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Open access to genetic sequence data, often referred to as Digital Sequence Information, has been available since
genome sequencing became possible and creates both monetary and nonmonetary value. Nonmonetary value is
created when scientists access sequence data for discovery, collaboration, and innovation. Monetary value is
created when genetic variability is leveraged to develop more robust and resilient crop plants, vibrant seed
systems, more sustainable agriculture, and food security for consumers. Millions of dollars have been invested in

curating and creating access to sequence databases and scientists from almost every country in the world have
accessed these databases, free of charge. This access may now be threatened by well-meaning policy-makers who
have not consulted with the scientific community. Monetizing or creating greater regulation of genetic sequence
data would create barriers to innovation, partnering, and problem-solving.

1. Introduction

The challenges of agriculture now and in coming decades will be to
meet multiple demands of sustainability: food security and improved
nutrition, conservation of biodiversity and healthy soils, and to create
greater prosperity for small-holder farmers under the pressure of climate
change and a growing and more prosperous global population (Gaffney
et al., 2019; Sayers et al., 2019; United Nations Sustainable Develop-
ment Programme, 2016). This will rely, in part, on a combination of
approaches including traditional breeding methods, genomic selection,
genome editing and other biotechnological approaches to improve
agricultural sustainability under both biotic and abiotic stressors.

Progress in these areas relies on availability of foundational genomic
resources which provides researchers with greater depth and breadth of
data and information than previously available. Genetic sequence data
(GSD), referred to in the context of ongoing international negotiations as
Digital Sequence Information (DSI), has been historically made
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available to scientists around the world, unencumbered and free of
charge, through multiple, publicly available databases. As of 2016, there
has been pressure from certain parties to the Convention on Biodiversity
(CBD) and other influencers, to include GSD in an access and benefits
sharing (ABS) scheme, in a manner similar to that attempted with plant
genetic resources for food and agriculture (Halewood et al., 2018a)
(Aubry, 2019; Laird et al., 2020). The issue has become more urgent as
policy-makers “under the auspices of the United Nations” have been
considering including GSD in an ABS scheme with little to no consul-
tation of the scientific community (Laird et al., 2020). Negotiations
under the CBD, Nagoya Protocol and International Treaty have reached
a stalemate and policy makers may use GSD as a "bargaining chip" or
compromise, further threatening the objectives of the CBD while
destroying the true value of GSD.

The CBD, which was adopted in 1993, has three objectives: 1) con-
servation of biological diversity; 2) sustainable use of biological di-
versity; and 3) fair and equitable sharing of benefits from the use of
genetic resources (Brink and van Hintum, 2020; UN2020, 2020).
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Abbreviations

ABS access and benefit sharing

CBD Convention on Biodiversity

DDBJ Bioinformation and DNA Data Bank of Japan

DOE U.S. Department of Energy

DSI digital sequence information
EMBL-EBI European Bioinformatics Institute
ENA European Nucleotide Archive

GRSD genetic resource sequence data

GSD genetic sequence data

GR Green Revolution

INSDC International Nucleotide Sequence Database
Collaboration;

ITPGRFA International Treaty on Plant Genetic Resources for
Food and Agriculture

JGI Joint Genome Institute

NCBI National Center for Biotechnology Information
NSD nucleotide sequence data

PPD postharvest physiological deterioration

SDGs United Nations Sustainable Development Goals
SNP single nucleotide polymorphism

SSA Sub-Saharan Africa.

Proponents for inclusion of GSD in an ABS scheme believe that benefits
derived from the use of GSD are not shared in a fair, balanced, or
equitable manner and that monetization and regulation of GSD would
better serve the third objective. Various proposals have been advanced,
including development of guiding principles and self-reporting me-
chanics or extending the International Treaty on Plant Genetic Re-
sources for Food and Agriculture (ITPGRFA) and Nagoya Protocol to
include GSD in an ABS scheme (Halewood et al., 2018a, 2018b) (Aubry,
2019). When discussing the impact of regulating GSD, it is important to
understand better the current state of availability of GSD, how it is
accessed and by whom, where value is derived from GSD, and how use of
GSD is critical to conservation of agricultural biodiversity, food security
and advancing science equitably. Likewise, full understanding of all
benefits generated and shared directly or indirectly is critical to any ABS
system.

