useful to individuals aswell as other
initiatives.

The Sampling and Sample Processing committee
of ERGA
TheEuropeanReferenceGenomeAtlas (ERGA,1) consortium, the European
node of the Earth BioGenome Project (EBP,2), aims to generate a publicly
available reference genomecatalogue for all European eukaryotic biodiversity
(3,4). ERGAhas thepotential to catapult thefieldsofbiodiversity conservation,
evolution, ecology, and others to a new sphere analogous to how the first
complete sequence of the human genome surged the fields of medical
genetics, genomics, anthropology, and others (3,4). It is akin to the appearance
of the first natural history collections dating back as far as the 1800s that still
lay the foundations for many new and important insights today.

ERGA is led by its chair and two co-chairs in cooperation with the
ERGA council (a team consisting of two elected representatives of each
member country). To support the multitude of ERGA tasks, several
scientific and Science+ committees have been established. ERGA’s first
project - the ERGAPilot5, tested a distributed genomics infrastructurewhile
fuelling the ERGA committees. The Pilot Project is a community effort
without a dedicated funding source, which will result in the production of
over 98 genomes from 34 provider countries, connecting close to 400
involved ERGA members.

The Sampling and Sample Processing committee (SSP) is a committee
of volunteer expert ERGA members tasked with developing guidelines to
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support sampling and sample processing. Specifically, the SSP’s initial
responsibilities included (i) establishing standards and mechanisms to
collect sample/specimen metadata; (ii) prioritising species collection; and
(iii) developing taxon-specific collection guidelines for the biological
material underlying ERGA’s mission. The specimens and their derived
samples are provided through ERGA’s large network of biodiversity part-
ners spread across Europe (Box 1).

The SSP serves as the sample provider’s entry point into ERGA’s dis-
tributed genomic infrastructure and helps ensure standardised sample
processing. As ERGA was maturing, additional SSP tasks emerged: (iv)
providing guidance to sample providers for the compliance with legal
obligations in collaboration with ERGA’s ELSI committee (Ethical, Legal,
and Social Issues) and (v) sample provision - facilitating sample shipping
between sample providers and sequencing centres.

As the number of EBP-associated projects across the globe gradually
increases, we share here the experiences we gained whilst developing the
operational procedures and sample provider support systems for the first
continent-wide, distributed, genomics infrastructure. We hope our lessons
canbeuseful to other large consortiawhoarepursuing the sharedmissionof
sequencing all of life. Our experience in tackling FAIR (Findable, Accessible,
Interoperable, Reusable) and CARE (Collective benefit, Authority to con-
trol, Responsibility, Ethics) data principles, species prioritisation, and
workflow development may also be of use to smaller initiatives.

The sample flow within ERGA
Reference genome production within a multinational consortium like
ERGA involves many partners spanning dozens of countries. To manage
diverse expectations, ensure efficient task execution, streamline commu-
nication, and safeguard fair attribution, ERGA has implemented the for-
mation ofmultidisciplinary ‘GenomeTeams’ (Supplementary File 1). These
include all contributors to the production of a reference genome (i.e.,
researchers, stakeholders, and rights holders) from the field to the final data
analysis. TheGenomeTeam lead’s (in the ERGAPilot known as the sample
ambassador) initial responsibilities include providing all necessary doc-
umentation, data, and metadata for a sample to enter the sequencing
workflow (Box 1). Most often, this function is filled by the sample provider.
Allmembers of the GenomeTeam agree to adhere to ERGA’s Sample Code
of Practice aswell as ERGA’sCodeofConduct. The SSP committee serves as
an important touch point for the Genome Team lead, providing advice and
guidance on sampling requirements, metadata standards, legal compliance,
and vouchering strategies.

Selecting species for biodiversity genomics—species prioritisa-
tion in ERGA’s initial phase
Reference genome sequencing initiatives require implementing prioritisa-
tion criteria, given resource and technical limitations that prevent sequen-
cing all targeted species immediately. Scientific, technical, and social criteria
can govern such species prioritisation (see Table 1 for examples).

For initiating ERGA as a continent-wide genomic infrastructure net-
work, a pool of candidate species for reference genome generation was soli-
cited thatwere representativeof thediversityof species andscientists across the
consortium. To this aim, the ERGA community was asked to propose species
through an initial simple ERGA species suggestion form resulting in 276
nominations. Subsequently, nominatingpersonswere contacted to complete a
comprehensive form (Supplementary File 2) containing 117 questions and
commenting fields. The form included questions related to taxonomic iden-
tity, genome properties, voucher availability, habitat of species in question,
sampling strategy, species conservation status, permits to obtain material for
genomesequencing, sampleproperties (e.g., sex, amount, preservationquality,
and tissue type), and species identification certainty. The refined species
nomination form was open for 26 days and received 155 submissions.

