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Abstract 
The Earth BioGenome Project has the extremely ambitious goal of generating, at scale, high-quality r efer ence genomes acr oss the 
entir e Tr ee of Life. Curr entl y in its first phase, the pr oject is targeting famil y-lev el r e pr esentati v es and is pr ogr essing rapidl y. Her e we 
outline recommended standards and considerations in sample acquisition and processing for those inv olv ed in biodi v erse r efer ence 
genome creation. These standards and recommendations will evolve with advances in related processes. Additionally, we discuss the 
c hallenges r aised by the ambitions for later phases of the pr oject, highlighting topics r elated to sample collection and pr ocessing that 
r equir e further development. 
Ke yw ords: Reference genomes, biodiversity, long read sequencing, Hi-C, sample collection 
Bac kgr ound 
The Earth BioGenome Project (EBP) comprises a network of local, 
continental, and taxon-focused projects [ 1 ]), all of whic h ar e con- 
tributing to the vision that r efer ence genomes acr oss the Tr ee of 
Life have and will have huge impacts on our understanding of 
the world around us and on planetary health [ 2 ]. The EBP is cur- 
r entl y in its first phase, with many projects already contributing 
and many more projects that may be initiated in the near future. 
EBP Phase I proposes the sequencing of a r epr esentativ e species 
for all of the ∼9,500 described eukaryotic families [ 3 ]. The EBP is 
a collective effort, and as such, there is no “EBP Phase 1 target 
species list.” Instead the EBP member pr ojects ar e encour a ged to 
create their target species lists to reach this goal collaboratively. 
For the majority of phyla, a genome is available but many of these 
do not r eac h c hr omosomal le v el (Fig. 1 ). With r espect to the Phase 
1 goal, as of October 2024, there are genomes for 3,000 species [ 4 ] 
fr om ov er 1,000 families, of whic h ov er 2,000 species [ 5 ] fr om ov er 
750 families [ 6 ] hav e c hr omosome-le v el assemblies . T hus , signif- 
icant work remains to complete Phase 1. This document aims to 

pr ovide r ecommendations for an y pr oject that is gener ating r efer- 
ence genomes. 
Recommendations for success in sampling for 
biodi v ersity genomics 
Her e, we list gener al factors to consider as pr ojects set out to se- 
lect their target species, and then we discuss at more length some 
additional considerations. While this list is focused on EBP Phase 
1, most of the recommendations are advisable even for projects 
that already have a clear species target list. This list is focused 
on larger multicellular organisms or smaller species that are eas- 
il y cultur ed, but w e discuss belo w ultra lo w input a ppr oac hes for 
protists and other species where physical size is a limitation. Gen- 
eral factors to consider when suggesting a species re presentati ve 
to w ar ds the EBP Phase 1 goal include: 
! Community value : Species should be of broad community 

use and value including species that are of economic or 
ecological v alue, ar e of conserv ation concern, hav e specific 
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Figure 1: Genome sequencing across eukaryotic phyla from NCBI taxonomy. (A) All assembly levels: red, no available genomes; orange, at least one 
descendant sequenced by the EBP; grey, at least one descendant has an available genome. GoaT link for interactive tree. (B)In orange are phyla with at 
least one EBP-quality assembly, and in red, those with no available EBP-quality genomes. GoaT link for interactive tree. 

scientific interest, or have iconic status. Community value 
could be assessed through surveys oriented to w ar ds target 
communities (e.g., [ 7 ] for the Darwin Tree of Life project). ! P ermissions and a vailability : Sampling should be ac hie v able, 
considering permissions and ethical and legal collection re- 
quirements, as well as ease of collection (geography, collect- 
ing method). ! Publicl y registered: T he species should be r egister ed with its 
current name and taxonomy in a publicly available database 
(we recommend the NCBI Taxonomy Database [ 8 ]) and it 
should be assigned a numeric identifier to assist with tr ac king 
taxonomic changes o ver time . T his is covered in more detail 
below. ! Taxonomic stability and representa tion : T he taxon should 
not be subject to current disagreement and revision. From 
a taxonomic perspective, it is pr efer able to sample the type 
genus of the family, or at least a taxon from the type genus 
subfamily. The species should be generally considered a 
“good” biological species (not from a known species complex) 
and, if possible, sampled from or near the type locality. ! Vouc her availa bility: If the organism is lar ge, m ultiple sub- 
samples should be taken for tissue and nucleic acid biobank- 
ing. For smaller organisms that are likely to be consumed 
in genome gener ation, ideall y se v er al additional individu- 
als from the same time and place would be collected for 
morphological and molecular vouchering (e.g., biobanking of 
DN A, RN A, and/or tissue). Like wise, photogr a phic documen- 
tation of living specimens should be undertaken whene v er 
possible. 

Additional factors to consider for m ulticellular or ganisms in- 
clude: ! Genome size, ploidy, sex, and life sta ge(s) : Wher e genome 

sizes and/or ploidy are known (estimates are available via 
Genomes on a Tree (GoaT); see below), prioritize species with 
smaller, diploid genomes . T his is because data-generation 

costs will fall and our ability to assemble high repeat content 
genomes will impr ov e in future EBP phases. Where sex chro- 
mosomes are understood, selecting the heterogametic sex if 
possible provides a more complete view of the genome. For 
species with haplodiploid sex determination, the haploid sex 
should be chosen. ! Physical sample size : We recommend a minimal r equir e- 
ment of 10 samples, each weighing more than 10 mg per 1 
Gb of genome size, for animals and m ulticellular/cultur able 
fungi, and cultur able pr otists, and 100 mg per 1 Gb of 
genome size for plants and m ulticellular algae. A minim um 
of three samples is suggested to support the three plat- 
forms of long r ead, c hr omatin conformation (Hi-C), and tran- 
scriptome (RNA-seq) sequencing. Depending on genome size, 
amplification-based long-read sequencing approaches may 
still result in a high-quality r efer ence genome for organisms 
where this is not possible. 

The considerations listed abov e ar e not intended to be a “must 
hav e” list and eac h pr oject will need to determine what is impor- 
tant for its particular aims . For example , one project might deem 
completing the genome of a single 9 Gb locust species to be too ex- 
pensive when those funds could support genomes for 20 species, 
but another project might deem the locust genome extr emel y im- 
portant. In other w or ds, the prioritization of the considerations 
listed above should be made by each project independently. 