Historical parallels can be drawn between GSD and the value and
benefits resulting from sharing of plant genetic resources. For approxi-
mately 10,000 years, the movement of crop varieties (or germplasm)
between regions and countries has contributed to agricultural produc-
tivity, farmer prosperity, food security, and to improving the environ-
ment (Cassaday et al., 2001; Jorasch, 2019). Perhaps the most famous
example of near unabated movement and sharing of germplasm was
during the Green Revolution (GR), when “shuttle-breeding” programs,
took advantage of breeding selection in multiple environments around
the world to accelerate development of highly productive wheat and rice
varieties. Productivity gains from the GR saved up to 27 million hectares
from agricultural production, thereby conserving natural habitat and
biodiversity, lowering the environmental footprint of agriculture, and
reducing poverty and hunger (Pingali, 2012; Stevenson et al., 2013). The
greatest beneficiaries of the GR were consumers, especially in low in-
come countries. Farmers benefited by becoming more resilient in the
face of demands for intensification of production. Scientific research
also benefited when a new, global community of plant breeders and
agronomists was created, armed with the latest research tools and
technology that had previously only been available to select scientists
within western industry and academia. As M.S. Swaminathan stated,
“The concept of shuttle-breeding transcended continental boundaries
and a global college of wheat breeders emerged” (Swaminathan, 2009).

An example of the value, complexity, and contributions of the GR are
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summed up in the wheat variety Sonalika (Fowler et al., 2001). Farmer
developed landraces from 17 countries and breeding lines from 14
countries across six continents contributed to the final variety, released
in India in 1966. A similar story is found in rice variety IR72, which
included backgrounds traced to 22 landraces from seven countries,
including five rice varieties bred in the U.S. (Ziegler, undated). Deter-
mining the value and contributions of each parent to the final product in
these examples would be practically impossible. The individual land-
races and breeding lines would have had little value compared to that
available to farmers at the time. Through a combined effort of invest-
ment, cooperation and access to germplasm, tremendous value was
created for farmers, consumers, and the scientific community. Envi-
ronmental benefits should also be acknowledged. By making farmers
more productive, land is spared from cultivation, greater biodiversity is
conserved, soil health more likely to improve, and greater opportunities
generated to reduce greenhouse gas emissions (Balmford et al., 2018;
Gaffney et al., 2019; Poffenbarger et al., 2017; Rosegrant et al., 2014;
Tilman et al., 2011).

The value of genetic sequence data holds similar or even greater
promise as the GR, but only if the same level of open access and sharing
remain available to scientists. Policy- and decision-makers must exercise
care and thoughtfulness to create greater cooperation and help meet the
demands placed on agriculture now and in the future. The objectives of
this paper are to 1) define GSD more precisely; 2) provide examples of
the current investment in open access databases; 3) identify where value
is created through use of these databases to enable open access, ex-
change and use of GSD, and 4) develop a productive vision for the future.

2. Defining genetic sequence data (GSD) and relevant
terminology related to Digital Sequence Information (DSI)

GSD has also been referred to as Digital Sequence Information (DSI)
(Heinemann et al., 2018) (Aubry, 2019; CBD/COP/DEC/XI1Il/16, 2016),
and confusion exists on what DSI encompasses and what is the actual
value and who benefits from the sharing of DSI. The term DSI has been
understood to refer to electronically stored and exchanged DNA
sequence information. Since initial use of the term in the context of the
CBD, the scope of the term has expanded and discussions on this subject
matter are now confounded by multiple interpretations. This contributes
to confusion concerning the value of DSI, what “information” is actual
conveyed by DSI, and how much plant scientists understand DSI. As
Laird et al. (2020) state, DSI is “a negotiated placeholder, the meaning
and scope of which remain in dispute.” This paper proposes the term
“Genetic Sequence Data” or “GSD”. Reference has also been made to the
term “Genetic Resource Sequence Data” or “GRSD” as proposed by the
International Chamber of Commerce, and to “Nucleotide Sequence
Data” or “NSD”, as proposed by many scientists. The term GSD is clearer
than DSI, scientifically-precise and facilitates a more fact- and
science-based discussion. It also better describes the output used in
developing scientific knowledge and beneficial products. The scientific
community considers GSD to include “the spectrum of data raw reads,
through alignments and assemblies to functional annotation, enriched
with contextual information relating to samples and experimental con-
figurations" (http://www.insdc.org/) that is made available in public
access databases. We would argue that sequence data is not “informa-
tion” and has limited to no value until time, money, expertise, organi-
zational skills, ingenuity and dedicated human effort are invested in
deciphering sequences to generate knowledge.

