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November 2020 marked 2 y since the launch of the
Earth BioGenome Project (EBP), which aims to
sequence all known eukaryotic species in a 10-y
timeframe. Since then, significant progress has been
made across all aspects of the EBP roadmap, as out-
lined in the 2018 article describing the project’s
goals, strategies, and challenges (1). The launch
phase has ended and the clock has started on reach-
ing the EBP’s major milestones. This Special Feature
explores the many facets of the EBP, including a
review of progress, a description of major scientific
goals, exemplar projects, ethical legal and social
issues, and applications of biodiversity genomics. In
this Introduction, we summarize the current status of
the EBP, held virtually October 5 to 9, 2020, includ-
ing recent updates through February 2021. Referen-
ces to the nine Perspective articles included in this
Special Feature are cited to guide the reader toward
deeper understanding of the goals and challenges
facing the EBP.

It is urgent that the EBP move forward. The year
2020 marked a global failure in meeting any of the
20 “Aichi goals” for the preservation of wildlife and

ecosystems (2). The International Union for Conser-
vation of Nature now counts more than 35,000
(28%) of all surveyed species of plants and animals
as threatened with extinction (3). The Earth may lose
50% of its biodiversity by the end of this century if
nothing is done to mitigate the anthropogenic fac-
tors that drive species to extinction and destroy the
health of global ecosystems that sustain human exis-
tence (2). Degradation of aquatic and terrestrial eco-
systems has continued unabated, and we may soon
face the possibility of massive ecosystem collapse
on a global scale.

Such a collapse would have an enormous impact
not only on biodiversity, but also on global political
stability, and might ultimately affect the survival of
our own species. Biological diversity underpins eco-
system services: that is, those services provided by
nature that generate food, clean air and water, regu-
lation of critical environmental processes and
biogeochemical cycles, and are the basis for deep
cultural and esthetic ties between humans and the
natural world. Biodiversity is also foundational for the
rapidly growing global bioeconomy that exceeds
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$500 billion each year in just the United States and European
Union (4, 5), and it is essential for sustainable food security (6). If
biodiversity disappears, so too will the potential for a new inclu-
sive bioeconomy that is possible through a combination of geno-
mics, computational biology, and synthetic biology, identified by
the World Economic Forum as key to the fourth Industrial Revolu-
tion (7) and estimated to be worth up to US $3 to 5 trillion per
annum (8).

The year 2020 will also be remembered in history as the
beginning of the COVID-19 pandemic. The virus that causes
COVID-19, SARS-CoV-2, evolved from a bat betacoronavirus
(9), possibly finding its way into the human population through
an intermediate host that has yet to be identified (10). Spillover
of SARS-CoV-2 infection to wildlife, pets, and captive-bred
animals demonstrates the interconnectedness of life on Earth,
reinforcing the One Health concept that all organisms are inter-
dependent: the health of one impacts the health of all (11). A
One Health approach to addressing the biodiversity crisis criti-
cally relies on supporting infrastructures, such as the genomic
infrastructure that can be provided by the EBP and affiliated
projects. The economic disaster and devastating human death
toll caused by the pandemic illustrate just how critical it is to
have knowledge of potential human pathogens and their hosts
before such events arise (12). Clearly, DNA sequence informa-
tion on the virus and its potential hosts has helped the world to
manage and hopefully soon contain COVID-19. Similarly, creat-
ing a library of DNA sequences for all known eukaryotic life can
contribute critical data necessary to generate effective tools for
preventing biodiversity loss and pathogen spread, monitoring
and protecting ecosystems, and enhancing ecosystem services
[see The Darwin Tree of Life Project Consortium, this issue (13)].
The EBP’s proactive stance on understanding the ethical, legal,
and social issues surrounding the project will also inform recom-
mendations on access and commercial benefit sharing, equity,
and inclusion in the biodiversity genomics community and in
indigenous communities within the world’s most biodiverse
countries [see McCartney et al., this issue (14)].

