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Note by the Secretariat

1. The Commission, at its last session, established a new work siream“ di gi t al seql
i nf or mand reqoeasted the Secretariat to prepare, subject to the availability of the necessary
resources, an exploratory fdcti ndi ng scoping study on “digital
resources for food and agricultu@RFA) to provide information orinter alia, terminology
used in this area, actors involved with “digit
extent of uses of ®“digital sequence informatio

1 characterization,

9 breeding and genetic improvement,

1 conservation, and

9 identification of GRFA
as well as on relevance of *“digital sequence i
nutrition, in order to facilitate consideration by the Commission, at its next sessiba, of
i mplications of the use of ®“digital sequence i

sustainable use of GRFA, including exchange, access and the fair and equitable sharing of the
benefits arising from their uge.

1 The term is taken from decision CBD COP XIII/16 and is subject to further discussion. There is a

recognition that there are a multiplicity of terms that have been used in this area (including, inter alia,
“genetic sequence datai"ogn™gehgemnet isequeheremanif om 'ma
resources”, “in silico wutilization”, etc.) and that
term or terms to be used.

2 CGRFA16/17/Report, paragraph 86.
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2. The Commission requestéuke Working Groups taeviewand provide inputs to the draft
exploratory facffinding scoping study prior to its submission to the Commission, for
consideration at its next sessfon.

3. This document contains the draft exploratory-famding scoping studyofh di gi t al
sequence information” on GRFA. The study has
Dorien S. Coray (School of Biological Sciences, University of Canterbury, Christchurch, New
Zealand) and by David S. Thal®ipozentrum, University of Basel, Bds&witzerlandThe

content of the draft study is entirely the responsibility of the authors, and does not necessarily
represent the views of FAO or its Members.

3 CGRFA16/17/Report, paragraph 90.
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ABBREVIATION S

CBD Convention on Biological Diversity

CRISPR clustered regularly interspaced short palindromic repeats

DSI digital sequence information

DNA deoxyribonucleic acid

EBI European Bioinformatics Institute

EU European Union

GIS/GLIS  Global InformationSystem

GRFA genetic resourcdsr food and agriculture

GSD genetic sequence data

GWAS Genomewide association study

ITPGRFA International Treaty on Plant Genetic Resoufoe$§ood and

(Treaty) Agriculture

mQTL metabolomic quantitative trait las/lod

MAS/B marker assisted selectitaneeding

MTA material transfer agreement

ODM oligonucleotidedirected mutagenesis

omics Refers to terms that end in omic, such as genomics, epigenomics,

transcriptomics, proteomics, metabolomics

QTL quantitativetrait locus/loci

RNA ribonucleic acid

SNP single nucleotide polymorphism
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EXECUTIVE SUMMARY

“The CBD and Nagoya Protocol contemplate regulation of the physical transfer of tangible genetic or
biological material from a provider country to a ugemsuant to an ABS agreement. New technologies
emerging from synthetic biology fundamentally change that paradigm, however. The genome of a
particular species may now be sequenced within a provider country and that information may be
transferred digitallfo a company or research entity for downloading to a DNA synthesizer. As a result,
synthetic biology technologies beg the question of whether ABS requirements should apply to the use of
digital sequence information from genetic resour¢t&anheim, 2016)

Study questions and key findings

This exploratory faetinding scoping study examines how digital sequenfimation(DSI) on
genetic resources for food and agricultureugentlybeing useghow it might be used in the
future and what the implications of its use are and might be in the future for the food and
agriculture sector.

All uses of DSI orgenetic resources for food and agricultuREA) that do or could affect

GRFA or the value of GRFA were considered within scope of the studyinthiseduseas

food orin agriculture but alsausing DSI to discover or add value to materials derived from
GRFA (e.g. amyloid forming proteins, enzymes) or to add value to GRFA (e.g. identification of
new traits, preservation of endangered populatidiagnosis of pathogens, food preservation)
(Figure 1)

genetic material FA genetic resources FA resources FA
— seed ]
-
pollen «_/ \.
egg >LJ [ breeding —
stock medicine
embryo R
T \'\ /
‘ / FEam—
genes o N / , |_food
spore
0000 GRFA |
bacteria \ industrial \
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J
virus /ﬁ [materlal}tdomestlcj
fuel ,‘

‘\agriculturej\
Figure 1. Uses of GRFA and associated genetic material (arrows indicate direction of
resource use)

What is meant by DSI2grminologyin use)

1 DSl on GRFA currently in use includes multiple kinds of information about various
biological materials found in GRFA, used to manage GRFA, or to derive fvatoe
GRFA. Some

o but not all DSI on GRFA is DNA (or RNA) sequence information
o is sufficient to synthesize a trait without needing to transfer biological genetic
material
o DSI on GRFA that is not DNA or RNAay;
A be essential to identify or synthesize sdraés
A not require DSI on DNA or RNA to identify or synthesize some traits.
1 DSl on GRFA is not limited to DSI on organisms that are GRFA
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What are the characteristics of DSI and genetic material?

1 DSI on GRFA contributes to food security and nutritiom &sndamental tool for
characterization of GRFA and environments, selection and breeding, creation of new
products, food safety and management of GRFA.

91 DSlis an essential component of technologies used for the characterization, conservation
and sustainabluse of GRFAe.g. DNA barcodes in biodiversity surveys). Thkes of
DSl are increasing with new technologies.

1 DSl underpins technology for the synthesis of DNA and some kinds of genetic material.
Such technologies could one day allow all kinds of gemetbiological material to be
synthesized using DSI.