After excluding species that already had available reference genomes,
SSP implemented a prioritisation process based on country of origin and a
simple scoring system, attributing a score of 1 to 3 in eight categories
(Table 2). Higher priority was given to species that: (i) had a genome size

smaller than 1Gb, (ii) were readily available, (iii) could be freshly collected
and forwhichbiologicalmaterial could beflash frozen, (iv) coulddeliver>1g
of tissue (if the organism permitted) and had well-established extraction
protocols that allowed isolating chemically pure HMW DNA, (v) could
deposit a specimen voucher, (vi) had no ambiguity risk in species identifi-
cation, (vii) had all permits present or were not needed (a formal doc-
umentation for either of the solutions was requested), and (viii) had no
export restrictions (if applicable).

After ranking the species according to this scoring system, each pro-
posing country was given the opportunity to refine their selection of species
and to propose three final species considering three predefined target
categories (endangered/iconic, marine/freshwater and pollinator) to match
the available resources. At that point, ERGA had no centralised funding so
feasibility was strongly determined by the availability of sufficient funds to
support genome sequencing for a particular species. The project relied on
resources contributed by participating ERGA members, institutions, and
sequencing centres, with some additional support from industrial sponsors,
that was used to supplement equity deserving genome teams in order to
improve wide access to participation. As an extension to the selected list,
standalone specieswere also includedunder theERGAumbrella if theywere
completely funded by independent resources.

The circulation of the list of nominated species within ERGA resulted
in cross-country collaborations especially for species proposedbymore than
one country, fostering exchange and reducing costs and redundancies.

The species selection and prioritisation process resulted in 98 selected
species (https://goat.genomehubs.org/projects/ERGA), from 15 phyla
(Fig. 1B) and 34 countries or regions. With six of the seven selection scores
relating to feasibility (including legal), this was the most prominent criter-
ion, while the other criteria (i.e., conservation status, scientific relevance,
socioeconomic relevance, taxonomic gaps, and community engagement)
played only an indirect role via the subjective selection by the ERGA council
members. ERGA has planned to implement unbiased species selection
procedures in the future to alleviate the dominance of feasibility as selection
criterion (see below).

Both the initial and the final list of selected species showed a pre-
dominance of chordates, arthropods, and tracheophytes. Given that the
initial pool of species was suggested by the ERGA community, this pre-
dominance may reflect the organism-bias of the biodiversity genomics
community at large (see below). This taxon bias remained despite the
dynamic nature of the taxonomic composition, as some species were
removed due to sampling or sequencing technical barriers whilst others
were added to increase representation and participation across ERGA’s
diverse members. A total of 37% of the species were considered for the
category endangered/iconic, and 12% were pollinators (as one example of
scientific relevance and a target group of the Biodiversity Strategy of the
European Commission). Most of the reference genomes were generated
because the species are endemic (28%), endangered (26%) (and therefore
the genome could be leveraged to inform conservation plans in the future)
or to be used to answer specific scientific questions (25%) (Fig. 1C). The
most popular planned downstream analyses involve population genomics
(38%) or comparative genomics (27%) (Fig. 1D) (data from a questionnaire
to species ambassadors, done by ERGA’s Data Analysis Committee, DAC,
in the framework of Mc Cartney et al. (2024)).

Regarding inclusiveness, of the 18 Widening countries represented in
the ERGA council 17 had at least one species included in the final list of
generated reference genomes. The representation of ITC (Inclusiveness
Target Countries) and Widening countries with 44 and 50% of the 34
countries suggesting species is good overall. However, only 36 or 42% of the
final species came from ITC or Widening countries, respectively.

FAIR and CARE principles, metadata collection and
brokering
FAIR and CARE principles
As the number of initiatives working towards complete reference genomes
for all of eukaryotic life are increasing, so too is the demand for freshly
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Box 1

The scheme shows the ERGAworkflow in the Pilot project. Species were
initially nominated by the ERGA community (1), accompanied by a
comprehensive formcontaining questionsused for SpeciesSelection (2),
based on several exclusion, prioritisation and feasibility criteria. Species
were distributed to the participating Sequencing Partners (3), whichwere
responsible to contact theGenomeTeam lead (often thesampleprovider)
to organise all necessary onboarding and regulatory requirements and
documentation and agreed to generate referencegenomes that fulfil EBP
quality metrics (https://www.earthbiogenome.org/report-on-assembly-
standards) (4). Samples were collected, vouchered, and several tubes of

subsamples were prepared for sequencing as arranged with the
sequencing partner and collaborating research groups (5). Sample pro-
viderswere also encouraged to barcode the samples prior to sequencing
and to store corresponding material in local biobanking facilities. Meta-
data was recorded using the ERGA sample manifest following estab-
lished guidelines (6), uploaded to themetadata brokering platformCOPO
and validated by the Pilot sample management team (7). After con-
firmation that all the required documentation andmetadata was in place,
samples were shipped assuring a cold chain to the designated sequen-
cing facility (8).
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collected, wild specimens. This provides an opportune and pertinent
moment to revisit biodiversity genomic metadata standards to ensure they
are both scientifically comprehensive and also align with current ethical,
legal and social standards for data governance. Ensuring that data are
findable, accessible, interoperable and reusable (FAIR) is fast becoming a
central dogma of the biodiversity genomics community6 (FAIR was intro-
ducedbyWilkinson et al.6, whichhas since been accessed 580,000 times and
cited 5636 times). Throughout themetadata standard development process
(see next section), SSP intentionally and carefully aligned all ontologies to
the FAIR principles to safeguard that all ERGA data would have a max-
imised scientific potential, increased re-usability, and greater longevity.