Organization and Governance
A critical role of the EBP organization is to: develop and pro-
mote standards for the scalable production of reference-quality
genomes; dissemination of best practices; coordination of
sequencing, annotation, data analysis, and training activities;
public accessibility of data; and communications about the proj-
ect’s progress. To accomplish these goals, the EBP was estab-
lished as an international network-of-networks: organizations
that specialize in sample acquisition and vouchering; technol-
ogy centers for sequencing, assembly, and annotation; and affil-
iated projects with deep expertise with specific taxonomic
groups, biomes, and ecosystems (Box 1). In addition, the EBP
develops ethical standards for project participation, data shar-
ing, access and benefit sharing of intellectual property derived
from whole-genome sequencing [see Sherkow et al., this issue

(15)], and promotes programs for diversity, equity, inclusion, and
justice among the project’s participants. The EBP Member Institu-
tions and Affiliated Projects are committed to open data access
and compliance with the principles of Access and Benefits Sharing
under the Convention on Biological Diversity and the Nagoya Pro-
tocol (16). The EBP communicates progress and information about
the project through its website (https://www.earthbiogenome.org),
its Twitter handle (@EBPgenome), and other social media
accounts, currently with more than 2,000 followers.

The EBP Secretariat is located at the University of California,
Davis, and operates under a Memorandum of Understanding
between participating institutions available at the EBP website,
https://www.earthbiogenome.org. The representatives of mem-
ber institutions have adopted an interim governance structure
(SI Appendix, Fig. 1).

An interim governance committee is in place, The Earth Bio-
Genome Project Working Group, which as of February 2021
consists of one representative of each of the 43 Memorandum
of Understanding-signing institutions (see list on the EBP web-
site, https://www.earthbiogenome.org) and 44 affiliated proj-
ects (Dataset S1; brief summaries of 21 affiliated projects can be
found in SI Appendix), with membership up 121% and 153%,
respectively, since 2018. The Chair of the EBP Working Group
coordinates the activities of all the working committees and
conducts extensive international outreach for promoting collab-
oration between member institutions and affiliated projects,
implementation of standards, assisting the formation of national
and regional projects, and coordination of activities across the
EBP network-of-networks. The International Science Committee
consists of a chairperson and five subcommittees that are
responsible for standards development in the following areas:
sample collection and processing, sequencing and assembly,
annotation, information technology and informatics, and data
analyses. Committee reports are available on the EBP website
(https://www.earthbiogenome.org) and summarized in this issue.
The EBP plans to formally adopt a permanent governance struc-
ture in 2021. Those institutions and projects that are interested in
joining the EBP should contact the Secretariat using the EBP
website for further information.

The EBP’s Committee on Ethical, Legal, and Social Issues
(ELSI), established in 2020, makes recommendations to the EBP
Working Group on legal obligations relating to the Nagoya Pro-
tocol on Access and Benefit Sharing; ethical considerations
relating to collection of samples, societal concerns, and biose-
curity; and collaboration standards (e.g., sample information,
digital sequence information, intellectual property, authorship
and publication guidelines). The committee’s outline of the ELSI
issues facing the EBP can be found in this issue (15). A Commit-
tee on Diversity, Equity, Inclusion, and Justice (DEIJ) was
approved recently by the EBP Working Group. DEIJ recommen-
dations will be based on participatory approaches with fair
treatment and meaningful involvement of all people to define
processes and practices for creating a welcoming, inclusive, and
supportive biodiversity genomics community.