What are the characteristics of technologies that use DSI, and what implications do these have for
GRFA management?
1 DSl makes it easieptget value from a genetic resourgighout possessing it agvenits
DNA. Actual or potential differences the characteristics of technologies that use DSI
did not vary significantly ¥ subsector (animal, plant, microbe, forest, fishery).
1 Thestudyfound that DSI was used extensively in all subsectors. Poskffdyences in
value will emerge where DSI is also useful for fagmicultural applications, such as drug
and vaccine development, rather than by subsector application in general.

How is DSI stored, exchanged and shared and what implications does thisrfaiRE=A
management?

1 DSI onGRFA is stored in electronic digital media. The amourgrofateDS| onGRFA
is unknown Publicly accessibl®SlI includes the content and functionality of
approximately 1700 online databas&gth infrastructure mainly in del@ped countries
Continuing funding in an open access model is not assured.

What role does DSI have in research, product development, regulation and intellectual property
(IP) claims?

1 DSl onGRFAis central to product development and intellectual propartg expected
to increase in importance especially as DSI on more kinds of organisms becomes relevant
to GRFA DSl is usedn regulationson food safety, product labeling, and correct
identification of food components, which can be important for the cesisen of
threatened species. It is used to both diagnose diseases in plants and livestock and to
design therapeutics to treat them

What role does DSI have for farmers and the broader community? What implications do these
have for GRFA management?

1 Through DSI different kinds of industries and actors become involved with the
characterization, conservation and sustainable use of GRFA.

o Value chains are developing for everything from bionanotechnologies through
synthetic biology and biological computing to-famm handheld sequencers and
customized management advice.

0 The decreasing cost of sequencing and synthesis provide greater access to tools
that can be used directly by the public and farmers, but also by researchers. This
can be expected to increase ftegjuency and quantity of DSI transferred across
national borders.

4 The Study uncovered no scientific foundation for the dematerialization of infornpeticse That is,

information of the kind described in this report may be transferred between different materials but does not
exist gparately from at least one physical form during storage, transmition or use. Inforfraticn

molecule (e.g. DNA) can be copied to other material such as compatiable media, sound waves,

electrical current or light (e.g. transmitted on a fibre eaMVhereas in these forms sequence information

is literarally intangible, this quality also is not able to distinguish between information, genetic material or
some kinds of GRFA because a molecule of DNA, a cell (e.g. the GRFAS@adtaromyces cereias),

and even seeds and animals below a certain size, cannot be perceived by human touch.
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Introduction

Can DSI about genetic resources for food and agriculture (GRFA) increase the value of
biological genetic material and in some cases substaumossession of the biologicgénetic
material of plants, animals and microbes for some inseays thait could not before? Can it
create value separately from biological genetic material?

This report has been prepared to introduce a variety of audiences to the outcome of an
explordory scoping and fadinding study on the usaf DSIon GRFA. It is important to
emphasize that the studycludedGRFA as affected, modified or managed byl,fsit was not
limited to DSI sourced from GREA he difference in approach places DSI rathant@RFA at
the center of the study. Recognizing this emphasis on DSl is critical to undehstethd value
that might come from DSIn GRFA is sometimes different than the value of B8in GRFA.

Importantly, the underlying study did not focus on biosafety or other kinds dietusét was
recognized that other reports were being prepared that included such perspectives, and the
objective of this report was to scope what is and could be dahé>&i rather than how DSI
should or should not be usemt should or should not be regulatégkverthelesghe study did

find thatDSI underpins powerful biotechnologiaswell as resource inventories and
conservationSociceconomic implications and etpotential tacause harm to human health or
the environment areoted lut not considered in depth

The report coversxisting and emerging uses of, mainly electrobiosinformation technology
These usearealready bein@pplied to thecharacterizationgonservation and sustainable use of
GRFA, includingequitable access or fair opportunity to bendfite importance oDSI for these
technologies is almost certain to incredd@sreport is intended to assisblicy-makersin

adaptingo the scientific changes brought about by both quantitative and qualitative changes in
information collection, transmission, applications and inherent value even when it may be
uncoupled from the original biological genetic material.

GRFAinclude plants, animals, fungi and microorganisms that we eat (e.g. cassava, poultry, beer,
yoghurt), or provide material and fuel (efgrest treek industrial and consumer products (e.g.
proteins)or provide genetic diversitfe.g. wild relatives)servicege.g. soil microbesand
resourcege.g.landracesupon which agriculture dependsigure?). In the future, thegven

may provide computing powéfhe Economist, 2012 hese resources are continuously being
improved through activities such as breeding managementr threatened by pests, pollution,
disease or loss of genetic diversity.

Until recently, to use genetic resourceequired possessing To move the berfigs of a genetic
resource to other places, the genetic resource itself had be transpmytedd), such as tomato

seeds from plants that originated in South America to Europe and to North America. With the
introductionof tissue culturing technologigsist the cells of some organismereenough to
reconstitute a genetic resource. As the basis for traits became associated with genes, and the
material basis of those was linked to DNA, it became possible in some instances to transport just
DNA, such asn the form of a plasmid with a gene from a bacterium intended for insertion into

the genome of a plafZimkus and Ford, 2014)

51t is acknowledged that in this passage a broader description of genetic resources is being used than as
defined in the Treaty. However, it is included to illustrthat those working with GRFA, that is, in gene
banks and government agricultural agencies, often refer to and treat DNA as a genetic resource. Tissue,
cells and DNA as genetic resources are discussed here:
http://www.nies.go.jp/biology/en/aboutus/facility/capsule.htBNA as a genetic resource is discussed
here:*There is a fifth type of genetic resource that differs from the other four types because it cannot be
used to regeerate an organism and usually is not held in geneb@hised DNA sequencer genetic

material from other organisms incorporated into crops by molecular techniques (for example, a gene from
the bacteridacillus thuringiensisised for resistance to msts (Heisey and Rubenstein, 2015)
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Organism

Source of breeding popula-
tions, traits, and other biologi-
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DNA
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ture of traits through
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through modern biotechnology technology or as sequence in-
formation
Time P Thefuture

Figure 2. Mobility of GRFA

In even more specialized instances,lilogical genetic material is ho longer necessary to
transport some traits, even organisms, of value. Although atrttéskamples are few, the
proof-of-principle is established by them. Moreover, thergrasving scientific interest and

capacity to nobnly increase the number of examples, but also the kinds of traits and organisms
that may bétransporteti using only genetic information uncoupled from biological genetic
material.