In addition to the considerations listed abo ve , there are a num- 
ber of other areas k e y to successfully and ethically contributing to 
EBP goals. Here we set out considerations and recommendations 
in each of these areas . T he guidance focuses on what should be 
completed for “straightforw ar d” species/specimens—those that 
are identifiable to species and macroscopic. This is because we 
are still in the early phase of the project, and when selecting 
species r epr esentativ es fr om families, pr ojects can often prioritize 
“straightforw ar d” species. Ho w ever, guidance for the more chal- 
lenging microscopic or even single-celled organisms is also cov- 
ered later in the manuscript. 
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EBP Phase 1 famil y-representa ti v e target species: 
openl y colla ting community proposals and 
genomes underway 
As the technology needed to generate high-quality r efer ence 
genomes is improving and becoming incr easingl y globall y ac- 
cessible, global coordination to avoid duplication of effort 
(i.e., sequencing the same species) where possible is important. 
Multiple species for each family should be proposed and collected 
to provide greater flexibility in achieving Phase 1 goals. As much 
as possible, this process should be globally visible, with species 
underway and their associated projects made clear. All projects 
should use the GoaT system [ 9 , 10 ] to share their target lists 
and pr ogr ess. GoaT has a searc hable interface that lists a con- 
stantly updated database of progress reported from ongoing ref- 
erence genome projects and also provides direct and inferred val- 
ues for genome size, ploidy, and c hr omosome number. These are 
extr emel y useful metrics when selecting target species. 

In addition to assisting with global coordination, contribut- 
ing lists of target species to GoaT allows genomes sequenced 
thr ough these pr ojects to be tr ac ked and counted both to local 
and EBP goals . T hese tar get lists declar e intent, and as suc h, ar e 
likely to undergo revision as projects proceed due to, for exam- 
ple, challenges with acquiring specific target species or extracting 
adequate DNA and RNA from them. We recommend that larger 
pr ojects cr eate and maintain a liv e file listing their target species, 
identifying taxa selected as EBP famil y r epr esentativ es (Fig. 2 A), 
and supply the file URL to the GoaT data curators . T he format 
for the file and a sample template can be found on the website 
[ 11 ]. GoaT arc hiv es the submitted file and processes it for display. 
Larger funded projects are often open to receiving suggestions for 
target taxa and we encourage genome users to request particular 
species from the most relevant existing EBP projects (e.g., for an 
African species, contact AfricaBP). 

GoaT can import lists of intent and pr ogr ess for smaller 
projects if the project is registered under an umbrella bioproject 
ID on INSDC and ideally linked to at least one major EBP initia- 
tiv e. Pr ojects should contact one of the major initiatives that best 
fit their scope to be listed as a contributing lab. The main contact 
for eac h pr oject can be found in eac h pr oject-dedicated pa ge at 
[ 12 ]. Target lists and contact information on GoaT are public and 
resolution of any overlaps (e.g., Fig. 2 B) can be initiated by either 
project via the contact information provided. 

Use cases for exploring available EBP data and also identify- 
ing sequencing gaps in taxonomic groups can be found at [ 13 ]. 
Summary information and live progress reports are available as 
a project-dedicated page for all EBP affiliates at [ 12 ]. Each project 
page contains duplication checkers, where the overlap of target 
species or pr ogr ess can be cr oss-r efer enced among EBP affiliates. 
Projects should take adv anta ge of the duplication c hec kers on 
GoaT to negotiate and split tasks to maximize the number of 
species sequenced, and to r emov e species fr om tar get lists by fil- 
tering to show those meeting EBP r efer ence genome standards 
[ 14 ]. 
Ethical collecting 
It is paramount that specimens and projects contributing to the 
EBP are both legally and ethically obtained. Sample collectors 
should ensure that all local and national permissions for collec- 
tion are in place, and that there is a record of these permissions 
that can be r eferr ed to if any questions arise as to whether a speci- 
men was legally obtained. This guidance applies to all species, not 
just those that are of conservation concern. These permissions 

will v ary widel y between countries and jurisdictions within them 
(e.g., [ 15 , 16 ] for the Eur opean Refer ence Genome Atlas (ERGA)), 
and it is beyond the scope of this document to summarize them. 
Best practice is to ensure that e v ery specimen is collected legally 
within the applicable frameworks, including national and local 
rules, rules on endangered species, rules on collecting in protected 
sites, and rules regarding traditional knowledge. It is also impor- 
tant that permissions are obtained for sequencing, shipping, and 
publication. 

Another complicating factor is that at this phase in the project, 
some specimens will likely be collected and moved out of their 
country of origin for sequencing. Customs pr ocedur es for import- 
ing biological material are often slow and there is a risk of losing 
precious material due to a loss in maintenance of the cold chain. 
To avoid this, proper legal documentation for export and import 
and associated metadata should accompany the specimens when 
shipped. This can be complicated and factors to consider are de- 
scribed below. When shipping using a courier for the first time, 
it is advisable to choose a courier (e.g., World Courier or BioCair) 
that offers dry-ice top-up or a dry-shipping service for a fee. Tis- 
sues that do not remain frozen for their entire journey will not 
yield high-molecular-weight (HMW) DNA or high-quality RNA un- 
less they are in a suitable pr eserv ativ e. Furthermor e, unexpected 
delays due to noncompliance with both export and import regu- 
lations are not uncommon when navigating shipments to a new 
country for the first time. 

Regulatory paperwork could include, among others, phytosan- 
itary and veterinary certificates that are usually obtained by 
country-specific legal entities (ministries/departments of agricul- 
ture, national wildlife protection authorities, etc.), as well as other 
types of import and export permits allowing shipment of biologi- 
cal materials across country borders. Species listed in the Conven- 
tion on International Trade in Endangered Species of Wild Fauna 
and Flora (CITES [ 17 ]) possess a different set of challenges, as ex- 
tensiv e pa perwork is r equir ed to obtain CITES-specific import and 
export permits, on top of the usual permits for shipment of bi- 
ological material. CITES permits must be separately applied for 
from the local government authority both by the institution in the 
country of origin, as well as the recipient institution in the coun- 
try of destination. If both institutions hold CITES Exempt Permits, 
this gr eatl y simplifies the pa perw ork exer cise. Usuall y, natur al his- 
tory museums hold these permits, and one might investigate the 
possibility to import/export the material of interest via those en- 
tities. If that option is not available, it is important to file all nec- 
essary paperwork with the relevant authority in both countries in 
advance of the intended shipping date because it can take se v er al 
months to put in order. When sending CITES-r egister ed species, all 
the necessary paperwork and customs clearing information will 
need to be provided to the courier company. BioCair can provide 
expert services in this r egard, wher eas man y other major shipping 
companies might need additional guidance. It is also important to 
point out that some nations only allow export of biological ma- 
terial in special circumstances (e.g., India and China), and Brazil 
has a very specific set of regulations that should be c hec ked in 
advance (see [ 18 ]). 