Box 1. The EBP international network-of-networks functions to support the three proposed phases of the EBP

Phase I: An annotated reference genome for one representative of each taxonomic family of eukaryotes (∼9,400 species) in 3 y.
Phase II: Reference genomes for one representative of each genus (∼180,000 species) in years 4 to 7.
Phase III: Reference genomes for remaining ∼1.65 million known eukaryotic species in the final 3 y of the project.
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Global Status of Biodiversity Sequencing
Our current ability to investigate the diversity and evolution of
Earth’s biota is severely constrained by the absence of high-
quality genome sequences for most of the species on the
eukaryotic tree of life. There are now ∼1.84 million taxonomi-
cally classified eukaryotic species, but the estimated number of
eukaryotic species is 12 to 15 million, including 8.1 million
plants and animals (17). The EBP aims to sequence all classified
species and to facilitate the discovery and classification of new
species. As of March 4, 2021, the International Nucleotide
Sequence Database Collaboration (INSDC) contained whole-
genome DNA sequence information on 6,480 unique species,
representing 81.4% of eukaryotic phyla, 64.7% of classes,
40.1% of orders, 15.5% of families, 2.3% of genera, and just
0.43% of all species (Fig. 1).

However, the assembly quality of these 6,480 species’
genomes varies greatly (SI Appendix, Fig. 1). A majority (63.1%)
of the assemblies falls into the short-read draft category, with
contig N50 < 100 kb and scaffold N50 < 10 Mb. A relatively
small number of the draft-quality assemblies have achieved
greater contiguity using scaffolding methods, such as Hi-C,
linked-reads, and optical maps (19). The number of unique
eukaryotic species with whole-genome assemblies has more
than doubled since 2018 (Fig. 2), most of which are short-read
draft quality. The number of reference-quality chromosome-
scale assemblies of unique species representing taxonomic fam-
ilies nearly tripled since 2018, from 210 to 583. EBP-affiliated
projects produced about half of these new reference-quality
assemblies (see below), demonstrating the efficacy of shared
goals and standards.

Progress of the EBP toward Phase I Goals
The past 2 y represent the start-up phase of the EBP. The major
activities of the international EBP network-of-networks include:
the development of standards; the evaluation of strategies for
producing reference genomes; organizing regional, national,
and transnational projects; and building communities through
regular working committee meetings and an annual conference.
The “Biodiversity Genomics 2020” conference was held virtually
and had 3,000 registrants from 89 countries. The full recording

of the meeting is available (20). The EBP is also developing new
initiatives in training, broadening diversity and inclusion in pro-
ject leadership, and building support for project funding from
government agencies and private foundations around the
world.

The current line-up of 43 EBP-affiliated projects cover most
of the major groups of eukaryotic taxa and represent access to
tens of thousands of high-quality samples in museum collections
and those from field biologists. The geographic diversity of the
institutional members and affiliated projects cover 21 countries
across all continents except Antarctica. The first African nodes
have recently come on line in 2021 as part of the Africa BioGe-
nome Project. The EBP also aims to expand member institutions
and affiliated projects across additional biodiverse regions of
the world, including the Indian subcontinent, Southeast Asia,
and South America [for example, see Huddart et al. (21), this
issue]. With high endemism concentrated in these regions, the
ultimate success of the EBP requires building scientific capacity
in developing nations and respecting national laws for access
and benefit sharing.

EBP-affiliated projects, such as the Darwin Tree of Life Pro-
ject [see The Darwin Tree of Life Project Consortium, this issue
(22)], The Vertebrate Genomes Project, 1000 Fungal Genomes
Project, B10K (sequencing 10,000 bird species), and others
have led the way in producing publicly accessible high-quality
genomes (Table 1 and SI Appendix). A Perspective on sequenc-
ing of plant genomes is included in this special issue (23). EBP-
affiliated sequencing centers around the world are now coming
online for the production of reference genomes using a simpli-
fied pipeline consisting of long reads and Hi-C (or equivalent),
and other scaffolding methods, such as optical mapping, and
public domain assembly tools, such as the recently developed
hifiasm for generating long-read–based contigs (24) and SALSA
for generating Hi-C scaffolds (25). This simplified approach,
within the reach of most EBP-affiliated laboratories, yields
chromosome-scale assemblies that meet the EBP standard (see
above).