There are still other ways that genetic resources provide value sdparatbeir biological

genetic material. For example, in Fig@réhe genetic resource pictured is a kiwi birtligenous

to New ZealandAt first, such an example seems out of place because by law the kiwi bird is not
eaten. However, its unigue genomémgortant to GRFALe Ducet al, 2015)both for the

genes for traits it carries, and for the genes it does not have. The kiwi bird genomeisad bg
comparative genomics fwovide clues about what unknown genes in organisms that we-do eat
both bird and mammainay beresponsible for traits that may be improwecdliminated Value

is extracted through comparative genomissig DSland does not require possessing a kiwi

bird.

To constructfor the first timea version of thd&iwi bird genome in the form gshysical eletronic
media that is, in the form used by a DNA database such as Ger{BaniBank) required access
to the bird or tissues from the bird. But from as little as a single original sampi@aical
genetic material, the information could be stored, replicated and transmitted separately as
electronic media, and the value of it was obtained without using the kiwi blogjizial material.
In fact, onlyin its electronic form couldhe genomde used for a comprehensive comparative
genomics analysis.

DSl on GRFA is not limited to DSI on organisms that are GRFA. Howeeéher are genes.

For example, prior to the development of genetic engineghirdacteriunBacillus
thuringiensiswould not havebeen food any more than a kiwi hitdowever, it is clear that the
genes for its insecticidal proteins have been an important source of traits for some staple crops
such as cotton, maize and soybeg@teisey and Rubenstein, 2018)ore than just a microbe that
provides ecosystem services to these crops, it has become part of the genetic constitution
GRFA
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The ability of DSI to expand the range of organisms that become resources for food or agriculture
is not special to this technology. Howevas,DS| makes it possible to recruit traits from-on

GRFA organisms, or to use genomes of-@RFA organisms to iddify genes in organisms that
areused inagriculture, it extends the boundaries of what maydsal asxGRFA.

Terminology

A number of different termare discussed inthisrepatll ect i vel y reaf erred to

sequence infor mat i o ndecisiorDdIIL} of thenCorventonond anc e Wwi

Biological Diversity (CBD) and the decision of the Commission on Genetic Resources for Food
and Agriculture (CGRFA) to establish a new work stream on DSI. They inéhidealia,

genetic sequence data, genetic sequence information, genetic information, dematerialized genetic

resources, anith silico utilization (paragraph 86 CGRFA, 2017)

It is not assumed that everyone using the various tassaciated witlDSl measthe same

things by them.Therefore, thestudyexaminedhow the terms are used by different actors. This
exercise is useful for providing context. It also raises awareness of when different users may be
talking past one another without reaiig that they are talking about similar things, or indeed are
using $milar words but wih a very different understanding of them.

This technical scoping study drew primarily from the scientific and related litetautisdso
from other sources such as interviews with scientists and members of civil sasiaty

Google Books Ngram Viewer

Graph these comma-separated phrases: | genetic information,genstic material f case-insens itive

between 1800 and 2008 from the corpus English & with smoothingof 3 [ ‘Search lots of books

0.000120% 4
0.000110% 4

0.000100%

0.000090% B N genetic material (All)
Experimental demonstration of genetic information (All
0.000080%1 the link between traits and DNA

0.000070%

0.000060% 4
0.000050%
0.000040% 4
0.000030% 4
0.000020%
0.000010% 4

0.000000% T T T T T T T T T T
1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

(click on ineitabel for focus, right click to expandicontract wildcards)

Figure 3. Use of he terms'genetic materidland”genetic informatioh .

Note: The terms'digital sequence informatiérand” genetic sequence dateeturred
no resultsNote increase arouritle time ofthe first experiments showing that genes
were made of DNA

Source:(Avery et al, 1944)

consequencd)Sl is used in general to referttmat whichthe scientists and techrams creating
and using DSI generally thinkapplies. This'at the cobfacée’ definition has obvioubut
unavoidabldimitations. First, the science is constantly evolyimgking more precise definitions
presently impossible. Second, the scientific community notably does not use the term DSI

6“[T]he primaryproblem in any legislative document that usehnical terminology- determining how

thattermisinder st ood, and by whaoget audigvicesistechnicah (eechdicalc u me nt '

experts and regulatort)en the term will be understood and apptiechnically. Regulations will be
developed citing particularcientific texts or statistics that wiive a preciselefinition of the element and
a standard for itmeasurement. Where the target audience igigbty technical, however, use of a
technical term cabe problematic, sincé may mean different things to different audieric@ssedt and
Young, 2007)

t h

S
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(Figure3), so some judgement miube exercised in linking scientific usage and that of the CBD

and CGRFA.

Notwithstanding those limitations, the use of operational examples provides a strong sense of the
scope of real things referred to by the terminolaggociated witldSI. Over 1700 database

repositories of information are in routine use as sources of\z@ious, 2017)A few are

specialized in storing inforation about nucleic acids, such as DNA and RNA. Even these store
information about, or convert DNieformation into, amino acid sequences of proteins. Other

types of databases specialize in storing information about differences in sequences. For example,
single nucleotide polymorphism (SNP) databases reveal differences in versions of the same gene

or genomes of the same species. This variation can be the basis for desirable traits.