Beyond the challenges of navigating shipments, the Nago y a 
Protocol [ 19 ] and/or Access and Benefit Sharing (ABS) policies 
must also be follo w ed when specimens (genetic resources) leave 
their country of origin. Precise guidance on following the Nago y a 
Protocol is beyond the scope of this document, especially given 
that many countries interpret the protocol differently. At a 
br oad le v el, sample collectors who will be shipping specimens 
outside their country of origin should contact their local ABS 
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Figure 2: Example of a search for family re presentati ves on GoaT. (A) Report of Darwin Tree of Life (DToL) species proposed as family re presentati ves 
out of all > 70,000 species on the DToL wishlist. (B) List of species from the report in (A) with additional columns displaying target (scope) ov erla ps 
when present (long_list = DToL, PHYLOALPS) and current sequencing status within the DToL genome production pipeline. GoaT search link . 
clearing-house [ 20 ] to understand the rules, and to obtain a 
PIC (Prior Informed Consent) document and a MAT (Mutually 
Agreed Terms on what the benefit is: financial or academic, an ac- 
knowledgment on a paper, sharing results , etc). T hese documents 
should be written as br oadl y as possible to support the project’s 
vision. Countries receiving samples should ensure they have fur- 
ther permissions within the MAT to pass the samples on if there is 
any anticipation that might be required, for example, to support 
biobanking and morphological vouchering and how data may be 
shared. 

Beyond the rules and regulations, collecting methods must be 
ethical. The EBP maintains a dedicated Ethical, Legal, and So- 
cial Issues (ELSI) committee, which has published detailed recom- 
mendations for responsible sample collection, data sharing, and 
benefit-sharing [ 5 ]. These recommendations closely align with 
the Kunming–Montreal Global Biodiversity F ramew ork (KMGBF). 
Adopted at the Fifteenth Conference of the Parties (COP15) to the 
Convention on Biological Diversity (CBD), the KMGBF represents 
an ambitious international commitment to halt and r e v erse biodi- 
versity loss by 2030 and achieve “living in harmony with nature” by 
2050. Building on earlier biodiversity targets, the KMGBF includes 
specific goals and targets that emphasize the need for sustainable 
use of biodiversity, fair and equitable benefit-sharing from genetic 
resources, and meaningful engagement with Indigenous Peoples 
and local communities [ 21 ]. These priorities resonate with the 
core principles of the EBP, reinforcing the project’s commitment to 
inclusiv e and r esponsible biodiv ersity r esearc h that r espects na- 
tional legislation, traditional knowledge, and ABS r equir ements. 

In practice, the KMGBF emphasizes the importance of informed 
consent from rights holders, equitable sharing of benefits (finan- 
cial or otherwise), and capacity-building measures that support 
local r esearc h and conserv ation efforts . T hese pro visions support 
the same ethical consider ations c hampioned by the EBP’s ELSI 
committee. Consequentl y, EBP r esearc hers ar e encour a ged to fa- 
miliarize themselves with the KMGBF’s goals and targets to bet- 
ter align genomic r esearc h with current international standards 
for biodiversity conservation and social equity. Further consider- 
ations from the EBP’s ELSI committee can be found in Sherkow 
et al. [ 5 ]. 

EBP initiativ es ar e further encour a ged to adher e to two com- 
plementary sets of data go vernance principles: C ARE (Collective 
Benefit, Authority to Control, Responsibility, and Ethics) and FAIR 
(Findable , Accessible , Inter oper able , and Reusable). T he C ARE 
principles emphasize respectful data stew ar dship that prioritizes 
the rights and interests of Indigenous Peoples and local commu- 
nities [ 22 ]. The FAIR principles, meanwhile, guide the scientific 
community to publish genomic and biodiversity data in ways that 
maximize discov er ability and r eusability [ 23 ]. By following both 
CARE and FAIR, EBP r esearc hers can ensur e that ethical consider- 
ations and best practices in data management go hand in hand. 

Effort should also be made to build sustainable partnerships 
with Indigenous Peoples and local comm unities [ 15 ]. Ov ercollec- 
tion of any species should be avoided. Projects should consider 
what the best sampling strategies might be to avoid overcollec- 
tion, e.g., lineage-focused bioblitzes with a group of taxonomic ex- 
perts. 
Confident species identification 
Each contributed specimen should be identified to species level 
by a taxonomic expert and, ideally, material from the same spec- 
imen should be independently DN A bar coded using a ppr opriate 
markers and the data deposited publicly on the Barcode of Life 
Data System (BOLD [ 24 ]) or in an INSDC database . T hese DNA bar- 
codes will ensure that species with r efer ence genomes hav e inde- 
pendentl y gener ated DN A bar code data, that the DN A bar codes 
matc h the r esulting r efer ence genome, and that no sample swaps 
occur along the w ay. Although bar coding is advised, it may not al- 
ways be feasible and work is now underway by the EBP Sample 
Collection and Processing Subcommittee to develop guidance on 
how to proceed with EBP goals given the challenges in confident 
species identification of a large proportion of Earth’s biodiversity. 
Robust and complete metadata 
Robust and complete metadata of all types m ust accompan y the 
famil y-le v el r epr esentativ es for EBP. Metadata fields and terms 
should be standardized and we recommend drawing on the exten- 
sive efforts to standardize collection metadata already completed 
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by the Biodiversity Information Standards comm unity (originall y 
the Taxonomic Databases Working Group (TDWG) [ 25 ]). Both the 
Darwin Core (DwC) standard [ 26 ] and the Access to Biological Col- 
lection Data (ABCD) Schema [ 27 ] offer standardized ways of shar- 
ing biodiversity occurrences and collections data. While overall 
similar, DwC is somewhat less complex in structure, and ABCD is 
able to convey information at a more granular level. The GGBN 
Data Standard is an extension of ABCD and DwC particularly for 
molecular samples [ 28 ]. The Darwin Tree of Life (DToL) project has 
adapted standards for collections for biodiversity genomics [ 29 ], 
and the latest DToL guidance can be found at [ 30 ]. Other projects 
hav e alr eady built on the foundation pr o vided by DToL (e .g., [ 31 ]) 
and it is important to maintain the ontology of terms used in these 
differ ent pr ojects to pr e v ent drift wher eby terms become pr oject- 
specific. Ther efor e it is advisable to use these metadata schemas 
as they are or to ensure that modifications are made in consulta- 
tion. If project-specific metadata differ substantially from these 
recommendations, other INSDC sample checklists (e.g., [ 32 ] or 
[ 33 ]) ar e perfectl y acceptable, pr ovided that as many metadata 
fields are completed as is possible and reasonable. 