The EBP-affiliated projects have sequenced the genomes of
1,719 eukaryotic species, all of which have assemblies deposited
in public domain databases (Table 1 and Dataset S1). Of these,

Fig. 1. Global progress in whole-genome sequencing across all eukaryotic taxonomic levels. Data source: National Center for Biotechnology
Information, March 4, 2021 (18).
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316 are reference-quality genomes, constituting ∼50% of all the
genomes in the INSDC that meet the EBP reference standard.
Furthermore, these already represent more than 200 taxonomi-
cally distinct nonredundant families. Thus, in the start-up phase,
EBP-affiliated projects have sequenced ∼2% of extant eukaryotic
families to reference-level quality. There are 3,021 family-level
reference genomes expected to be completed in 2021. Thus, by
the end of 2021, the first full year of the project, we project that
∼3,200 taxonomic families will have been sampled with at least
one reference genome, corresponding to 34% completion of the
EBP Phase I goal.

Other large-scale initiatives with complementary goals have
joined EBP as affiliated projects. These include BIOSCAN (26)
and the Global Virome Project (27). BIOSCAN aims to DNA bar-
code every eukaryotic species on Earth, which will be critical to
the EBP sample vouchering process and for accessing rare sam-
ples for sequencing. Partnership with the Global Virome Project
creates an exciting avenue to identify potentially pathogenic

viruses linked with their host species and for codevelopment of
biosurveillance strategies (12). Integrated high-level coordina-
tion between these projects will have synergistic effects on bio-
diversity science and societal outcomes. A broad perspective
on the scientific challenges and opportunities enabled by large-
scale comparative genomics is provided by Stephan et al., this
issue (28).

The Challenges Ahead
Although the number of reference-quality genomes at the fam-
ily level tripled from 2018 to March 4, 2021 (Fig. 2), the EBP will
have to produce nearly 3,000 genomes per year to meet the
EBP Phase I goal of producing at least one reference genome
from all ∼9,400 eukaryotic families in 3 y. The main challenges
in meeting this target are given in Box 2.

To meet the EBP Phase I goal, the EBP network-of-networks
will need to produce nine genomes per day, 365 d/y. Is this feasi-
ble? The Wellcome Sanger Institute alone plans to produce 1,500

Fig. 2. Year-over-year progress in whole genome sequencing for all eukaryotic taxa (Upper) and family-level (Lower) eukaryotic taxa, 2010 to
March 4, 2021. The metrics for draft and reference quality assemblies are given in the text.

Table 1. Progress of EBP affiliated projects in whole-genome sequencing and the production of reference genomes

Project name No. of species No. of references No. of families with reference No. of references 2021 No. of drafts 2021

1000 Fungal Genomes 663 20 10 10 100
B10K (birds) 400 32 29 0 400
Zoonomia (mammals) 130 0 0 0 0
VGP (vertebrates) 128 129 119 200 0
i5K (arthropods) 86 2 2 2 8
Darwin Tree of Life 71 71 14 1,500 0
Tree of Life, Sanger 50 50 50 300 0
LOEWE Center 43 43 43 84 95
Ungulates Genome Project 41 0 0 4 6
CanSeq150 36 21 0 0 0
10KP (plants) 21 2 2 16 42
All other 80 42 30 905 1,505
Total 1,719 412 316 3,021 2,156

All tabulated genomes in the first three columns have been submitted to the INSDC or other public domain databases. Numbers in the last two columns are
projected additional species genomes for 2021. A complete table with INSDC project identifiers can be found in Dataset S1. Totals include some species that
overlap between projects.