An illustrative definition of DSI is used fahe purposes of this repoBSlI refers tothe kind of
information in orthatmight be added to databas#ghe kindcurrently in useand collated by the

scientific journalNucleic Acids ReseardNAR).

GRFA is at leagbothmaterial of biological origin and functional units of heredity, as it is
defined inthe International Treaty on Plant Genetic Resources for Food and Agriculture
(Il TPGRFA) to mean “any material of plant
propagating materi al , c on(fTRGRRA). Thg mdtetiatind i on a |
genetic resource includéger alia RNA, proteins, metabolites and the describable interactions

between molecules that may bengtically determined, environmentally induced, or a
combination of the two (Figurd).

Some of these other molecules may also be genes. While it has long been known that the material
form of a gene is a nucleic acid (usually DNA), there are other kinds of molecules that also are

essential for thpropagatiorof some trait§Heinemann, 2004; Strohman, 199This ever

growing number ofnaterials that appear indispehkafor the inheritance of some traits are

calledepigenes.

i drought fat color culture density fermentation host range

() .

o flood feed efficiency  phage type

5 tolerance

c

()
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proteins
Genetic seed embryo cell spore virus
material Q D g S\j
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Figure 4. GRFA isbothmaterial of biological origin and functional units of heredity

The context of genetic information can be critical for trait propagation, separate from the DNA of
a genomeln a significant number afases DNA sequence is necessary but not sufficient to

g
u

i
n
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edablish a hereditary characteristic. Examptetude epigenetic information ataborated in the
technical report.

In analogy with thégenetic codéas carried by DNA, traits for which at least one other kind of
nortnucleic acid molecule is required for propagation are likened to possessing codes, such as the
metabolic, histone, sugar, splicing, tubulin, signaling, ubiquitin and glycomic ¢(Bddsieri,

2018; Buckeridge, 2018; Gabius, 2018; Marijedml, 2018; Prakash and Fournier, 20IB)ey

are studied in an emerging area called Code Bid|Bgybieri, 2018)

How DSI on GRFA is used by scientists now portents a time when DNA itself may not be center
stage, or at least must share the stage watlynrmore forms of DSI. Knowing this helps to

explain why there are so many kinds of databases of DSI on GRFA, and how each contributes
essential information necessary to reconstruct a range of different traits.

In short,DNA and RNA sequences alone ammetimes sufficient and sometimes not to identify
a trait some traits would be impossible to transfer using only DNA. A trait can sometimes even
be identified using sequence information from molecules other than Dikefore, to restrict
consideratiorof DSI on GRFA to DNA databases would neither be true to how scientists are
already using DSI on GRFA ntully inform futureready policy.

Beyond these practicalities of modern gerseiticthe technology to synthesihiological and
biological genetic matial using neither the original source organism nor any biological material
from it. Complete genome synthesis has been achieved for types of b@@iesian, 2014)
Complete synthesis of a feviruseshas already been demonstraf@dmmer, 2006) A new
machinein prototype stage may one day achieve this for cells, pogdidohy and animatygotes
(Boleset al, 2017) The synthesisef engineered and novel organisuses DSI of DNA, proteins
and possibly othemolecules along with subunits of these molecules that may be produced in a
laboratory as inputs. Some genetic materials can be constructed using DSI and chemistry,
separate from biological genetic material (Figbixe

In summary, it is possible to identifommon elements in the various terms that have been
collected under the headilmfsl. However, this does not mean that those using different terms
are necessarily talking about the same thing, or that the meaning of terms is static. Different
actors can & drawing upon discipline conventions that do not perfectly overlap with other
disciplines, such as illustrated by the different history of use of the term genetic material by
classical applied animal and plant breeders compared to molecular biolothstsriiddle of the
lastcentury.

Operational adoption of DSI appears to be mostly unaffected by terminological disputes. From
the viewpoint of how DSl is being used on GRFA and the management of GRFA, all information
that can be gathered into databasd®iag used. No database is superior to all others in every
application of DSI to GRFA. DNA databases are linked to genomic, transcriptomic and
proteomic databases (and sometimes these are features of a single database). Metabolomic
databases sometimes damore useful for understanding a GRFA than a corresponding DNA
database. The power of the databases is increased because they link phenotypic and metabolic
traits to DNA genes, or epigenes.

It is beyond the scope of this study to resolve discontinuititerminology adopted by different
usersLike the definition of the gene itself, sometimes an example (i.e. DNA) is more practical
for those working in the discipline than is a more flexible heuristic (i.e. the material basis of
heritable traits). For thpurpose of communicating the findings of the report on DSI, the term is
tied to the operational descriptions of actiwat map with reasonable consistency to what is in
and what could be in the future stored in databases of the type descrideddigAcids
ResearcNAR), andused by the science of bioinformatics.
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Figure 5. Moving information between digital atiging worlds

Note: From top left, a cell or organism is a genetic resource from whatkrial such as
genomic DNA (circle) is extracted he order of bases in the genome is determined by
sequencing and the information is stored as a digital sequenciafditmeation may or
may not be further modified and a new genome written, or a genome edited, using t
digital information. The synthesized DNA is transferred to a living organism (e.g. yed
for final assembly of large pieces and mayuéher transfered to other cells to create a
new genetic resource.

Source:(Gibson, 2014)

DSl carries information, as do genes

“Any biology textbook published within the last sixty years states as a fact that genes encode and transmit
information. This statement derives from the f@#0s, when biologists started to equate the activity of
genes with a code that transmits instructiand governs all processes and features of living organisms,

from respiration to eye cold(GarciaSancho, 2015)

DSl has qualities that makeas different to texas is email to a handwritten letter. While at the
interface a handwritten letter consisting of a string of letters appears the same as those letters
displayed on a computer screen, the latter is supported by a large variety of unseen but essential
information. Wthout the accompanyirg/gorithms schemta and metadata, the string of letters
would be meaningless even to the computer.