Indigenous Peoples and Indigenous knowledge systems have, and
continue to be, treated as subordinate and outside of western science, spe-
cificallywhen considering contextualmetadata7. This hashad the systematic
consequence of severing the connection between Indigenous Peoples and
Local Communities with their samples and data. To mitigate the manifes-
tation of this exclusion within ERGA, SSP developed new metadata ontol-
ogies to support the disclosure of Indigenous rights and interests by
Indigenous Peoples by sample providers. This purposeful inclusion and
recognition of Indigenous Peoples and their rights actualises the CARE
principles of Indigenous data governance8whilst simultaneouslyworking in
complementary fashion to the FAIR principles. By creating this space at the
entry point intoERGAprocesses, i.e., sample provisioning, SSP provided an
opportunity for Indigenous Peoples and knowledge systems to permeate
throughout the process of reference genome production and beyond
(Fig. 2). By operationalizing the FAIR and CARE principles across the
metadata ontologies developed, ERGA members are supported to respon-
sibly and openly share data.

ERGA manifest for metadata collection and brokering
Developing consortium-wide procedures for metadata collection is an
opportunity to set a minimum standard of excellence, and ensures con-
sistency across datasets. This approach is also a challenge since an unin-
tentional exclusion of an importantmetric will lead to its systematic erasure
from all data produced by the consortium. To support ERGA’s sampling

process, SSP implemented the consortium’s first metadata standard, the
ERGA manifest, and its supporting documentation (standard operating
procedure (SOP)). This SOP and manifest were built on pre-existing stan-
dards that were developed for an established reference genome production
initiative, Darwin Tree of Life9,10 and followed the Darwin Core standard.
The manifest supports ERGA’s goal to collect standardised, high-quality
metadata that remains linked to the genome across the relevant repositories.
The highly detailed SOP facilitates completing the ERGA manifest by the
Genome Team lead who is responsible to provide information on:
(1) sample identifiers (e.g., field and tube numbers, Genome Team lead),
(2) taxonomic details, (3) sample type (e.g., life stage, organismpart), (4) the
sequencing partner, (5) sample collection event, (6) taxonomic identifica-
tion and uncertainty, (7) sample preservation, (8) DNA barcoding,
(9) biobanking and vouchering, (10) regulatory compliances including
Indigenous rights and traditional knowledge, and (11) other relevant
comments from the Genome Team representative.

The SOP explains every data point asked for, links to explanatory
resources such as tutorial videos, and help contacts.

Expert members of SSP, i.e., sample managers, help genome teams
upon request with filling inmetadata fields and choosing appropriate terms
in case of doubt. Sample managers can also check manifests prior to sub-
mission to avoid frustrating periods of trial and error for sample providers.
Based on continuous user feedback, the SOP is updated twice a year to
facilitate metadata collection for genome teams.

Uponupload of themanifest through themetadata brokering platform
COPO11, metadata fields are validated against predefined standards and
checklists to ensure terms and formatsmeet bothERGAanddata repository
expectations. Guidance to this process is provided through a visual guide on
the COPO help webpage.

Upon manifest validation by the sample managers, an indicated set of
mandatory metadata fields are brokered to the European Nucleotide
Archive (ENA) under a dedicated BioSample entry ultimately connecting
the digital sequence data to standardised sample metadata.

To mitigate the risk of missing information important to specific
taxonomic groups or habitats due to own bias (see below), SSP included

Table 2 | Feasibility criteria scoring for species suggested as sequencing targets of the ERGA Pilot Project

Category 1 2 3

Genome size <1Gb 1–3Gb >3Gb

Sample Availability until end April 2020 May-June 2020 July 2020 or after

Sample Preservation freshly collected, flash frozen,−80 °C, nopreservative,
never thawed

in-between 1 and 3 (to be evaluated by
sequencing centre)

not freshly collected and/or thawed
several times, and/or not kept in -80 °C

Sample Size >1g 100mg-1g <100mg

Suitability for
HMW DNA

already extracted or taxon known to work well (e.g.,
vertebrates)

not tested and not known for the taxon
(can be checkedwith sequencing centres)

inhibitors known to make DNA extraction
and/or sequencing very challenging

Voucher & SpeciesID voucher kept in collection and no ambiguity in species
identification

no voucher and/or ambiguous species
identification

Sampling Permits yes or not needed (documentation required either way) pending no when needed or no documentation

Export Regulations no restrictions between countrieswhere samplewill be
handledor entire sequencingperformedwithin country

indexed to conservation status or Nagoya
regulations to be clarified

nopossibility for obtaining neededpermits

Table 1 | Non-exhaustive list of criteria for species prioritisation for genome sequencing projects