Proponents of greater governance and regulation of GSD often justify
their position based on the notion that DSI affords developers a way to
avoid benefit sharing. They argue that there is a “real” possibility of
scientists “digitizing genetic resources and synthesizing the required
nucleic acid fragments with the use of openly accessible DSI” (Laird
et al., 2020). This argument of “dematerializing” sequence data and
“rematerializing” something of value is overstated. In fact, converting
sequence data into information or a more productive crop plant requires
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significant time and effort. Generating the sequence data itself is only
the starting point and represents a fraction of the effort required to
create real value further downstream. A GSD for a single sample is a
unique representation of recombination events influenced by breeder
selection, domestication events, evolution, and the environment in
which a plant grew and continues to grow. However, when viewed in
isolation, both in terms of samples and other data types, GSD themselves
hold limited value, as it is the integration of data from multiple sources
that enables specific features of the sequence to be characterized and
associated with specific functionality. Hence to capture value from GSD,
not only are additional data types (e.g. phenotypic, biochemical data)
required, but it is also critical to make comparisons across multiple ac-
cessions and/or populations to identify sequence variations that are
associated with specific target traits. For many traits of relevance to
breeding programs, these are quantitative in nature and as such are
controlled by a large and complex interacting gene network. Small,
isolated GSD would not provide the power to detect such complexity,
and hence open access and exchange of GSD would greatly increase
value to individual datasets. The complexity of extracting value in a
meaningful biological contact also underscores the difficulty of attrib-
uting specific GSD to regions or countries. Origins of, or contributions to,
the GSD are not likely traceable, especially considering the millennia of
evolution that have created the sequences and the vast amounts of GSD
currently stored, curated, and made available to scientists in open-access
databases. Examples of these databases follow.

3. Open-access sequence database — examples and policies

Genetic sequence databases were created to provide free and unre-
stricted access to data archives for scientists anywhere and numerous
GSD databases are now available. The value of open access was funda-
mental to the founding of these databases.

The largest database available is the collaborative framework of the
International Nucleotide Sequence Database Collaboration (INSDC) (htt
p://www.insdc.org/). The INSDC includes the European Bioinformatics
Institute (EMBL-EBI) and its European Nucleotide Archive (ENA), the
Bioinformation and DNA Data Bank of Japan (DDBJ), and the National
Center for Biotechnology Information (NCBI) and GenBank of the United
States (Table 1). Collectively, the partnering organizations strive for the
same goals: free and unrestricted access to data archives, including ac-
cess to a comprehensive resource of nucleotide sequences. As an
example, the INDSC has a uniform policy of free and unrestricted access
to all data records in their database; that no use restrictions or licensing
requirements will be included in any sequence data records; nor re-
strictions be placed on redistribution or use of the databases. Once
database records are submitted to the INDSC, they remain permanently
accessible. This policy was established so that any scientist, anywhere,
“can access these data to plan experiments or publish any analysis or
critique” (www.insdc.org/policy/html).

The three contributing organizations to the INSDC databases provide
ever-expanding resources and infrastructure for improved data man-
agement and access. Examples include a new supercomputer at DDBJ ();

Table 1

The three databases of the International Nucleotide Sequence Database
Collaboration (INSDC), respective websites and recent publications with updates
on the databases.Database.

Country/ Website See also:
Region
European Nucleotide Europe https://www.ebi.ac. Cook et al.
Archive (ENA) uk/ (2019)
Bioinformation and DNA Japan https://www.ddbj. Ogasawara
Data Bank of Japan nig.ac.jp/index-e. et al. (2020)
(DDBJ) html
GenBank United www.ncbi.nlm.nih. Sayers et al.
States gov/genbank/ (2019)
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the BLAST program for sequence-based searches, and the “Entrez” sys-
tem to aid data submission and retrieval, YouTube tutorials, handbook
and help manuals (Sayers et al., 2019). All are easily accessible via the
NCRI home page (ncbi.nlm.nih.gov). New resources, search features,
and training at EMBL-EBI are continually added with a stated role to
“collate, integrate, curate, and make freely available to the public the
world’s scientific data” (Cook et al., 2019). The growth of these data-
bases has been impressive, especially since publication of the human
genome in the year 2000. Fig. 1 depicts select milestones in the growth
and use of GenBank over the past 30 years. GenBank contains over 7.72
trillion bases (NCBI Insights 2020) from over 450,000 species (Sayer
et al., 2020). While the focus of GenBank is on human health, it also
includes over 59 billion base pairs derived from plant species. GenBank
activity is included within the U.S. National Institute of Health, with a
budget of $456.9 million in 2020 (breakouts of specific budget numbers
devoted to GenBank are not available).