It is tempting to imaginéhat a DNA sequencing machihgees the nucleotides in a molecule of
DNA and lists them off in order such as TTATGCCAT. Howewuergealitythe machine

generates a host of data tistransformed by sophisticated processes governed by underlying
softwarethat automatedecisions about thehemical structures in the molecule. That is why each
section of a genomea sequenced many times (caltekpth of reat) to increase the confidence

in having identified the correct nucleotide at each location.
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To have meaning in relation to a trait, 8teéng of letters of a DNA sequence must be read in a
particular direction and that information is part of &xplicit or implicitschemga of a database.

The trait may be dependent on events that cannot be easily or fully predicted just from the DNA
sequence, such as the number of pwanhscriptional and postanslation modifications that occur
between gene and trait.

Beyond the actual sequences of DNA and Radditional DSI can take the form of counting the
number of times a sequence occurs in a sao genome (called copy humber variation or

CNV). These are larggains or lossesf@enomicDNA seen in comparisons of genomes of
organisms in the same species. Along with other kinds of markers (e.g. SNPs), CNVs contribute
to estimates of genetic variability and can explain significant differences in phenbtypes.

In transcriptomicghe copy numbeifor each sequence forms the basis for gene expression
analysis and linking the contribution BNAsto a quantitative trait. The number of copies of
each amino acid sequence yields analogous data for pr(fejase §.

It is these and other elements mfiormation that enable DSI to faithfully encode GRFA
information.Transferability of information between media makes the different kinds of media
interchangeable for storing the informatialipwing eithelossless transfer or transfer with
knownamounts ofossbetween media.

These principlesinderliemany common and familiar technologies, such as telephones. The

human ear receives sound as waves propagated in the medium of air. Telephones do not transmit
sound waves directly; telephone handsetssducehe sound waves a&ectronic signaland

encode them for transmission. These signals are then transmitted through the telephone network
in various forms such as electrical or optical (lighgnsils plus data about the call.
Therecipientstelephone then decodes and transduces these signals to create sound waves
perceivable by the human ear. All of this is enabled by the use of structured formats and
conventions.

DSl is highly structured using formats and conventigitl attributes beyondimple and
minimally structured text filesAs with the technology supporting the layers of information
necessary for a conversation over a telephone line, a database has contentia acllemeta

data, making it very different from a sequence of symaslsiay be written on a piece of paper
(Figure 6)¢ The database has organization that elevates the content from data to information.
Schem#amake it possible to navigate and act ondhetentof the databaseé/arious forms of
metadata, descriptive, sictural and adminstrative, provide context.

"1 n f ar m aniitsnad caused byeCX\¢ affecling demea or gene regions. For example, the
Dominant whitdocus in pigs includes alleles determined by duplications of the KIT gene. CNV also
affects theAgoutilocus in sheep and goats and contributes to the variability btotmur in these two
species. CNV in intron 1 of tH@OX5gene causes the peamb phenotype in chicken and the late
feathering locus in this avian species includes a partial duplication BRbBRandSPEF2g e n e s
(Fontaneset al, 2010)

8 This is not to say that paper would be insufficient as a mediwuhi@vethe sophisticationf some kind
of el ect r onThe comphrdsbnading drawn isaserieof letterson a piece of papendwhat

is required for the same utility beingutinely provided now by electronic databases.
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Information field Entries  Information field Entries
Enzyme nomenclature Functional parameters
EC number 3869 Km value 28 134
Recommended name 3509 Turnover number 3986
Systematic name 3182 Specific activity 11 787
Synonyms 17707 pH optimum 14 037
CAS registry number 3552 pH range 3929
Reaction 3518 Temperature optimum 6147
Reaction type 4123 Temperature range 908
Enzyme structure Molecular properties
Molecular weight 12 329  pH stability 2931
Subunits 7416 Temperature stability 6825
Sequence links 33099 General stability 5398
Posttranslational modification 1112 Organic solvent stability 311
Crystallization 1003 Oxidationstability 349
3D-structure, specific PDB
links 6142 Storage stability 6 505
Enzymedligand interactions Purification 11176
Substrates/products 47 630 Cloned 2015
Natural substrate 7668 Engineering 797
Cofactor 6217 Renatured 199
Activating compound 6217 Application 338
Metals/ions 13173 Organismrelated information
Inhibitors 56 336  Organism 40 027
Bibliographical data Source tissue, organ 19 347
References 46 305 Localization 7935
Figure 6. A peekat the metalata of BRENDA
N o t €he database covers organispecific information on functional and moleculaj
properties, in detail on the nomenclature, reaction and specificity, enzyme structuf
stability, application and engineering, organism, ligatiterature references and links
to other databast$Schomburget al, 2002) It can beused to calculate or simulate
met abol i c p #heinhfovmayion of substrategproduct chains and the
corresponding kinetic data of the preceding and following enZy(Sehomburget al,
2002)

In Table 1A, the Google Translateol was given a complete sentence and asked to translate that
sentence from English into another language.tidmeslation was substituted for the original

English text for translation back to English. Fidelity of translation from English to either Chinese,
Russian or Arabic was high as apparent from the high fidelity of the back translation.

Compare for examplehe difference in translation of the sentence (with content, schama
metadata when sent to Google Translate) and the saomdstranslated out of context aissta

series of wordseven when in the same order as the original sentdreach word bthe same
sentence is translated independently and then assembled into a phrase, the accuracy of the
translation declines, as shown in the last row of Table 1B. This use of the tool Google Translate

9 https://translate.google.com
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strips it of important contextual information and ruli® context of languageatis encoded in
schemga and metadata

Table 1A. Characteristics of information interchangeability illustrated by translation |
different UN working languages.

from*

to

back

Fidelity of translation from
English to eitheChinese,
Russian or Arabic was high
as apparent from the high
fidelity of the back
translation.