Criteria Scientific criteria Technical criteria Social criteria

Examples taxonomic representation/targets sample availability including voucher specimen importance to local communities

conservation status specimen/sample size (amount of biological material
and therefore DNA and/or RNA)

cultural significance

value of genome for specific field of interest (e.g.,
biomedicine, biotechnology, agriculture)

sampling and handling logistics inclusiveness targets concerning
countries and individuals

taxonomic certainty genome characteristics (estimated genome size and
ploidy)

community engagement
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diverse team members when developing the manifest and planned for bi-
annual updates of themetadata protocol so that accidental exclusions could
be fixed in a timelymanner and allow sufficient implementation and testing
time for front- and backend development. Any issues with the manifest
encountered by the community can be raised in the ERGAmanifestGitHub
or by contacting the SSP directly. The ERGA Pilot allowed the SSP com-
mittee to test the ERGAmanifest on a broad variety of organisms by a pan-
European network of researchers. Guidance for understanding and imple-
menting the collection of metadata and vouchers was extensively requested
and provided by SSP members. Finalisation of the ERGA manifest and its
SOP was achieved through discussions with other ERGA committees,
especially ELSI, and the ERGA coordination. The ERGA metadata collec-
tion is a semi-automated process that is highly scalable, preparingERGA for
an anticipated increased sample workflow. Validation of the sample man-
ifest is the checkpoint of transitioning to the sequencing workflow.

The SSPdata collectionprocess links biologicalmaterial,metadata, and
sequence information in amaximally automatised fashion over open access
databases and throughout the genome workflow from collection through
nucleic acid extraction, sequencing, assembly and annotation steps. While
open access genomic information is already a highly appreciated resource,
comprehensivemetadata enhances its value bymaking itmore reusable. It is
crucial that the metadata, sample(s), and derived sequence data are linked
from the outset, because the opportunity to link them declines substantially
with time12.

Status Quo of metadata collection amongst biodiversity
initiatives
To gain an understanding of the diversity and interoperability between the
various metadata collection procedures being implemented within the
community, SSP conducted a survey across global biodiversity genomics

projects (Fig. 3). A total of 24 initiatives that are actively generating high-
quality reference genomes for non-human species responded. spanning
Africa, North America, Oceania, Europe and Asia (notably, the lowest
amounts of survey responseswere obtained fromAsia (the authors note that
this is certainly due to our inability to identify appropriate contact points
and does not reflect a lower number of biodiversity projects in this
continent)).

The results indicate that overall, 83% of responding initiatives have a
standardised metadata collection procedure in place and 67% have an
associated SOP to support and guide researchers in the metadata submis-
sion process. In terms of species-specific metadata collection, initiatives
prioritise the collection of taxonomic (100%), collection information (96%),
biological information (75%) and tissue preservation (75%) over providing
more fine-grained information on the taxonomic uncertainty or risks
associatedwith the species being sampled (59%).Almost all initiatives (96%)
collected unique specimen and tube/well identifiers as well as the associated
principal investigators whereas just 67% required information about the
sequencing facility.

The amount of metadata collected about other associated genetic
resources from the species sample was relatively low. For instance, only 55%
of the 20projects collectDNAbarcoding informationwithin theirmetadata.
Further, just 65% of initiatives collect vouchers and 33% collect cryopre-
served samples and require this information as part of their standard
metadata collection processes. Finally, 42%of initiatives required some kind
of disclosure of regulatory compliance and just 33% of projects required
metadata concerning associated Indigenous rights and interest.

Scaling legal compliance
SSP also focussed on creating an infrastructure that supports and promotes
legal aswell as ethical and scientifically sound sample collection.As an initial

Annelida 2.6 %

Arthropoda 29.7 %

Ascomycota1.3 %
Basidiomycota 2.6 %
Cercozoa 1.3 %

Chordata 34.2 %

Cnidaria 3.2 %
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Echinodermata 0.6 %
Gyrista 1.9 %

Mollusca 4.5 %
Nematomorpha 0.6 %

Ochrophyta 0.6 %
Platyhelminthes 0.6 %

Porifera 1.3 %
Rhodophyta 0.6 %

Tracheophyta 13.5 %

Arthropoda 30.6 %

Ascomycota 2.0 %
Basidiomycota 2.0 %

Chordata 40.8 %

Cnidaria 1.0 %
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Nematoda 2.0 %