The EBP recommends that every specimen should have a ToLID 
(Tree of Life identification) assigned. A ToLID is a unique, easy-to- 
communicate identifier that provides species recognition, numer- 
icall y and uniquel y differ entiates between specimens of the same 
species, and adds some taxonomic context. ToLIDs facilitate in- 
ternal and external communication about the samples and help 
the EBP tr ac k all sequencing pr ojects. It is also worth r emember- 
ing that a specimen can contain multiple organisms, so ToLID can 
disambiguate between target and off-target organisms within a 
given sample/specimen allowing other specimen products to be 
published unambiguously. Further, when a genome assembly is 
submitted, the ToLID of the specimen that was used for long read 
data generation should be used to name the assembly. ToLIDs are 
not a replacement for INSDC BioSample records, which hold all 
of the metadata associated with the sample. Every sample should 
have both. ToLIDs can be requested at [ 34 ] (instructions on the 
website). 

To facilitate tr ac king of sequencing status at the species le v el, 
and r etrie ving biodiv ersity genomics data via stable taxon iden- 
tifiers, the EBP recommends assigning taxon identifiers (TaxIds) 
in the NCBI taxonomy as early as possible in the creation of a 
dr aft tar get list. TaxIds ar e stable numerical identifiers assigned 
by the NCBI taxonomy expert team to all taxa and taxon ranks. A 
species-le v el TaxId is necessary not only for registering a ToLID 
for a specimen but also for declaration of intent on GoaT and 
for generation of BioSample and assembly submissions. Specific 
guidelines have been created [ 35 ] to identify the need to-, what 
type of- and how to- request taxids for planned sequencing tar- 
gets . T his starts at c hec king for the availability of a TaxId for the 
target species using the ENA or NCBI taxonomy query services. If a 
TaxId at species or infraspecies rank for the target specimen does 
not exist, it needs to be r equested fr om the ENA or NCBI taxonomy 
curators as described in the guide. 

Taxonomy is an active process, and revisions to species defini- 
tions, suc h as synon ymization of existing names and splitting of 
existing concepts, and to the higher organisation of species into 
genera, families, etc., are constant. The NCBI taxonomy aims to 
r epr esent the best-supported taxonomy for all of life and strives 
to be up-to-date. To ensure that the NCBI taxonomy remains cur- 
r ent, r esearc hers ar e encour a ged to discuss dir ectl y with the NCBI 
taxonomy curators (or the curators at ENA) whenever there is an 
opportunity to impr ov e the NCBI taxonomy, including taxonomic 
r e visions and reconciliations. 

It is important to de v elop a r obust mec hanism for updating 
the names and identifiers associated with a specimen if misiden- 
tification or taxonomic reclassification occurs while a reference 
genome is being produced. This mechanism should also have a 
policy to determine what gets changed at different points in the 
process. If a misidentification or a taxonomic name change oc- 
curs early in the process of data generation, then fully updat- 
ing to a new TaxId, scientific name, and ToLID would be a ppr o- 
priate. Once the assembly has been published, we recommend 
correcting the taxonomic information and ToLID in any cases of 
misidentifications, e v en after r elease. Ho w e v er, we suggest that 
taxonomic c hanges suc h as synon ym pr efer ences or mer ges that 
do not hamper the identification of the species should only be 
cause for amendments within six months after assembly release 
and the ToLID should remain as is to relieve the projects and 
databases from the burden of frequent minor changes. 
Vouchering 
Vouc hers fr om eac h specimen contributing to a r efer ence genome 
should be pr eserv ed when possible and guidance on various 
biobanking topics is available [ 36 , 37 ]. Ideally, there will be both 
mor phological vouc hers pr eserving the dia gnostic c har acters of 
the taxon (or image vouchers if no material sample can be pre- 
serv ed), and molecular vouc hers, suc h as tissue vouchers (dis- 
cussed below), viably frozen cell lines, and/or extracted RNA and 
DNA. Vouchers should be prepared in a manner that ensures long- 
term physical pr eserv ation of the specimen and str aightforw ar d 
association with its metadata. Vouchers should be deposited in 
publicly accessible collection facilities, such as natural history 
museums or herbaria, located in the country of origin for each 
sequenced species, or where there is excess material, possibly 
spr ead acr oss m ultiple r e positories. It is ad visable to arrange in 
advance of the work commencing where remaining material (in- 
cluding specimen and molecular vouchers) should reside after the 
work is completed, and this should be reflected in any relevant le- 
gal transfer agreements. It can otherwise require secondary legal 
a gr eements to tr ansfer materials to a third party. If remaining ma- 
terial is accessible, tr ac king additional uses of the material (e.g., 
by using the ToLID) is important to provide awareness to future 
users of the material that additional data may have already been 
generated on the specimen. 

It is recommended that molecular vouchers be stored in a 
GGBN member institution (of which there are many, see [ 38 ]) for 
sample accessibility, and linked to the mor phological vouc her us- 
ing a unique ID, ideally a globally unique ID (GUID [ 39 ]), or at 
least following the Darwin Core triplet structure ([unique institute 
acr on ym][collection acr on ym, unique in the institute][vouc her 
number, unique in the collection]). Any facility that owns and/or 
manages collections of nonhuman genomic/molecular samples 
can a ppl y to become a GGBN member institute, b y follo wing the 
instructions at [ 40 ]. When two institutions share material via a 
material transfer agreement (MTA), it may be worth considering a 
specific provision that allows the remaining material to be shared 
with a third party if that is in the interest of the institution pro- 
viding the material. 

Although we str ongl y advocate for vouchering of specimens in 
publicly accessible collection facilities, we recognize that these 
are not uniformly available in all countries, raising potential is- 
sues with respect to export/import, access and benefit sharing, 
and other issues addressed in the KMGBF . Unfortunately , there is 
no clear solution and best practices with respect to vouchering 
may simply not be possible for all contributors. In such cases, we 
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note that retention of vouchers in small institutional collections 
would still be pr efer able to not retaining vouchers at all. 