The loyalty of translation
from English to Chinese,
Russian or Arabic is high
as can be seen from the
high fidelity of later
translations.

Fidelity of translationfrom [Be pH O C T b n e p € The faithfulness of the
English to either Chinese, |aHT nuiickor o H translation from English
Russian or Arabicwas highfpy cckmnin unnwn 4gintoChinese, Russian or
as apparent fromthe high | B bic 0 K 0BiY 4 K @ K 1 Arabic was high, as can
fidelity of the back BbiCOKOMR BepH(Jbeseenfromthe high
translation. Hasadgj. fidelity of the translation

back.

Fidelity of translation from
English to either Chinese,
Russian or Arabic was high
as apparent from the high
fidelity of the back
translation.

nkw wt Oy At x

wy OF K wy 30/
wr 09 A0 wy K

wy Y

The accuracy of
translation from English
to ChineseRussian or
Arabic was high, as
demonstrated by the high
resolution of background
translation.
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Table 1B. The difference between a sequence of words and a sentence.

from** to (word by word translation] back

Interchangeability of The interchangeability of
information allows it tdoe information allows it to be
transferred between media transferred to the media
without or with minimal without having the same
loss. minimum loss

fidelity Fidelity of translation

of From English to or
translation Chinese Russian Either
from Arab Yes high Such as
english obviously From This high
to Fidelity of This Back
either translation

chinese

russian

or

arabic

was

high

as

apparent

from

the

high

fidelity

of

the

back

translation

* Translations provided in series left to right by Google Translate. The order was top to bottc
English to Chinese, English to Russian, English to Arabic.

** Translation of each word fror&nglish to Chinese provided by Google Translate, then the e
phrase was translated into English.

DNA sequence information can be transferred to DSI and then again transferred back through
synthesis of a DNA moleculgigure5). This characteristic ishared by the kinds of databases
chosen to illustrate DSall of which contairDSI on GRFAA p r o ts amino acid sequence can
be transferred to DSI and then again transferred back through synthesis of a protein pwlecule
the DSI of the amino acid sequence itself can be converted into a DNA sequenceayathbsis

of a DNA molecule that when placed back into a cell produces the protein molecule
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DSl in the form of genome sequences can be used to predict transcriptpraecaswhich in

turn can be used to predict proteome compaosition and this can be used to predict the metabolome.

As importantly, a description of the metabolome would alloedesignof a proteome that could
produce that metabolome and then a genomntecthdd produce that proteome. In other words,

the knowledge of many databases may soon be sufficient to recreate traits or material of value
without necessarily producing copies of the source biological genetic material.

While all the above can be dontkisi neither intended nor implied that doing so is trivial. In some
cases it is routine while in others it would be at the cutting edge of, or just beyond, current
technology. The degree of difficulty determines the pace by which such things are done, how
well the outcome matches the prediction, but not the possibility of them being done from a
technical point of view.

In summaryDSI is stimulatingdiscussion®f what genetic material can be, similarly to how
artificial intelligence is challenging concepts of the brésrthe biological material afeural
tissue the only medium in which complémnking canoccur or bestoredAWould a computer
have to be a cgpof a human being in order to hdtbought8 of some value to humanityoes
genetic material need to be biological material@ biological system the answer appears
obvious. Howeveras a storage medium for genetic information, a sequence can ey ledtder
a biological material or the kind of material used by a compA®DSI makes it possible to
store and transmit genetic information back to biological matdrigiallengeshe boundaries of
what may be used as GRFA.

Use of DSI in characteriation, conservation and sustainable use of GRFA

DSl on GRFA is applied to describe and characterize genetic resources and contribute to their
conservation and sustainable use. Characterization provides information about organisms and
ecosystems that may heed for basic research, identificatemmdmonitoring and to draw
comparisons with other organisms and ecosyst®tokecular markers, phenomics and
bioinformatics are used in the characterization of GREAder and Sonnino, 2011)

Molecular markers are usedl idlentify and track alleles for quantitative traits. When different
combinations of alleles of different genes cause different phenotypes, the trait is said to be
guantitative. DSI is used to create the tools for following different alleles throughrmgeedi

Barcoding is a technology that improves identificatigarticularly of species that are difficult to
distinguish between by morphology. Barcodiusgs DNA sequences from a gene or genomic
location for species identification and discovéridder and Sonnino, 2011\ variation of
barcoding is metabarcoding, whexe estimate of biological diversity is derived from direct
isolation of DNA from a sample, such as a soil sar{lsvin et al, 2018)

DSl has become a critical component of breeding by contributing to the rate and accuracy of trait
mapping to develop targets forarkerassisted selectiofMAS). Moreover, it is important for
calculatinggenomic estimated breeding valjdarshneyetal., 2014)

DSl also contributes to efforts to conserve GRFA. The means to idemifyduals with defined
geneticvariantsassociated witlparticular traits nf or ms esti mates of 't he
size (Ne) whichs needed to ensure that there are sufficient nunfibebseedingLidder and

Sonnino, 2011)The information may be used to manage both domesticated and wild. GRFA
Likewise, for some ecosystem functipitss not enough to have sufficient numbers of one

genetic ype and instead it depends on having both the right mix of variants or species
(qualitative)and in the right ratiogquantitative) For example, the rumen microbiome varies with
feedstock. The variance is not in what microorganisms are in the rumehe Ivatio of the

different species to one anott{elendersoret al, 2015)

Likewise, sustainable us# GRFA depends on maintaining sufficient genetic diversity to ensure

that species or subspecies do not go extinct, that diseases and pests can be managed, and that the

impact of wild and farmed populations on the environment can be mitiga$tds developed to
track the movement of genes between domesticated and wild populations of GRFA. For example,

P C
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movemenfrom domesticated to wild populationgght endanger small wild populations if it
cause outbreeding depressighidder and Sonnino, 2011Monitoring gene flow ishusalso
important for conservation efforts.