Nematomorpha 1.0 %
Nemertea 1.0 %
Ochrophyta 1.0 %

Platyhelminthes1.0 %
Porifera 2.0 %
Rhizaria 1.0 %

Stramenopila 1.0 %
Tracheophyta 10.2 %A B

Population Genetics 37.7 %

Phylogenomics 8.2 %Comparative Genomics 27.0 %

Functional Genomics 10.7 %

none / don't know 16.4 %DRelevant for Taxonomic group 6.6 %

Endangered 25.6 %

Endemic 28.1 %

Iconic 5.8 %

Pollinator 2.5 %

Relevant for Research 24.8 %

Other 6.6 %C

Fig. 1 | Taxonomic distribution of species targeted in the ERGA Pilot. Pie charts
of the number of species per phylum that were suggested for the ERGA Pilot Project
at the beginning (A) and that are on the list of genomes realised or in production as of
April 25th 2023 (B). The phyla are indicated together with the percentage of species

per phylum. Phyla, which are different between (A, B), are highlighted in bold.
Additionally, the criterion for choosing the species (C) and the planned downstream
analyses (D) are provided in percentages.
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safeguard, SSP supported ERGA to develop a document of best practices for
ethical and legal sample collection (ERGA Code of Conduct). All
researchersparticipating in thePilotwere required to agree to thesepractices
in advance of making their metadata manifest submission. These practices
detailed expectations surrounding local, regional, national, and interna-
tional permitting in addition to how to ethically collect samples to mini-
mise harm.

Further, the ERGAmanifest contained sevenmetadatafields regarding
the regulation and permit requirements for each sample. These questions
comprise comprehensively all permit forms that could be required to obtain
a sample for genome sequencing: (i) initial question if regulatory com-
pliance is required and adhered to, (ii) applicability of traditional knowledge
or biocultural rights with subsequent collection of rights definition, project
ID provided by the Local ContextHub and contact information (iii) request
for ethics permit applicability, definition and permit (iv) request for sam-
pling permit applicability, definition and permit and (v) request for Nagoya

Protocol permit applicability, definition and permit. This comprehensive
request for applicability and documentation of compliance raises awareness
also for sample providers to respect all regulations.

In partnership with COPO, ERGA required the mandatory upload of
permits during the manifest submission process. Expert personnel within
ERGAwere alertedwhenapermithadbeenuploaded into thedirectory and,
where possible, confirmed the appropriate permits had been obtained.

The importance of vouchers for biodiversity genomics
Voucher specimens in natural history collections are benchmarks against
whichwe compare theworld around us. They illuminate how the world has
been changing, and especially how we have been changing the world.
Reference genomes are a new benchmark. Vouchering is critical to geno-
mics because it provides a permanent, verifiable, and accessioned record of
the identity of the organismbeing sequenced and, in some cases, a sample of
its genetic material (biobanking). When determining which of the many

Fig. 2 | Implementation of ERGA’s biocultural and traditional knowledge labels
and notices. The figure illustrates on the left site the workflow that ERGA imple-
mented to allow researchers to incorporate information on biocultural and

traditional knowledge labels and notices pertaining to samples that enter the genome
generation process. The right site panel illustrates how labels and notices can be
obtained from Local Contexts.
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available vouchering methods is most appropriate, consideration should be
given to e.g., the taxon, its size, its conservation status (Table 3). The SSP
determined that a sample voucher helps contextualise the biology of the
organism and thus increases the probability that the sequencing data gen-
erated will be aligned with FAIR principles and useful into perpetuity.

A driving rationale for vouchering is the fluid nature of taxonomy, as
new scientific insights lead to changes in the classification of species. As this
happens, the prescribed identity assigned to a sequenced individual could be
questioned. In such cases, the presence of a voucher can be used to re-
examine the species to confirm, or alternatively revise and update, its
identity. Furthermore, vouchers can improve data quality assurance, reduce
the risk of data corruption, and eliminate the propagation of confusion
when a taxonomic revision has taken place.

Even for taxonomically stable groups, a voucher specimenprovides the
possibility to join morphological and genome sequence information and
verifies the specimen/species from which the genome was produced. A
physical voucher can also be used for other analyses, including photo-
graphic, x-ray, CT imaging, and/or chemical analyses such as stable iso-
topes. A biobanked sample could unlock opportunities for future
exploration (e.g., RNA, secondary genetic marker analyses such as
methylation).

Sample provision: connecting genome teams with
sequencing centres
Sampling and sample transfer can be a complicated endeavour with its
multilayer complexity arising from fourmain categories: biological, logistic,
administrative/policy and legal issues. These challenges can strongly influ-
ence the outcome of the project and impede the proper transfer of the
samples to a sequencing centre (Box 1). The role of SSP is key toovercoming
these issues and ensuring the legal, ethical, and timely flow of samples from
sample collectors to sequencing centres (Fig. 4).