High-quality images should accompany each contributed spec- 
imen, and these should be made publicly a vailable . Although 
specimen digitization can involve complex photography systems, 
which can yield exquisitely detailed images, any photographic 
vouc her—e v en one taken with a smartphone—is better than none 
at all. Photogr a phic documentation of specimens should include 
all r ele v ant mor phological axes. If the specimens were collected 
while activ el y enga ging in identifiable behaviors (mating, feeding), 
these should be photogr a phed and noted as well as the time of col- 
lection. These images can be deposited in the BioImage Archive 
[ 41 ], GBIF [ 42 ], or iDigBio [ 43 ]. For genomes accompanied by a 
DN A bar code , the BOLD database ma y also be an option for image 
ar chiving, as w ell as GGBN if samples are biobanked in a member 
repository. 
Sample to sequence 
The Phase 1 ambition for EBP is to sequence species that are 
good famil y-le v el r epr esentativ es and the guidelines above indi- 
cate the primary considerations for selecting a ppr opriate species. 
Ultimately, what is selected and sequenced is an individual or a 
set of individuals and should be recognized as suc h. Furthermor e, 
additional considerations when selecting the precise specimen(s) 
that will be sequenced to r epr esent the species and the family are 
discussed below. 
Specimen and tissue selection 
The sex of the specimen and the particular life-history stages and 
tissues that are best for different data types should be considered 
car efull y. Wher e r ele v ant and possible, it is pr efer able to sample 
from the heterogametic sex to provide data for both sex chromo- 
somes. Recommendations on the best life stages and best tissues 
to target to achieve the highest qualities and quantities of DNA, 
RNA, and nuclei will vary depending on the taxon. When possi- 
ble, if a species has been described from a given life stage, that 
life stage should be selected for sequencing to decrease the like- 
lihood of misidentification. Specific tissues might be prioritized 
or avoided based on additional species (cobionts) that might be 
present in or associated with those tissue types (e.g., sequencing 
gut tissue may yield off-target sequences that may or may not be 
desirable). The exact tissue types recommended for HMW DNA 
and RNA for the wide range of target taxa are beyond the scope of 
this document. They undoubtedly will change as we experience 
successes and failures in extracting n ucleic acids, pre paring li- 
br aries, sequencing, assembl y, and annotation. For annotation us- 
ing RNA-seq, see the EBP guidelines [ 44 ]. Briefly, it is recommended 
to collect a diversity of tissue types whenever possible, factoring 
in pr e vious understanding of tissues for the focal taxa that hav e 
r epr esentativ e or higher-than-av er a ge tr anscript div ersity. We ar e 
beginning to gain a better understanding of the life stages and tis- 
sues for a wide range of taxa that provide the best quantities and 
qualities of materia, along with the most reliable protocols [ 45 ]. 

The target individual should be collected from the wild rather 
than from a laboratory colony, zoo, or culture collection (when 
possible), to ca ptur e natur al genetic div ersity, avoid inbr eeding ef- 
fects, and accur atel y r eflect ecological and e volutionary contexts 
[ 46 ]. The size of the samples needed from a specimen will de- 
pend on the taxon and tissue sampled and the genome size, and 
the precise guidance around required input material is likely to 
be a r a pidl y moving tar get as r equir ed quantities decr ease and 
our ability to ac hie v e high-quality extr acts acr oss a wide r ange 

of taxa increases. Our current recommendations for animals and 
m ulticellular fungi ar e at least 10 mg and pr efer abl y closer to 
100 mg of tissue per 1 Gb of genome size for each sample as 
this tends to be sufficient for long-read data generation with- 
out amplification. For plants and multicellular algae we suggest 
at least 100 mg and pr efer abl y 1,000 mg of tissue per 1 Gb of 
genome for each sample. Multiple samples from the same speci- 
men should be prioritized over single samples fr om differ ent spec- 
imens, and given the current need for samples to be directed down 
thr ee differ ent pr ocesses (Hi-C, HMW DNA extraction, RNA ex- 
tr action), we r ecommend at least 10 samples meeting these stan- 
dards per specimen where possible, and per species where not. 
For taxa that are known to be difficult (e.g., many marine inverte- 
brates) and might require many extraction attempts, at least 20 
samples should be taken given the significant delays and costs 
incurred by the need for an additional collection trip. If taking 
a sufficient number of samples from a single specimen is not 
possible, then additional specimens, ideally from the same lo- 
cality and collected at the same time, should be pr eserv ed to 
r eac h similar quantities of tissue . T his le v el of r e plication gi ves 
slack in the system for repeat extractions where sufficient quan- 
tities or qualities of data have not been ac hie v ed and also pro- 
vides material for biobanking, enabling future expansion of re- 
sults with new approaches (e.g., protein, metabolite analysis or 
new or improved genome/transcriptome sequencing technolo- 
gies). We str ongl y r ecommend getting in touc h with the facility 
that is likely to complete the sequencing prior to specimen collec- 
tion in the field to c hec k their sample r equir ements (i.e., tube type, 
number of specimens r equir ed, if they accept samples pr eserv ed 
in ethanol or not, etc.) because these vary depending on the facil- 
ity and their experience in processing certain taxonomic groups. 
Specimen processing 
As an organism is processed, it should be photogr a phed along- 
side a tr ac king identifier (e.g., a SPECIMEN_ID, which could be the 
ToLID) and alongside the barcodes of the tubes into which it is 
pr ocessed (Fig. 3 ). These photogr a phs ar e in addition to any that 
might be taken to document the living specimen and are useful for 
r esolving sample-tr ac king pr oblems that can arise. We str ongl y 
encour a ge the use of barcoded tubes and scanning of these tubes 
rather than handwriting identifiers on tubes and manual entry 
of identifiers into tr ac king systems as this is prone to error. For 
samples in the dozens or hundreds, this can be done with a sim- 
ple single-tube scanner or e v en with a phone and an application 
such as EpiCollect [ 47 ]. For larger projects processing many hun- 
dreds or thousands of specimens, r ac k scanners can be used to 
scan whole r ac ks of barcoded tubes before sample processing. 

Living specimens should be processed into tubes on dry ice and, 
from that point forw ar d, held at −70 ◦C or below (e.g., in liquid ni- 
tr ogen). Specimens that hav e died befor e pr ocessing tend to have 
damaged and degraded DNA and RNA, or can become highly con- 
taminated with bacteria. Precautions should be taken if such ma- 
terial is to be used for r efer ence genome gener ation: e v en if high- 
quality DNA can be obtained from this material, it may be lar gel y 
bacterial. Specimens should be taken to a site where dry ice or liq- 
uid nitrogen are a vailable , humanely killed, and rapidly processed 
into small, lentil-sized pieces (Fig. 4 ) while freezing, for example 
using a Petri dish on dry-ice (as pictured in Fig. 3 ) and a scalpel. 

Small pieces of specimens sitting on dry-ice usually yield high- 
quality DNA as long as the freezing process is rapid. These small 
tissue pieces can then be placed into pr ec hilled barcoded tubes—
e.g., in Fig. 3 , the fly could be cut into head, thorax, and abdomen, 
and each piece put in a separate tube. Currently, for animals and 
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Figure 3: An example of the documentation that should occur as a sample is being pr ocessed. Her e the SPECIMEN_ID (the NHM barcode under the fly) 
is photogr a phed alongside the specimen and the barcoded tubes to whic h differ ent samples of that specimen ar e destined. The metadata tr ac king 
sheet would thus have three entries for this fly, where collection-related information would be identical, but tissue type and tissue size would vary 
(e.g., head, thorax, and abdomen each in a separate tube). Photograph by M.K.N.L. 