Sustainable use of GRFA also depends on environmental factors. For example, most crop plants
require pollinators such as bees. Because of decreasing bee populations, use of commercially
supplied species has lmeicreasing in some placéSuniet al, 2017) Are these commercial

releases effective? How do they impact wild bee populations and pollin&tiorXample,

“Managed species are commonly reared or transported under conditions that facilitate disease
transmissionand both managed bumblebees and honey bees have a list of serious pests and

pat hogens that can ‘' s p’i(lodieoanckczZayed, 20b7) o nat ur al po

Bees from22 sites in Massachusetts that varied in their intensity of commercial beeetese
genotyped using DSI amine microsatellite lodio determine if commercial releases of certain

bee species might impact populations of wild bees, or pollination of cropse3derch found

that despite the commercial releases, wild bees were found on cranberry crops more often. The
research suggests that management of bees for services to pollination should include a
determination of whether commercial bees or bumble beeahahitrounding agricultural fields,
intended to promote wild bee populations, wouldHemore effectiveoption at lowest risko

bee healtl{Suniet al, 2017)

Furthermore, sustainable use has economic dimensions. Farmers need adequate returns from their
products. Certification and traceability add value to agriculture by meeting consumer demands.

DSl is used to meet certification and traceability standardseb&svto ensureompliancewith

some food safety standards.

DSl is used to identify and diagnose pests and disease (both genetic and infectious), but also to
discover and design new pesticides and therapeutics, such as antibiotics and vaccines.

Sequenaig

DSl is generated from organisms and ecosystems by extracting partioldaules and where
appropriaté sequencingthem. For example in the case of DNAat is todetermire the order of
subunits in thenolecule(Oldham, 2009)DNA is a polymer of nucleotides abbreviated as A, T,
G and C. The actual sequence of these four suldefitses the individual molecule of DNA.
Similarly, a protein is a polymer of amino acids (of which there adifgdent kindsin use in
most organisms). The actual sequence of the amino acids in a protein defines the individual
protein molecule.

Sequengig capacity has grown exponentially. As many as 2.5 million plant and animal species
mayhave complete genome sequences, and between 100 million and 2 billionpaypive

their genomes sequenced, by 203&phengt al, 2015) The rate of growth in this capacity,
already possibly doubling once evagvenmonths foreshadows future where all genomes

may one day be described and variations in them recorded in near real time, globally.

Sequencing capacity is also becoming more distributed. This is due to both a decrease in costs
andminiaturization Devices hat fitinthepa m o f & hapdeandsvhich plug into the USB

port of a laptop are now availak{lgainet al, 2018;Yong, 2016). Devices the size of a credit
card,which can be used to sequence the DNA in saliva or blood samples, are being developed to
diaghose the most common microbial pathogens in animal GRB&net al, 2017) Coupling

the card with the camera arsmartphone provides real time diagnostics for veterinarians and
farmers. In principle, these tools could one day be usegdiaom and soisamples.
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Reconstruction

Molecules can be synthesized directly using DSI. Synthesizing DNA or RNA moléagded on

a particular desired sequence has been done since the early 1970s. However, those were very
expensive molecules and also very small. It is now possible with great accuracy to synthesize
genesized DNA molecules (000+ nucleotides) at a cost ofaath US0.15 per base pair

(Petrone, 2016)

Both sequencing and reconstruct@ontribute to food security and nutrition through use
modernbreeding programes. An example ishe use oDSI in MAS applied througtSNP

( pr onoun cchipt (Boxs)e FopMAE, DSI in the form of SNP databases can be used to
screen germplasm to concentrate genetic material with a high frequency of desivges
(“phenotype to genotype!* Screened and selected stocks are preferentially used in breeding
(Welleret al, 2017)

Box 1. How is DSl used in a SNP chip?

A SNP chip is usually made from glass coupons wgioich are attached many fragmen
(oligonucleotides) of DNA. Higldensity chips can have DNA fragments for hundreds
thousands of different oligonucleotides, each associated with a different genetic ma
All of these oligonucleotide sequences and tinetecules were derived from DSI.

Genomic DNA from an organism is compared to the DNA on the chip to identify SN
Oligonucleotides corresponding to DNA sequences in genes of interest are synthes
These oligonucleotides differ at one nucleotide, regming different SNPs. The DNA
derived from the genome of an organism to be genotyped is applied to the chip. DN
sequences that are able to bind (called hybridize) are perfectly complementary to ar
oligonucleotide on the chip, as if they were two strasfdsdoublestranded DNA
molecule.

The hybridization pattern on the chip is visible to sensitive electronic detectors, crea
digital profile of the SNPs in the genome being examined. Each marker is assigned
particular sequence in the genome beaxtdd, based on the particular variable nucleo
that was represented at that place on the chip. That profile is converted into a DSI
database of SNPs.

SNP information is among the kinds of genotype and phenotype information that is held by
databases. SNPs are a type of molecular marker. Among others that are in use to \gus@sg de
include RFLP (restriction fragment length polymorphisms), RARIDdom anplification of
polymorphic DNA), AFLP (amplified fragment length polymorphisn{&)r a review, see Yang

et al, 2013). SNRbased tools are becoming the most common for genotyping be&ti’sare
large in number and well distributed in genomes, have proven stable and accurate, and are
adap#ble to highthroughput analyse#lthough SNP chips are a significant improvernia
genotyping, MAS can still take many generationsome kinds of organisnte achieve the
desired outcom@He et al, 2014; Welleret al, 2017).