Examples of databases focused on crops include Phytozome, the Rice
Genome Annotation Project, GrainGenes, MaizeGDB, SoyBase, Legume
Information System, and EnsemblPlants (Table 2). The Phytozome
database is within the U.S. Department of Energy (DOE) Joint Genome
Institute (JGI). Its mission is “to provide the global research community
with access to the most advanced integrative genome science capabil-
ities in support of the DOE’s research mission”. Funded by the National
Science Foundation and an international effort with the help of Japan,
The Rice Genome Annotation Project provides genome sequence from
the Nipponbare subspecies of rice and annotation of the 12 rice chro-
mosomes. The United States Department of Agriculture/Agricultural
Research Service (https://www.ars.usda.gov/) is home to GrainGenes,
MaizeGDB, SoyBase and Legume Information System. GrainGenes,
featuring wheat, barley, rye, and oat holds data such as primer se-
quences, polymorphism descriptions, genotype and trait scoring data,
experimental protocols used, and photographs of marker poly-
morphisms, disease symptoms and mutant phenotypes. MaizeGDB in-
cludes a number of inbreds and open-pollinated varieties and states that
it is “a community-oriented, long-term, federally funded informatics
service to researchers focused on the crop plant and model organism Zea
mays.” SoyBase contains soybean genome sequences, supporting gene
sequences, and is supported by the SoyBase sequence browser. The
Legume Information System (LIS) is a community resource for crop
improvement across legume species (Dash et al., 2015). While the U.S.,
China, and India are the most frequent users, nearly every country in the
world has accessed data from MaizeGDB, SoyBase, or LIS, with over 100,
000 global users annually (Fig. 2). One of the most diverse databases is
EnsemblPlants, with new genomes (Release 47) including pineapple,
pistachio, almond, and olive tree (Howe et al., 2020). The Ensembl
genome annotation system was initially developed for vertebrate ge-
nomes by the European Bioinformatics Institute and Wellcome Trust
Sanger Institute, and since 2009 has included bacteria, protists, fungi,
plants, and metazoan. Funding agencies for Ensembl have included the
European Union, the Bill and Melinda Gates Foundation, Biosciences for
the Future, National Human Genome Research Institute, and the Na-
tional Science Foundation.

The databases given as examples here have been maintained and
enhanced with every effort made to ensure open access and exchange of
GSD and represent a critically important global investment and public
good. The dividends of this investment are observed in the value created
downstream, including discovery, innovation, and communities of sci-
entists using GSD to solve agricultural challenges of productivity and
sustainability.

4. Creating value from GSD

This investment in, and unencumbered access to use of GSD benefits
society, consumers, farmers, and the global research community. The
need and potential value of open access to GSD is perhaps best evidenced
in Africa where there is a diversity of crops and cropping environments,
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Fig. 1. Growth of GenBank sequences and NCBI web users through 2019. Figure borrowed from the Department of Health and Human Services National In-
stitutes of Health. Website accessed 03 March 2020 (https://www.nlm.nih.gov/about/2021CJ NLM.pdf).

Table 2
Examples of crop databases, respective websites and citations, and fiscal year
2020 budget estimate (if available) in support of the database.

Database Website/Citations Fiscal Year 2020
Budget Estimate (USD)
Phytozome https://phytozome.jgi.doe.go NA
v/pz/portal.html
Goodstein et al. (2014)
EnsemblPlants https://plants.ensembl.org/i NA
ndex.html
Howe et al. (2020)
Rice Genome http://rice.plantbiology.msu. Unfunded®
Annotation Project edu/https://rapdb.dna.affrc.
go.jp/
Kawahara et al. (2013)
Ouyang et al. (2007)
GrainGenes https://wheat.pw.usda. &;1,224,000h
gov/GG3
Matthews, D.E. 2003
MaizeGDB https://www.maizegdb.org/ $1,117,000"
Lawrence et al. (2007)
Soybase/Legume https://soybase.org/sb_about. $2,450,000"

php
https://legumeinfo.org/.
Grant et al., (2010)

Information System

? The Rice Genome Annotation Project at MSU (http://rice.plantbiology.msu.
edu/), Personal communication with Dr. C. Robin Buell, Michigan State
University.