The distributed genomic infrastructure developed by ERGApromoted
and supported the decentralisation of sequencing efforts across Europe.
Whilemany sampled species were sequencedwithin their country of origin,
others were shipped to an international sequencing centre. Regardless of the
length andduration of shipment involved, ERGArecommendedcold-chain
shipment, which is necessary to preserve the integrity of nucleic acids. Since
this can be a challenge for sample providers, ERGA tried to connect sample
providers with sequencing centres that were geographically close and aided
in sample transportation within the ERGA network. Maintaining the
integrity of nucleic acids is a prerequisite to meet the EBP standards of
genome assembly utilising the current sequencing technology13. However,
samples are often collected in remote locations, where access to appropriate
courier service is financially not feasible or simply not available, a challenge

that the ERGA Pilot also faced. Further, there is a series of legal procedures
that require consideration to ensure compliance with regulations and safety
standards, including, among others, chain of custody forms (to document
the movement of the samples from collection to sequencing), material
transfer agreements (a legal contract between two parties that governs the
physical transfer of the biological samples between them, and which
establishes the terms and conditions under which the materials will be
transferred), import/export permits (thatmay be required depending on the
country of origin and destination), health certificates (required by some
countries to ensure that the samples do not pose a risk to human or animal
health), and/or CITES permits (required if the samples are from a species
protected under the Convention on International Trade in Endangered
Species of Wild Fauna and Flora), as well as ABS/Nagoya relevant national
implementations, among others. The ERGA Pilot project served as an
opportunity to understand the magnitude and complexity of these needs
and actions in a collectivemanner, with everyone implicated learning about
pieces of information that could make an impact in the success of the full
logistics chain. For instance, we learned that different shipping companies
operate better in certain geographical regions, and that sometimes it is
important to ask them explicitly to refill the dry ice during the transit. We
also collectively learned about the bureaucratic idiosyncrasy of each country
with respect to export and import permits and Nagoya protocol, with some
countries being more flexible and others being more restrictive. All these
pieces of information have been sharedwith SSP and are being leveraged to
develop SOPs to facilitate the transit from species collectors to sequencing
centres, and will have a strong impact in the implementation of larger
projects such as Biodiversity Genomics Europe (see below).

Future taxon-specific best-practice guidelines
The biological diversity being sampled by large genome initiatives like
ERGA necessitates the development of targeted best-practice sampling
guidelines. The approach of having different sampling procedures for dif-
ferent taxa is very commendable as it eliminates complications arising from
structural and functional variations between the taxa.

Such guidelines are imperative to ensure that sampling efforts mini-
mise the number of samples taken, maximise the data quality, and increase
the scientific utility of the sample. To this end, the SSPwill take a taxonomic
approach that seeks to balance providing a set of guidelines that are com-
prehensive, with enough specificity to support fit-for-purpose sampling,
while simultaneously not providing too much information and materials
that may overwhelm field biologists.

To develop these guidelines, separate working groups have been set up
for each of the following broad taxon groups: vascular plants, bryophytes
and macroalgae, macroinvertebrates, protists, soft bodied invertebrates,

Fig. 3 | Results summary from a metadata survey conducted across 24 biodiversity initiatives worldwide. Red circles within a cell indicate presence, and empty cells
indicate absence, grey shading represents missing information.

https://doi.org/10.1038/s44185-024-00053-7 Article

npj Biodiversity |            (2024) 3:26 7

www.nature.com/npjbiodivers


Table3 |Voucheringmethodsavailable tospecimensdestined forgenomesequencing.Note thatmultiple voucher typesmaybe
made for a single genome

Desirability Voucher type Description Suitable for Potential issues

High

Low

Primary voucher Whole organism is preserved and deposited in a
permanent collection. Vouchers can be dried, in a
preservation liquid (ethanol), or frozen (e.g.,
biobanked tissue or cell culture vouchers).

Species that are of a suitable size for a
permanent collection (taxon-specific), and
can be legally and ethically collected

•Not possible for very large/
small species.

• Species might be too rare
to sacrifice for a voucher.

• Preservation method
determines possible
additional future uses.

Secondary voucher: to
complement -not
replace- whole
organism vouchering

E-voucher: digital image taken of whole organism
and of diagnostic characteristics

Small species requiring destructive
sampling to obtain sufficient genetic
material for a high-quality genome
assembly (e.g., single-cell protist)

• Can require specialist
equipment and expertise
(e.g., microscope imaging
of insect genitalia).

• May have limited use in
taxonomic identification.

• Diagnostic characteristics
may not be known.

Partial Voucher: tissue samples are taken,
preserved, curated and stored in permanent
collections.

For very large organisms (e.g., a whale), or
very small (e.g., small insects), where
preservation of the whole organism is not
feasible.

• Body part/tissue taken
may not represent
diagnostic taxonomic
characteristics

Proxy voucher: a sample that identified as the same
species tobesequenced, andwascollected from the
same time and location

Species that are too small for direct or
partial vouchering (e.g., bryophyte)

•Maynot be the sameas the
sequenced species

Fig. 4 | The role of SSP supporting critical issues prior to and after sample collection.Typeof issue affecting sampleprovision, descriptionof issues and solutions are indicated.
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fungi and lichens, chordates, and arthropods. The goal of each group is to
create a working protocol for the sampling of specimens within that taxo-
nomic group, and those will follow a set structure to ensure consistency and
readability. There is a strong foundation for these protocols (e.g. https://doi.
org/10.17504/protocols.io.261gennyog47/v1). ERGA has the intention of
publishing these guidelines in open access over protocols.io