Figure 4: A scale showing the sizes of tissues that should typically be aimed for in a single tube. In some cases (e.g., the flies in the Very Small (VS) 
category), there is no option to provide more tissue, so multiple separate specimens will be needed. The exact amount of tissue to supply depends on 
the taxon and the genome size, so it is best to discuss this in detail with the sequencing facility before beginning species collections. Facilities will not 
want to r eceiv e pieces of tissue m uc h lar ger than the Lar ge (L) size shown her e as the tissue will be fr ozen solid and it is extr emel y difficult to br eak 
suitable sized pieces off without compromising the DNA or RNA integrity (e.g., by thawing). Plants will gener all y need substantiall y mor e tissue than is 
shown here. As advised in the main text, for each species, we recommend aiming for 10 tubes, each containing a piece of tissue in the S–L range 
(typically 20–50 mg). Photograph by M.K.N.L. 
multicellular fungi, we recommend one piece of > 10 mg tissue 
per tube to support different workstreams without compromising 
the temper atur e of the remainder of the material thr ough fr eeze–
tha w cycles . Plants and multicellular algae should also be pro- 
cessed into small pieces to support r a pid fr eezing, but lar ger vol- 
umes of tissue might be placed in tubes because up to 10 times 
more tissue may be required to achieve adequate quantities of 
DNA for these groups. For many taxa where the majority of the 
specimen will be consumed in the process of data generation (e.g., 
most insects), it may be advisable to grind the whole organism to 
a fine powder in liquid nitrogen prior to further laboratory work to 

avoid different data types being generated from different tissues 
(e.g., Hi-C data coming from the head, and long-read data coming 
from the abdomen, each tissue with distinct associated cobiont 
taxa). 
Sequencing the very small 
For organisms where achieving milligrams of tissue is not possi- 
ble , including meiofauna (i.e ., animals < 1 mm in size) and unicel- 
lular eukary otes, ultra-lo w-input (ULI) protocols can be adopted 
to gener ate long-r ead data fr om single micr oscopic or ganisms. 
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Pr otocols le v er a ging long-r ange PCR [ 48 , 49 ] or m ultiple displace- 
ment amplification [ 50 , 51 ] for microscopic organisms are avail- 
able with caveats that DNA integrity and genome size are im- 
portant considerations and these protocols do not perform well 
on lar ge, highl y r e petiti ve genomes [ 49 , 51 ]. We ad vise that single 
specimens be used to generate long-read data, even for the small- 
est organisms. A second individual may be needed to produce a 
transcriptome (but see [ 49 ]). Commercially available cDNA library 
pr epar ation kits make it possible to obtain high-quality transcrip- 
tome data from a single minute animal or e v en single cells (e.g., 
[ 52 ]). Coassembly of individual single amplified genomes (SAGs) 
has been moder atel y successful for some protist species, though 
not yet to the standards desired by the EBP [ 53 , 54 ]. Howe v er, pool- 
ing se v er al individuals (ideall y r elated individuals of the same 
sex/mating type) may be necessary for Hi-C. The ULI a ppr oac hes 
might not be sufficient for ac hie ving EBP assembl y-quality stan- 
dards, but at this point of technology development, it is the best 
that can be done for many microscopic taxa. When multiple in- 
dividuals must be pooled for small organisms, species and col- 
lection sites should be chosen to ideally yield several specimens; 
these lots need to be collected at the same time and location, and 
car efull y determined taxonomicall y to ascertain whether they be- 
long to the same species. DN A bar codes on individuals should be 
attempted where possible. If this is not possible for the specimens 
that will be used for r efer ence genome data gener ation, then it 
is advisable to collect additional specimens from the same time 
and location and generate barcode data for these as a proxy iden- 
tification a ppr oac h. In the case of unicellular eukaryotes that are 
difficult-to-determine species, r efr aining fr om pooling cells will 
ensur e that onl y a single species is sequenced. Ideall y, ima ges of 
the cell/organism sequenced should be taken for vouchering pur- 
poses. 
Cold chain challenges 
Situations in which preserving samples from living organisms 
without access to dry-ice or liquid nitrogen are likely to become 
common as the EBP pr ogr esses. We ar e still learning whic h pr eser- 
v ativ es offer the best chance at successful long-read and long- 
range sequencing, and we recommend sharing successful proto- 
cols openly and early using the EBP protocols.io workspace (see 
belo w). As of no w, w e suggest that if there is no possibility of r a pid 
pr ocessing and pr eserv ation of a specimen fr om living to −70 ◦C 
or below, then samples should be processed into small lentil-sized 
pieces in an excess (high pr eserv ativ e volume to tissue volume ra- 
tio) of 100% ethanol for HMW DNA and Hi-C, and in RNAlater for 
RNA, and that these ar e then stor ed at the coldest temper atur e 
possible. Lo w er per centa ges of ethanol ar e not advised because 
they seem to result in more degraded DNA, but this is still a grey 
ar ea and differ ent taxa ma y ha v e differ ent r equir ements. High- 
quality genomes have been generated from specimens stored in 
lo w er per centages of ethanol for long periods, but here we offer 
general guidance on best-known practices rather than what might 
work. 

For small insects that may not r equir e further pr ocessing 
and so be pr eserv ed whole, compr omising the cuticle to permit 
ethanol penetration is critical for preserving HMW DNA [ 55 ] and 
has resulted in high-quality r efer ence genomes e v en when insects 
were shipped for over 1 week at room temperature [ 56 ]. The ratio 
of tissue to pr eserv ativ e should also be considered because wa- 
ter in tissues may dilute the pr eserv ativ e. It is advised to change 
ethanol twice within 24 hours following pr eserv ation for tissues 
with high water content. We recommend a > 20:1 pr eserv ativ e-to- 
tissue ratio. As soon as access to a −70 ◦C freezer is a vailable , the 

samples should be frozen and records should be k e pt on how long 
samples were held at room temperature. For dissected vertebrate 
tissue, if liquid nitrogen is not readily a vailable , storage in a preser- 
vation liquid for up to 1 week at 4 ◦C befor e flash-fr eezing in the 
laboratory has resulted in high quality HMW-DNA and Hi-C [ 57 ]. 