b personal communication with Jack Okamuro, USDA/ARS.

vast biodiversity, a burgeoning scientific community, and a rapidly
growing population. The smallholder farmer crops tef, Sorghum, pearl
millet, and cassava provide specific examples of how value could be, and
in some cases already is, being derived when GSD is openly available.
Tef (Eragrostis tef) is the most important cereal crop in Ethiopia with
regard to cultivation area, economy and national consumption; ac-
counting for 22% of agricultural land, generating the highest revenue of
any crop to 6.6 million smallholder farmers and is the primary diet for
the majority of the Ethiopian and Eritrean population (FAO, 2020)
(Minten et al., 2018). Despite this, tef remains one of the least produc-
tive cereals with an average yield of 1.5 tons/hectare. This contrasts
with maize, the second most important crop in the country, that yields
3.3 tons/hectare in Ethiopia (Minten et al., 2018). This low productivity

is mainly due to a lack of advanced tef research focused on plant
improvement, with more than 80% of farmers still cultivating tradi-
tional landraces (Smith et al., 2012). The major biotic limitations of tef
are plant lodging (bending or breaking of plant stem due to wind or
rain), small seed size and susceptibility to acidic soils prevalent in the
tropics (Girma et al., 2014; Mebratu et al., 2016). The leading cause of
low yield is plant lodging and can account for up to 30% yield loss as
well as adding to the difficulty of both manual and mechanical har-
vesting (Ketema, 1997). Although wide phenotypic diversity exists
within tef germplasm collections, lack of full and annotated genome
(GSD) makes it difficult to decipher and exploit the genetic diversity
within these accessions. Tef breeders must rely primarily on direct
phenotypic selection and conventional breeding. The availability of
openly accessible GSD on farmer-preferred tef varieties would revolu-
tionize tef improvement by allowing application of molecular breeding
and advanced plant breeding approaches for achieving enhanced yield
potential and beneficial agronomic characteristics.

Numerous agroecological zones in Ethiopia (Fig. 3) present a chal-
lenge to plant breeders because each zone requires focus on unique
abiotic and biotic stressors, and each zone requires breeders to account
for genetic by environmental by management interactions, with poten-
tially different breeding strategies for each zone. However, knowledge
of genetic diversity within tef provided by GSD could be coupled with
genotype by environment interaction studies to provide farmers with
varieties best adapted to specific agroecological zones. Additionally, the
wide array and ever-increasing research data and techniques available
in related cereal crops such as rice and wheat present opportunities for
tef improvement via technologies such as molecular breeding and
genome editing. Molecular breeding; a technique that uses genetic
markers rather than phenotypic variability for selecting high-
performing varieties, can accelerate breeding and increase yield po-
tential. Comparative genomic analysis can be used to identify gene
orthologs - genes possessing similar sequence and functions across
related plant species. This approach can aid in identifying tef gene
orthologs known to regulate yield-associated traits in major cereal crops.
For example, Green Revolution semi-dwarf varieties of rice and wheat
developed via breeding have been shown to possess unique mutations
(nucleotide changes) in two genes controlling plant height (Peng et al.,
1999; Spielmeyer et al., 2002). Lodging is a major constraint for tef
farmers, but no such dwarf varieties exist in the crop. Knowledge gained
from rice and wheat can be used to identify the causal gene mutations
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Fig. 3. Agroecological zones in Ethiopia (Figure borrowed from Minten et al., 2018.).

and generate the analogous changes within the tef genome via gene
editing, but only if the genomic information for all these crops is
available to researchers. Open and accessible GSD therefore holds sig-
nificant value for genomic-supported tef research, which in turn will
improve seed systems in Ethiopia leading to enhanced farmer well-being
and increased chances of meeting the United Nations Sustainable
Development Goals (SDGs) set for 2030, including “zero hunger” as
formulated under SDG 2, in an integrated and efficient manner.
Sorghum (Sorghum bicolor (L.) Moench) has amongst the largest li-
braries of GSD available of any African indigenous crop, including
multiple reference genome assemblies (hosted at Phytozome; Cooper
et al., 2019; McCormick et al., 2018; Paterson et al., 2009), multiple
re-sequenced accessions (Mace et al., 2013; Zheng et al., 2011), in
addition to transcriptomics, SNP and QTL databases (Makita et al 2015)
(Luo et al., 2016; Mace et al., 2019). Amongst the cereals, Sorghum is
one of the best adapted to drought and high temperatures, and globally
produces approximately 70 million metric tons of grain, making it the
world’s fifth most important crop after maize, wheat, rice and barley.
More than 90% of total global Sorghum harvested area is from Africa
and Asia, feeding around half a billion people in sub-Saharan Africa and
Asia alone. However sorghum remains below its yield potential in Africa
and Asia with multiple biotic and abiotic challenges negatively
impacting productivity, with Africa only accounting for 41% of global
sorghum production and Asia only accounting for 18% (Mundia et al.,