A key challenge in developing these guidelines will be to identify and
include experts -taxonomic, field, and wet lab biologists- who are willing to
voluntarily contribute their time and knowledge to the wider community.
The SSP has reached out to the ERGA repeatedly to gain insight into ERGA
members’ expertise and connect those to SSP. Based on this effort, SSP
establishes communication with sample providers and ERGA member
institutions that can provide expertise in e.g. sample handling, storing, and
species identification. This help is provided over the SSP email contact as
well as a dedicated channel in the communicationplatformkeybase (https://
keybase.io/team/erga.listserv). Vice versa, a future challenge will be to work
towards an adoption of these guidelines by the biodiversity community at
large. Integrating, documenting, and distributing this knowledge and
‘know-how’ is fundamental to ERGA and its umbrella organisation, the
EBP. Based on experiences in the ERGA pilot, members of the SSP and the
ERGA BGE project consult with the EBP samples committee and the EBP
executive board in areas where ERGA sees a need for larger adoption of
processes and standards.

Critical bias assessment
The biodiversity genomics community is subject to systematic biases that
affect the accuracy and completeness of the produced data, and may limit
themeaningfulness of the conclusions obtained. Bias comes inmany forms,
which have different impacts. The ELSI committee is more focused on the
human dimension, and the SSP committee focused on country repre-
sentation and taxonomic biases described here. ERGA as a consortium of
European researchers is at its foundation intentionally geographically
biased, while at the same time promoting and extending representation and
participation of researchers across Europe. In the Pilot, prioritising this aim
over the taxonomic breadth of the generated reference genomes resulted in
the manifestation of taxonomic biases (see above).

Unbalanced representationof genomesbeing sequenced across the tree
of life is common in biodiversity genomics initiatives, causing over-
representation of some taxa with data available in public repositories. Non-
model organisms and more “difficult” samples remain under-investigated
because there are few standardised sampling collection, preservation,
HMW-DNA extraction, and library preparation protocols available to
manage non-optimal situations (e.g., small size, existence of exoskeleton or
spicules, presence of substances that impair adequate DNA extraction or
sequencing, etc.). This lack of knowledge on certain taxa reflects the avail-
able taxonomic expertise. For example, experts in vertebrates, certain
arthropod and plant groups are vastly more abundant than for other large
taxonomic groups like mollusks, nematodes or annelids14,15, which SSP
quickly realised while forming taxon expert groups (see above).

Beyond taxonomy, other sources of representation bias exist in refer-
ence genome projects. Sample bias can occur when samples do not accu-
rately represent the known or unknown heterogeneity of the taxon being
studied. SSP encourages sampling from the type locality.Habitat bias occurs
when samples are more often collected in certain types of habitats that are
more common or more easily accessible, under-representing knowledge
about habitat-specific species (e.g., caves, deep-sea). ERGA aims to target
this bias with calls for funded field expeditions to understudied hotspots of
biodiversity in Europe. Historical bias can have strong impacts, as samples
collected based on prior knowledge or historical information may not
accurately reflect the current state of diversity.

A prime goal of SSP is to raise awareness of the importance of taxo-
nomic representation for genomics, and biodiversity research more gen-
erally, and the study of research deserving groups, species, populations and
habitats. SSP has played a key role in creating a bridge between taxonomy-
and taxon-specific experts with sequencing centres, and aims to create the

conditions to explore the feasibility of genome sequencing for all eukaryotes.
Biodiversity genomics benefits the most when it is inclusive in all aspects.
Many hotspots of biodiversity exist in Europe, and many are positioned in
nations and regions that are deserving of additional support. By creating a
European-widenetwork, SSPaims to support such regions through capacity
and capability building for genomics.

Where do we head?
We believe that overall, sequencing and assembling the initial cohort of
species that entered into ERGA’s process was a success story. To a large
extent this is thanks to collaboration and alignment with preexisting, well
established biodiversity consortia e.g., DToL. Similarly, we hope that our
prioritisation efforts, the ERGA metadata manifest, as well as the steward-
ship of legal, FAIR and CARE information, can be utilised, improved, or
adopted by other biodiversity genomics projects, national or international,
irrespective of the project size. An immediate example of this is the EU-
funded project BGE - Biodiversity Genomics Europe, for which the ERGA
initial phase has set the ground for key procedures of the sampling and
sample processing process. The BGE consortium unites ERGA with the
DNAbarcoding community (iBOLEurope) to promote theuse of genomics
to study andmonitor biodiversity and create tools to tackle its decline. BGE
will establish ERGA as the European node of the Earth Biogenome Project
and formalise coordinated efforts, infrastructures andworkflows to generate
reference genomes of European species.