4 of 7 j PNAS Lewin et al.
https://doi.org/10.1073/pnas.2115635118 The Earth BioGenome Project 2020: Starting the clock

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

Ja
nu

ar
y 

20
, 2

02
2 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115635118/-/DCSupplemental


reference-quality genomes in 2021 as part of the Darwin Tree of
Life Project, corresponding to four genomes per day. As pre-
sented in Table 1, the Institute is already well on its way to achiev-
ing this goal in the coming year. The Vertebrate Genomes Project
aims to produce six genomes per week to complete its goal of
producing high-quality assemblies for species representing 260
vertebrate lineages separated by 50 million y or more from a com-
mon ancestor (19), by the end of 2021. With current technology
and funded commitments for 2021 by EBP-affiliated sequencing
centers, reaching the goal of 9 genomes per day globally, or
nearly 3,000 annually, is anticipated (Table 1). The main challenge
will be sourcing high-quality taxonomically identified samples for
the isolation of high molecular weight DNA and RNA required for
long-read DNA sequencing, scaffolding, and annotation. Separate
from the current commitments above, about 50% of the taxo-
nomic families could be obtained today from existing collections
in the Global Genome Biodiversity Network (SI Appendix) (29).
Obtaining samples from many countries may require diverse per-
mit processes that can last weeks to years. The EBP is working to
develop long-term collaborations to facilitate sample access across
the world.

Another critical challenge will be obtaining reference-quality
assemblies from small organisms, single-cell eukaryotes, and
some green plants. New low-DNA input methods (30) have
essentially solved the problem for most metazoans, but not for
single-cell eukaryotes that cannot be cultured. Producing
reference-quality genomes thus remains a significant challenge
for a large part of the eukaryotic tree of life. Setting standards for
the generation and storage of the complex set of genomes that
characterize green plants will need to accommodate the
immense variation in their size, transposable element content,
and structure, while enabling research into the molecular and
evolutionary processes that have resulted in this enormous geno-
mic variation (23). Recommendations for sample collection and
processing are included in this issue. Accelerating the annotation
pipeline will also present major challenges as the production of
genomes scales up. Planned 2021 annotation throughput is 300,
400, and 500 species for the National Center for Biotechnology
Information, Joint Genome Institute, and European Molecular
Biology Laboratory–European Bioinformatics Institute, respec-
tively, which remains short of what will be necessary. This issue
can be addressed by expanding capacity and creating more effi-
cient genome annotation tools (31). Current recommendations
for genome annotation are provided in this issue .

To achieve the outputs required for Phase II and Phase III,
dramatic increases in genome sequence production and effi-
ciency will be required. Sequencing one representative for each

of ∼165,000 genera in 4 y will require an increase in the
throughput of genomes from 9 per day to 123 per day, or
14-fold above the Phase I target. Phase III will require another
10-fold increase above the Phase II target in order to complete
the project in 10 y. We are optimistic that within 5 y, sample
processing and sequencing technology will improve and costs
will be reduced so that reference-quality genomes can be pro-
duced for all species for under USD $1,000 for a 2-Gb genome.
We note that the cost, accuracy, and contiguity of assemblies
produced today with long reads were not available 2 y ago.
High-quality draft assemblies based on long reads can already
be produced for ∼$2,000 in reagents and compute per 1-Gb
genome average, getting closer to the $800 originally envi-
sioned for short-read draft-quality genomes (1). Sequencing
done for Phases II and III should meet or exceed the minimum
standards for short-read–based draft assemblies: contig N50 >
100 Kb, scaffold N50 > 1 Mbp (or chromosome scale for smaller
genomes), QV30. Although the EBP aspires to produce
chromosome-level assemblies for all species, for uncultured
microbial eukaryotes and highly repetitive genomes, the project
will sacrifice perfection for progress in the near term.