2019). GSD has an important role to play in characterizing the genetic
variation available for crop improvement programs to develop superior
varieties. This diversity has been characterized genetically in numerous
studies and germplasm collections, including the Sorghum Association
Panel (e.g. Casa et al., 2008; Morris et al., 2013) and a set of diverse
resequenced sorghum lines (Mace et al., 2013), and the data has been
made available publicly through the Sequence Read Archive at NCBI.
Studies to identify functional sequence variations associated with
important agronomic traits have made use of the publicly available GSD
and have investigated sequence variation in candidate genes for
numerous traits including grain size (Tao et al., 2017), starch content
(Gilding et al., 2013; Campbell et al., 2016), nitrogen use efficiency
(Diatloff et al., 2017; Massel et al., 2016), heat tolerance (Chen et al.,
2017) and anthracnose resistance (Cuevas et al., 2018). These studies
have been able to integrate data from multiple sources to further mine
and extract value from publicly available GSD and to generate critical
information for sorghum breeders and researchers to enhance the rate of
genetic gain and deliver superior sorghum varieties to farmers.

Yet another argument for open access to GSD is the tropical root crop
cassava (Manihot esculenta Crantz). Cassava is widely grown in the tro-
pics and sub-tropics, with an estimated annual production of over 292
million tonnes (MT) in 2017. Cassava is grown mainly as a staple food by
hundreds of millions of subsistence farmers, used as feed for animals and
increasingly as a source of starch for industrial and bioethanol
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applications. Sub-Saharan Africa (SSA) accounts for more than 60% of
world cassava production (FAOSTAT, accessed 04/09/2020), but yields
are threatened by biotic factors such as cassava mosaic disease, cassava
brown streak disease (CBSD), cassava bacterial blight and cassava green
mites (Bart and Taylor, 2017; Bull et al., 2011). Annual production
losses worth US$1 billion are estimated due to mosaic disease and
bacterial blight alone (Patil et al., 2015). Cassava utilization is also
limited by inherent susceptibility of the storage roots to rapid post-
harvest physiological deterioration which commences immediately after
harvest (Beeching et al., 1998). Conventional breeding in cassava is
constrained by the crops high degree of heterozygosity and strong
inbreeding depression. Multifaceted innovations are key to combating
constraints to cassava production, and require effective modern plant
breeding and genotyping technologies and resources (https://cassava
base.org/, Fernandez-Pozo et al., 2015), high quality genome and
genomic and transcriptome databases (https://phytozome.jgi.doe.go
v/pz/portal.html, Bredeson et al., 2016), (http://shiny.danforthcenter.
org/cassava_atlas/, Wilson et al., 2017), efficacious genetic trans-
formation technologies (Chauhan et al., 2015; Taylor et al., 2012) and
genome editing (Bull et al., 2018; Chauhan et al., 2015; Gomez et al.,
2019). The value of these innovations and their application have already
resulted in improvements in starch quality traits (Bull et al., 2018;
Raemakers et al., 2005), discovery of single nucleotide polymorphism
(SNP) responsible for provitamin A accumulation in orange fleshed
cassava varieties (Welsch et al., 2010), development of iron and zinc
biofortified cassava (Narayanan et al., 2019), and brown streak resis-
tance (Wagaba et al., 2017) (Gomez et al., 2019). These resources are
indispensable for enhancing discovery and innovation to improve pro-
ductivity and sustainable utilization of this crop by smallholder farmers.
Two specific examples are highlighted. Firstly, the majority of widely
deployed cassava landraces and improved varieties in Africa carry a
single dominant loci that confers robust resistance to mosaic disease.
While earlier studies have mapped this dominant locus to chromosome
12 (Rabbi et al., 2014; Wolfe et al., 2016) this resistance gene is still not
identified, nor the molecular mechanism of mosaic disease resistance
understood. Knowledge of the gene/sequence that imparts resistance is
critical for durable use of this important trait. Secondly, despite many
years of research, loss of harvested cassava to postharvest deterioration
remains an ongoing challenge, limiting the market potential and value
of this crop. A recent report shows the existence of tight relationship
between cassava storage root carbohydrate (starch and soluble sugars)
and cassava storage root PPD (Beyene et al., 2020). Unencumbered open
access to GSD is required to enable this and other important research to
continue in cassava.