Towards a balanced and strategic prioritisation of species
As ERGA moves forward, the biases identified are being reflected upon to
iteratively improve sampling and prioritisation. As dedicated projects are
established, such as BGE, the selection and prioritisation of species for
reference genome generation can better approximate governing principles
(see above “Selecting species for biodiversity genomics projects”), andbe less
dependent on circumstantial feasibility aspects and funding availability for
particular taxa. These governing principles can be explicitly and objectively
included into the species prioritisation process and with a more prominent
role, while feasibility will likely remain an important aspect of species
selection. Once priorities are established and weighted, the species selection
process can be fully automated. Building on the first experiences of ERGA,
such a process is being implemented in BGE. This process, which is
developed with the larger ERGA community, gives more weight to taxo-
nomic diversity, country of sample origin, countries with little representa-
tion in ERGA and involves sample providers using JEDI (justice, equity,
diversity and inclusion) criteria (favouring novel sample providers, under-
represented groups, and involvement of non-scientific communities) and
applicability of producedgenome resource, followedbya check for technical
feasibility. ERGA is displaying its target species over the platformGenomes
on a Tree (https://goat.genomehubs.org/projects/ERGA), in agreement
with other nodes of the EBP. ERGA members as well as SSP sample man-
agers engage with other genome initiatives when overlaps are detected and
facilitate collaboration in order to prevent parallel efforts.

A live and comprehensive sampling metadata manifest
The ERGAmetadatamanifest and its SOP are living documents, which are
regularly revised under strict version control (https://github.com/ERGA-
consortium/ERGA-sample-manifest). During the Pilot phase, it became
clear that the metadata core was not entirely comprehensive. For example,
the first version could not capture sampling depth and only allowed
inputting a precise location. This information is important in the marine
context as it was not possible to correctly represent samples from trawls or
transects. Updated releases of the manifest have acknowledged these gaps
and now comprise fields for e.g., depth and latitudinal and longitudinal
coordinates for two points instead of one for sampling transects, extended
vocabulary for sampled tissues, etc. As ERGA progresses, adding more
extensions might be necessary during the planned regular updates.

The question that is often raised in regard to metadata collection is
what is the trade-off between comprehensiveness versus feasibility.
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Sampling for reference genome generation hasmany logistical steps that are
important to document in themetadata record. Such extensive collection of
metadata appears doable when the emphasis is on single (or a few) repre-
sentative samples per species while we acknowledge that feasibility and
applicability might be different for e.g., population data or already collected
material that cannot be obtained again. Yet, as the field of genomics moves
forward and technological advances allow extracting more data at higher
quality from material with varying quality samples, extending the high
ERGA standards to any sample collected for genetic analyses appears as an
appropriate perspective. In this light, the increase in frozen archives that
ERGA supports will be a treasure trove for genome initiatives.

Streamlining legal compliance procedures
Biodiversity knows no boundaries and it is blissfully unaware of its traversal
distribution across many national, political, and cultural borders that may
have varying legal systems. However, ERGA is obligated to respect these
borders and the legal systems within, and so a harmonisation of procedures
will be a crucial aspect of building a streamlined European sampling
infrastructure for reference genome generation. ERGA’s network provides
cross-country communication, which should be extended to local autho-
rities, and ensure efficient flow of information about specific legal require-
ments of sampling. Streamlining the steps required to ensure legal
compliance therefore is an important way to increase the efficiency of the
reference genome generation pipeline.

A continued concerted effort
Under the umbrella of the EBP and in the light of the progress that
sequencing technology and data processing offer, there is a need to scale up
the genome generation process. While ERGA has pioneered the establish-
ment of a collaborative transnational effort for reference genome generation
in Europe, other regional initiatives advance and face similar challenges.We
here call for the establishment of collaborative concerted efforts among
different consortia under the EBP flag, unifying standards across the whole
workflow, starting with sampling and sampling processing and ending with
making data available via open repositories.

Glossary
ABS Access and Benefit-Sharing https://absch.cbd.int/
BGE Biodiversity Genomics Europe https://

biodiversitygenomics.eu/
BIOSCAN
EUROPE

part of the International Barcode of Life Consortium
(iBOL) https://www.bioscaneurope.org/

CARE Collective benefit, Authority to control, Responsibility and
Ethics https://www.gida-global.org/care

CITES Convention on International Trade in Endangered Species
of Wild Fauna and Flora https://cites.org

COPO Collaborative OPen Omics https://copo-project.org/
DToL Darwin Tree of Life https://www.darwintreeoflife.org/
EBP Earth Biogenome Project https://www.

earthbiogenome.org/
DAC Data Analysis Committee https://www.erga-biodiversity.

eu/team-1/dac---data-analysis-committee
ELSI Ethical, Legal, and Social Issues https://www.erga-

biodiversity.eu/team-1/elsi---ethical%2C-legal%2C-and-
social-issues

ENA European Nucleotide Archive https://www.ebi.ac.uk/ena/
browser/home

ERGA European Reference Genome Atlas https://www.erga-
biodiversity.eu/

FAIR Findable, Accessible, Interoperable, and Reusable https://
www.go-fair.org/fair-principles/

GoaT Genomes on a Tree https://goat.genomehubs.org/
ITC Inclusiveness Target Countries -
JEDI Justice, Equity, Diversity & Inclusion https://

jedicollaborative.com/

SOP Standard Operating Procedure -
SSP Sampling & Sample Processing Committee https://www.

erga-biodiversity.eu/team-1/ssp---sampling-%26-sample-
processing
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