Experience has shown that pr eserv ation in media designed 
for nucleic acid protection (such as DN AGuar d or RN ALater) is 
not optimal for subsequent Hi-C sequencing because these me- 
dia induce excessive trans interactions, likely because of disrup- 
tion of nuclei [ 57 ]. For pr eserv ation of RNA, ethanol is not suit- 
able. RNAlater-ICE does not produce a precipitate upon cooling 
and may be better than standar d RN Alater for stor a ge of RNA- 
pr eserv ed material at below-freezing temperatures. Intensive fur- 
ther testing of pr eserv ativ es and their ability to protect HMW 
DN A, RN A, and material suitable for Hi-C across the Tree of Life is 
likely to be an active area of development over the coming years, 
and sharing successful pr eserv ation pr otocols will be valuable for 
the EBP’s ambitions (see below). While this summarizes our cur- 
rent understanding of preservation when cold-chain access is lim- 
ited, best-practice guidance is to snap-freeze tissue immediately 
fr om ethicall y killed specimens and to maintain that cold chain 
until the point of extraction. This is superior in terms of HMW 
DNA yield and fr a gment size and is possible e v en in r emote field 
settings with the use of c har ged dry-ice shippers that can main- 
tain ultracold temperatures for a couple weeks. 
An EBP protocols.io community 
Collection, extr action, and libr ary gener ation pr otocols ar e as 
important to retain and share, according to the FAIR principles 
[ 23 ], as the sample-associated metadata. We recommend sharing 
collection, pr eserv ation, and extr action pr otocols in open-source 
r epositories wher e a unique Digital Object Identifier (DOI) is as- 
signed to e v ery document. We advise including these DOIs in 
publications arising from the genomes produced under the EBP 
umbrella. As our knowledge about the biochemical and genetic 
makeup of pr e viousl y understudied taxa increases, so will the 
knowledge base behind the a ppr opriate handling of samples of 
these taxa and their genetic material. It will increase the repro- 
ducibility of r esearc h and pr o vide an in v aluable r esource for the 
global community. 

Biologists worldwide are already activ el y de v eloping and r e- 
leasing protocols for ethically collecting specimens, collecting 
compr ehensiv e metadata, vouc hering samples, pr eserving and 
pr ocessing samples, extr acting RNA and HMW DNA, sequencing 
RN A and DN A, performing Hi-C, etc. These pr otocols ar e abun- 
dant but still primarily focused on a small number of taxonomic 
gr oups and ar e also typicall y hidden in r esearc h manuscripts 
r ather than r eleased as ste p-by-ste p protocols. As we learn what 
modifications or entir el y differ ent a ppr oac hes work best for dif- 
fer ent taxonomic gr oups, we encour a ge open sharing of this infor- 
mation as early as possible in protocol form. To assist with this, we 
hav e cr eated an EBP pr otocols.io workspace [ 58 ]. We r ecommend 
that the biodiversity genomics community publish their genome- 
r ele v ant pr otocols at pr otocols.io (this is fr ee and r esults in a 
citable DOI) and then link their protocols to the EBP workspace. 
To do this, users must join the EBP workspace and, once their pro- 
tocol is published, simply link it as shown in Fig. 5 . 

In addition to contributing new protocols to the EBP workspace, 
we also recommend extensive commenting and forking of exist- 
ing protocols. Commenting on existing protocols can help rapidly 
share information on successes and failures, as well as minor 
tips and recommendations that improve the chances of success. 
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F igure 5: Ho w to link protocols to the EBP w orkspace. Step 1. J oin the EBP workspace at protocols .io/ workspaces/ earth- biogenome- project (access may 
r equir e a free login). Step 2. Click on the “MORE” menu as shown in the left panel above and select “Add to my workspaces.” Step 3. Select “Earth 
BioGenome Project” as the workspace and add the protocol. 
Commenting and forking are easily achieved on any protocol 
through the “COMMENTS” and “COPY/FORK” clickable buttons 
that are present on every protocol. We suggest using comments 
to indicate if the protocol worked for specific species and to in- 
clude higher taxonomic information, e .g., “T his pr otocol r esults 
in high-quality HMW DNA for Hapalochlaena lunulata , an octopus. 
The DN A w as successfull y sequenced using P acBio HiFi.” Forking 
can be used where an existing protocol has been modified more 
extensiv el y to impr ov e r esults, e.g., for a particular tissue or taxon. 

In the process of trying to go from specimen to high-quality 
r efer ence genome, we learn through unexpected successes and 
failures the tips and tricks that are not protocol-worthy but still 
should be shared. If we had a way to share these anecdotes, we 
might save people treading down the same dead-end roads or 
give them a tip that opens up huge possibilities . T her efor e, we 
hav e cr eated a comm unity-owned Google sheet called “EBP com- 
munity collection of anecdotes” at [ 59 ]. This is set up to sim- 
ply collect experiences of any one w orking in the general area 
of r efer ence genomes for biodiv ersity. We ask that the EBP com- 
munity continue to populate this resource with their tips and 
tricks and we have provided some guidelines at the top of the 
document. 
Fostering inclusi v e colla bor a tion for enhanced 
impact 
For the EBP to succeed, we must all w ork to w ar ds a more inclusive 
and equitable global biodiversity genomics community. Strength- 
ening collaboration and engagement across the biodiversity ge- 
nomics stakeholder community will accelerate progress and max- 
imize scientific impact, benefit sharing, equity , diversity , inclusion, 
and just practices . T he biodiversity genomics stakeholder com- 
munity includes individuals from all relevant subdisciplines of 
biology: those tr aditionall y enga ged, suc h as geneticists, genomi- 
cists, and bioinformaticians; experts in taxonomy, natural history 
and ecological and evolutionary theory, including ecologists, evo- 
lutionary biologists , taxonomists , and systematists; and those of- 
ten ov erlooked, suc h as individuals working in natur al history col- 

lections who are involved in vouchering and specimen curation, 
staff at sequencing facilities who assist with project design and 
data generation, and those providing support in other aspects of 
project design, specimen acquisition, data generation, and cura- 
tion. 

The success of EBP is intrinsically linked to the collabor ativ e ef- 
forts of scientists across a wide range of disciplines. Researchers 
working in natural history collections or at biobanks , taxonomists , 
systematists , genomicists , bioinformaticians , and support staff at 
sequencing facilities all play crucial roles . T hese professionals 
collect, identify, pr eserv e, and maintain specimens, infer phylo- 
genetic relationships, and study the evolution of traits and ge- 
ogr a phic distributions of organisms . T heir work enables the ge- 
nomic r esearc h comm unity to access well-cur ated and accur atel y 
identified specimens, ensuring the correct identification and sys- 
tematic placement of species-r epr esentativ e r efer ence genomes. 
It is essential for all involved to acknowledge and strengthen 
these relationships, advocating for the vital work done by mu- 
seum scientists , systematists , taxonomists , and technical sup- 
port staff. Additionall y, r ele v ant taxonomic and systematic work, 
such as species descriptions and evolutionary context studies, 
and IDs of collection material examined, should be cited in ge- 
nomics publications. Ensuring that individuals who collected and 
identified specimens are included as authors on resulting pa- 
pers fosters a collabor ativ e a ppr oac h and giv es cr edit wher e it is 
due [ 60 ]. 