Many efforts have been made to generate knowledge and resources
to cope against these limiting factors. The International Pearl Millet
Genome Sequencing Consortium, launched in 2013 in Hyderabad, India,
decrypted the genome of Tift23D2B1 inbred and a year later, a first draft
of the sequence was made available. In 2017, the reference genome
made from a panel of 994 lines capturing the whole diversity of this
crop, cultivated as wild progenitor (P. glaucum subsp. monodii, syn.
Cenchrus americanus ssp. monodii) was reported (Varshney et al., 2017),
with an estimated 38,579 genes annotated to establish genomic-assisted
breeding. Data sets (https://cegresources.icrisat.org/data_public/Pea
rIMillet Genome/) can be harnessed not only by the IPMGSC, but by
all scientists across in the world.

Unlocking and making public the genome of pearl millet paves the
way to new insights and potential to improve efficiency and precision in
breeding. Specific genes associated with important agronomic traits
such as grain yield, stem and leaf biomass as well as the exceptional
tolerance of millet to high temperatures and drought (Varshney et al.,
2017) have been identified. Re-sequencing a large number of germplasm
lines and several population genomic studies has provided valuable
insight into population structure, genetic diversity and domestication
history of the crop. For example, the initial genomic information of pearl
millet was essential for Burgarella et al. (2018) to more precisely infer
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the origin of the domestication of millet 4900 years ago. Numerous
marker-trait associations have also been linked to root traits, plant
height, yield, grain quality, tolerance to water deficit and heat, resis-
tance to insects and diseases. All are now available to the community to
augment research with additional information of genomic variation
across a panel of diverse individuals. Genome datasets are being used to
accelerate genetic gain for specific traits and improve pearl millet pro-
duction through hybrid breeding, genomic selection and in population
genomics (Kane and Berthouly-Salazar and ref therein). Through
improving yield stability and food security of this major dietary staple,
the wider benefits will be to contribute to scientific knowledge, agri-
cultural production enhancement, and economic growth for the Sahel
region. This focus is highly relevant to the global challenge area of
secure, inclusive and resilient food systems.

5. Vision for the future

Unencumbered, open access to and exchange of publicly available
GSD contributes to the very essence of many of the United Nations
Sustainable Development Goals (SDGs) (United Nations Sustainable
Development Programme, 2016) as a critical tool in the conservation
and sustainable use of genetic resources. The use of GSD is currently
leading to many societal benefits and contributing to innovative prod-
ucts for improving food security and human health.

Allowing the imposition of additional Access and Benefit Sharing
(ABS) obligations for the use of GSD - other than through the existing
mechanism of mutually agreed terms - will have a significant negative
impact on the future of biological research and the benefits resulting
from it and policy-makers should include scientists in discussions before
settling on any ABS scheme. As Laird et al. (2020) stated, “ABS is a
particularly poor policy fit for regulating access to DSI.” and “research
practices and concepts of ethics and benefit sharing associated with DSI
that have evolved in recent decades within the scientific community
emphasize openness, transparency, networks and free exchange”.

The need for greater innovation and investment in agricultural
research — often enabled by open access to and exchange of GSD - could
never be greater. The African population will reach 2.5 billion by 2050
(Pew Research Center, 2020). Many countries are land-poor with no
further opportunities for expanded cultivation (Jayne et al., 2014). Soils
in areas of the tropics and subtropics are becoming degraded beyond
repair (Tittonell and Giller, 2013), with severe soil macro- and micro-
nutrient imbalance (Pasley et al., 2019) and continual mining of nitro-
gen from the soil profile (Pasley et al., 2020). Estimates are that climate
change will have a greater negative impact on Sub-Saharan Africa (SSA)
than on temperate regions (Parry et al., 2004, 2005; Pingali, 2012).
Subjecting smallholder farmers to unimproved landrace varieties
developed for an environment that no longer exists and is changing
rapidly is neither economically nor environmentally sustainable, nor is
it morally acceptable. As Pingali (2012) stated, “the need for continued
investments in agricultural innovation and productivity growth is as
important today as it was in the early years of the GR”.