In 2018, we estimated a total EBP cost of USD $4.7 billion.
This is significantly less than the original USD $2.7 billion (1991
dollars) cost of sequencing the human genome, comparable
with USD $5.2 billion today. We note that producing complete
telomere-to-telomere assemblies for all human chromosomes is
a mission that is now being realized (32), and that the true cost
of sequencing the human genome is significantly higher than
the original USD $2.7 billion price tag. Reference-quality
genomes currently being produced by the EBP’s sequencing
nodes are of far greater quality (i.e., continuity, completeness,
phasing) than the original “complete” human genome
sequence [e.g., Rhie et al. (19)], and can now be produced for
about USD $10,000 per 2-Gb genome, including transcriptome
data for annotation. This amount is 20% of the cost of a similar
quality assembly only 3 y ago when the original estimates were
made. The project will save about USD $186 million in Phase I
due to these improvements, bringing the total cost of Phase I
down to $414 million from $600 million.

The EBP has embraced the strategy of supporting funding
efforts by states and nations: for example, the California Con-
servation Genomics Project and 1000 Chilean Genomes (SI
Appendix), and EBP-Colombia (21). This effort has proven
highly successful as it allows for local and regional concerns to
be addressed in the funding drive. For example, in Australia
there is great interest in conserving endangered marsupial spe-
cies [see Hogg, this issue (33)]. This has led to a funded project
that will produce five new marsupial reference genomes in
2021 (Table 1). Other examples include the Catalan Initiative
for the Earth BioGenome Project, which aims to prioritize
sequencing of endemic species with the goal of eventually
sequencing all species in the Catalan territories (SI Appendix).
National funding also provides an inherent mechanism for com-
pliance with national laws on access and benefit sharing, which
may prove essential for building trust, and ultimately obtaining
all taxonomically classified species for sequencing. Capacity
building in developing countries will be a direct benefit of
participation.

Conclusions
The past year has been one of great progress for the EBP, mark-
ing the start of the clock for completing Phase I of the project.

Box 2. Challenges in meeting EBP goals

• Sourcing, vouchering, and permitting thousands of speci-
mens globally

• High molecular weight DNA and RNA isolation at scale
• Sequencing capacity and throughput
• Assembly and curation at scale
• Annotation at scale
• Managing data flows in the context of international cur-

rent and future data access and sharing regulations
• Whole genome alignments at scale
• Comparative genomic analysis, population genomics,

and data visualization at scale
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There are many challenges ahead in meeting Phase II and Phase
III goals. Clearly, the ultimate aim of sequencing 1.84 million
eukaryotes cannot be achieved by a single country or private
entity. The coordinated efforts of thousands of scientists and
institutions around the world are needed to produce ∼9,400
family reference genomes in 3 y. The project needs significant
amounts of new funding, but the investments required on a
global scale should be obtainable given the importance of the
project to conserving and enhancing ecosystem services in the
context of climate change and promoting a new bioeconomy.
Despite limited financial resources for coordination, the EBP
international network-of-networks has matured as the world’s
most technically advanced organization to tackle the grand
challenge of sequencing all known eukaryotes, identifying their
genes and functions, advancing our understanding of the evolu-
tion of life on Earth, and developing a complete genomic char-
acterization of Earth’s critical ecosystems. Based on a survey of
institutional members and affiliates, the EBP now includes more
than 5,000 scientists and technical staff around the world who
are dedicated to EBP’s mission. The EBP has unleashed

tremendous passion and energy among the project’s partici-
pants, particularly its younger generation of scientists and the
general public.

Given the precarious condition of Earth’s biodiversity, it is
essential that the EBP and its affiliated projects achieve their
ambitious goals. In the words of David Attenborough,
“Extinction is forever—so our action must be immediate.”
Every eukaryotic species is the product of millions of years of
evolution. Recorded in their genomes are secrets that can fun-
damentally change our understanding of the evolution of life
on Earth—its very existence and essence—and may lead to
radical new approaches for mitigating the effects of climate
change on biodiversity, improving agriculture, growing a sus-
tainable global bioeconomy, saving species and repairing eco-
systems, and preventing future pandemics. Let us go forth and
sequence!
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