Enhanced collaborations , e .g., among genomicists , systema- 
tists , taxonomists , museum scientists , bioinformaticians , and se- 
quencing facility staff, impr ov e the scientific rigor of genomic re- 
searc h and r ecognize the critical contributions of experts in tax- 
onomy, e volution, and or ganismal biology [ 61 , 62 ]. Systematics 
and taxonomy provide an indispensable framework for genomics 
r esearc h. Experts in these fields often lead advances in imag- 
ing, informatics, ecology, evolution, genetics, and genomics (e.g., 
[ 63–65 ]), and often yield important ne w discov eries at the inter- 
face between traditional subdisciplines of biology (e.g., [ 66 , 67 ]). 
Pr esentl y, man y gr oups of or ganisms ar e studied by onl y a fe w 
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living taxonomic experts, making reliable identification challeng- 
ing, at best. Alarmingly, limited taxonomic tr aining in under gr ad- 
uate curricula, fewer living expert taxonomists mentoring stu- 
dents and postdocs, and limited funding for taxonomic r esearc h 
stand to exacerbate this issue [ 62 ]. Collabor ativ e efforts can pro- 
vide valuable training for the next generation of integrative biodi- 
versity scientists. 

Close collaborations among genomicists, museum scientists, 
and taxonomists can also pr e v ent duplicativ e sampling efforts, 
minimize the ecological impact of specimen collection, conserve 
r esources, and ensur e efficient sampling. With genomic sequenc- 
ing now being more cost-effective, it is crucial to maximize the 
value of each collected specimen [ 68 ]. The genomics commu- 
nity, with its expertise in bioinformatics and data management, 
can significantly contribute to biodiversity informatics and digiti- 
zation initiatives [ 69 ]. Researchers collaborating with museums 
can advocate for best practices in specimen preservation that 
will facilitate future genomic work and ensure the deposition of 
voucher specimens in public collections [ 70 ]. Of course, many sci- 
entists in the field of biodiversity genomics also engage in sys- 
tematics and taxonomy and/or work in museum settings, demon- 
strating the interdisciplinary nature of modern genomics research 
(e.g., [ 71 ]). 

All members of the EBP stakeholder community, including 
genomicists , systematists , taxonomists , museum scientists , 
bioinformaticians, sequencing facility staff, and others, play 
important interdependent roles in this endeavor. Strengthening 
collaboration among these communities will enhance the quality 
and impact of r esearc h, ensuring it is ethical, sustainable, and 
inclusive . T hrough such partnerships we can more fully and 
effectiv el y explor e and pr eserv e the div ersity of life on Earth for 
generations to come. 
Looking to the future 
Curr ent best-pr actice assembl y guidelines ar e to gener ate a com- 
bination of data types including long-r ead (P acBio HiFi and/or 
ultr a-long ONT), long-r ange (Hi-C), and RNAseq (Illumina short 
r ead, P acBio Kinnex, or ONT cDNA-PCR) data from the same spec- 
imen wher e v er possible, aiming for the heterogametic sex when 
this is r ele v ant. Typicall y, separ ate samples ar e used for these dif- 
fer ent a pplications, but we should be de v eloping pr otocols that 
support minimal extraction of material sufficient for any of these 
types of data gener ation (e.g., nuclei coextr acted with RNA). Fur- 
thermore, in all current extraction efforts, we discard material 
that we might one day look back on and regret, such as proteins 
and metabolites. While data generation from these materials is 
curr entl y out of scope, this is unlikely to be true in years to come. 
Retaining r ele v ant material to add data layers to the high-quality 
r efer ence genomes would be prudent. T hus , for specimens where 
samples are available in excess, considerations should be given to 
pr eserving r eplicate samples and a ppr opriate stor a ge to futur e- 
proof these samples as much as possible. For specimens where all 
material is used in data gener ation, perha ps typicall y discarded 
supernatants should be retained for future in vestigations . 

As sequencing proceeds into phases comprising more fine- 
scale taxonomic cov er a ge, we for esee that getting specimens iden- 
tified in vivo before killing and freezing them will be challenging 
for many species-rich but poorly known taxa, including most in- 
v ertebr ate gr oups. Reliable identifications often depend on careful 
examination under the microscope by experts, of which there are 
typicall y onl y a fe w for entir e taxonomic families; this would r e- 
quire holding the specimens out of the cold chain for a length 

of time that could compromise the DNA and RNA. This high- 
lights the importance of a ppr opriatel y pr eserv ed mor phological 
voucher specimens and imaging. Further, advances in DNA bar- 
coding r efer ence libr aries can be of enormous importance, so that 
specimens can be collected first and identified later. One possibil- 
ity would be to have a fourth tissue sampling used initially only 
for DN A bar coding to attempt identification by comparing the se- 
quence to available public databases. Such identifications would 
then inform the decisions about whether a sample should be fur- 
ther processed for genomic sequencing. 

We also encour a ge activities that simplify and streamline stan- 
dard oper ating pr ocedur es and pr otocols to make it easier to “con- 
tainerize” extraction, sequencing, and assembling activities. Con- 
tainerization means a world in which a simple portable lab could 
house e v erything needed to go fr om sample to sequence and 
would build capacity in the Global South, in the nations that of- 
ten harbor the greatest biodiversity. This relieves pressure on the 
Nago y a requirements and the budget spent on expensive shipping 
costs to maintain the cold-chain, but more importantly, is better 
for global science. 

Numer ous unexplor ed opportunities also lie within the realm 
of artificial intelligence (AI) and automation, waiting to be un- 
lock ed and harnessed. AI-dri ven robotic systems could increase 
efficienc y b y automating sample collection and optimizing work- 
flows, significantl y r educing the time and resources required 
(e .g., [ 72 ]). T his integration could enhance precision and accu- 
r acy thr ough AI-based quality contr ol and pr ecise data annota- 
tion, ensuring only high-quality samples contribute to genome 
sequencing. Costs could thus be r educed thr ough labor savings 
and resource optimization, while the speed of genome sequencing 
could be accelerated by automated processing and parallelization 
of samples . Furthermore , AI could be used to facilitate intelligent 
sampling str ategies, pr omoting div ersity in collected samples, and 
enabling real-time monitoring of en vironmental conditions . Inte- 
gr ating biodiv ersity data into centr alized databases and adv anced 
analytics enhances data accessibility and analysis. Overall, the 
synergy of AI and automation ma y impro ve the quality and speed 
of r efer ence genome gener ation. Refer ence genomes fr om acr oss 
the Tree of Life enabled by a global community and multiple tech- 
nologies will contribute to a deeper understanding of biodiver- 
sity for applications in conservation, ecology, and evolutionary 
biology. 
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