Yet a GR-like focus on only two or three crops is unlikely to deliver
the same results as the original GR delivered in Asia due to the diversity
of crops cultivated in Africa (Pingali, 2012) and even greater diversity of
agro-ecological zones. What is likely to be more helpful is an opportu-
nity to utilize diverse GSD of the many crops to enable yield, yield sta-
bility, and quality improvements across the numerous cropping
environments. Open access to and exchange of GSD is more likely to
create long-term value on par with the GR then if GSD is encumbered
with regulation or attempts made to charge for the data. In any case, the
revenue generated from any scheme monetizing access and/or use of
GSD would pale in comparison to the value creation of higher yield,
more resilient crops, and vibrant seed systems developed with these
crops through the broad availability of GSD. It is also likely to pale in
comparison to the past and future investments in open access databases.
The non-monetary benefits of open access — collaborative research
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projects, public-private partnerships, scientific discovery, and building
networks of scientists — should be an obvious indicator that the current
system of open access is working. Current policies governing the open
access databases are sufficient to guide the appropriate use of GSD.

Consideration and caution must be given to the risks inherent in the
over-regulation and monetization of open access and exchange of GSD,
and public research has the most to lose. Administrative, financial, and
legal barriers will quickly become the focus of research organizations
making determinations as to GSD value, what GSD is accessible and with
whom negotiations for access must be conducted (a difficult if not
impossible determination in many situations). Research organizations
will be entering an administrative and legal quagmire rather than
focusing on research. Innovation will be discouraged. Existing dispar-
ities between those able to access or use GSD and those who cannot will
widen. Conservation of biodiversity, food security, and sustainable
agriculture will suffer, especially in those countries most in need. Public-
private-partnerships will grind to a halt as each partner ponders
administrative and legal issues rather than thinking creatively about
technological and scientific innovation; capacity will suffer. Research on
minor crops, crop wild relatives, and non-agricultural species, for which
we often have limited knowledge, will become more problematic and
the value of these species will remain hidden.

The benefits to society of GSD often cannot be monetized, and appear
only after hard-fought resources such as time, money, thought, organi-
zational skills, and ingenuity have been invested. The long-term benefit
of open access to and use of GSD cannot be over-estimated, and far
outweighs any short-term gains to individual organizations or countries
through regulation or monetization of GSD. The free access and use of
public sources of GSD benefit everyone from conservationists to farmers,
from researchers to consumers, and anyone concerned about climate
change.

Greater equity in use of GSD will not come from ABS schemes, but
through greater cooperation and capacity building. In this context, it is
key to assess the needs of developing countries to ensure an effective
access to and use of GSD, which should be based on a strategic plan
defining priorities and involving all relevant (public and private)
stakeholders. Building global communities and networks of scientists to
rival the GR is possible and happening. One example is Bellis et al.
(2020), in which scientists from the public and private sector and around
the world - France, Kenya, Mali, Sweden, the United Kingdom, and the
United States — joined forces to understand better the parasitic weed
Striga, which has plagued farmers for centuries. Other inclusive initia-
tives are underway, documented in the examples in this paper, and are
aided by the history of open access to and use of GSD and cooperation
among diverse partners.

We have thus far focused on the importance of open access GSD for
plants and agriculture, but human health is also directly impacted. The
rapid development of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) diagnostic tests was a direct benefit of the open accessi-
bility of GSD databases to global scientists (Sheridan, 2020). In the early
days of the recent coronavirus outbreak, scientists were able to quickly
and easily submit and access viral GSD to multiple open access data-
bases, with freedom to operate and limited legal implications. This ac-
cess allowed a rapid understanding of the cause of the virus, rapid
development of diagnostic tools, and a focus on developing solutions.
This is but one illustration of the importance of information sharing and
collaboration amongst the global scientific community and should be
kept in mind when considering any measures that could restrict access to
such information.

Maintaining open access to and use of GSD will serve to enable
research collaborations, maximize returns on investments and ensure
the creation of value to manage societal issues, as well as move scientific
discovery more quickly than if GSD is regulated and monetized. A global
network of plant scientists will thrive and expand. The greatest value
and benefits from GSD will be created if open-access and sharing are
maintained and strengthened. Crops like tef, Sorghum, pearl millet and
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cassava will be included in the next wave of the GR. Norman Borlaug
and M.S. Swaminathan helped create the GR and led scientists and po-
litical leaders down one of the most productive paths in the history of
agricultural science. The opportunity exists to create a new era of dis-
covery and investment with GSD.
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