As the information value (and not just the scale of content) of DSI grows and the ease and rate of
collection increasesgenotype to phenotyp@pproaches to breeding are being developed
Marker identification can be accelerated using genebypsequencing (GBS) techniques that

10 For auserfriendly andbrief introduction, see https://www.mun.ca/biology/scarr/DNA_Chips.html.

1 The phenotypeo genotype approaassociates phenotypedth genetic markers that are converted to

DNA sequence information and used to screffspang with desired genotypdsr further breedingln the
emerging genotype to phenotype approaeimognes are sequenced and analysed for predicted phenotypes,
or they are synthesized based on predicted phenotypes, selecting genomes that match
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use whole genome sequencing for genome wide association studies (GWAS) irn(l&RtAl,
2014)

GWAS mappingalso calledinkage disequilibrium (LD) mappingdentifiesstatistically
significantphenotypegenotypejuantitative trait locassociationgvVarshneyet al, 2014)

Originally developed for high resolution GWAS in maize, GBS has been applied to multiple
plant species with complex genomssch asvheat, bdey, rice, potato, cassava, apples and pine
(Heet al, 2014; Norelliet al, 2017; Paret al, 2015) Use in livestock animals such as cattle and
chickens is also advanciriBrouardet al, 2017; Wanget al,, 2017b) The key distiation

between historical applications of MAS and GBS is that the latter afloveeders to implement
GWAS, genomic diversity study, genetic linkage analysis, molecular marker discovery, and
genomic selection (GS) under a large scale of plant breedintgapred here is no requirement

for a priori knowledge of the species genomeshe GBS method has been shown to be robust
across a range of species and SNP discovery and genotyping are completed t@yefiersis
added to Heet al, 2014)

GBS techniques can in certain cases increase the efficiency of breeding. The technique can be
customized to local breeds. It has been easiest to apply to plants and more challenging for
livestock, because of the different levels of homozygd8itguardet al, 2017) The much

higher desity of identified SNPs potentially decreases the size of adult populations necessary to
make associations between SNPs and tfBitsuardet al, 2017; Ibeagh#wemuet al, 2016)

That makes it applicable both for breeding GRFA and for conservation of wild species, where it
can be used to more accuratelicatate effective population sife.g. in salmon as described by
Larsonet al, 2014)

The capacity to reconstruct molecules other than nucleic acids is also increasing. Magttines
as t he r ecent Hoioldgical canveitee baild bothiDYA andaiprotein molecules

and they have already built a virus from scrat
DNA sequence information and converts it into biopolymers, such as DNA, RNA and proteins,
aswellascomplexéni t i es such as viral part [Badesead, witho

2017) Such machines are in prototype stage.

Editing

Gene/genome editing morelikely for the foreseeable future to be the way to modify traits than
synthesiing organismsle novoEditing alters DNA sequencés vivo. Hence, DNA does not

have to be removed from the organism, manipulated and then returned to it. For some
applicatims, a few changes to the genome may be sufficient. Where more than this is required,
editing can be applied multiple times to the same genome, or be used to replace large sections of
DNA.

Several advancingchnologiesncluding editingare dependent on DS hese include the suite
of technologies referred to by various names, including the new breeding techgeneedrive
systemsoligonucleotidedirected mutagenesis (ODM) and RNA/DNA interfere(aso known
asgene silencing)

Each of these techniquesies uporsequenc&nowledge of dtarget DNA or RNA molecule.

In most cases, the techniques also requitefactor composed of an oligonucleotide molecule.
The sequence of thaticleic acidnolecule isalsodetermined by reference to sequences in
databases.

Gene editing techniques can be usedlltiera genome at multiple locations, introducing gene
variations that combine to create complex trditsere is a growing number of applications in
GRFA (LamasToranzoet al, 2017) Gene editing techniques can be used to generate genetic
variation later screened for desirable phenotypesnoe a desirable variant of gene (called an
allele) has been identified, thariant can be created in another germpléax 2). Doing so

has the potential to avoid the-salled drag that comes from breeding two different parents that



CGRFA/WGANGR-10/18/Inf.12 23

each have a different mix of desirable and also undesirable alleles at many different |dcations.
addition, the desired allele can be identified in any species or stock that shares the equivalent
gene.

The value may be realized by the owners of the germplasm or those that use the germplasm (e.g.
farmers) of the engineered organiddowever the mavility of the DSI allows others to derive

value without being connected to the biological genetic material. These infdudgamplethe
bioinformaticians who identify the valuable DSItbhose whasell the materials needed for gene

editing.
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Box 2. Recent applications of gene editing in GRFA.
Tomatoes

Thecis-regulatory elements of genes are important for gene expression but are not
sequences that vary the protein product of a gene. Variations in expression level ha|
been found in both quantitaé trail loci (QTL) and genomwide association (GWAS)
studies (both of which are dependent on DSI) to be a significant source of phenotyp
diversity.

Researchers devel oped a CRI SPRrfagdiyand ¢
efficiently generate azensof novel cisregulatory alleles for three genes that regulate
fruit size, inflorescence architecture, and plant growth héRitdriguez_eal et al,

2017) The components of the gene editing CRISPR/Cas9 system were designed frg
DSl and introduced as transgenes into the tomato genome. A novel genetic system
ensured stable inheritance of the transgenes was devisetdase the number of
changes that could accumulate. Offspring with desired phenotypes were isolated oy
multiple generations.

Sheep

TheBCO2gene of Norwegian sheep is i mport
Mutations in this gene preventgaluction of an enzyme that convestsarotene into
retinaldehyd The accumulation df-carotene is often desirable because it can be
converted by people into Vitamin A. Fat with accumulations-oarotene is
characteristically yellow in color.

The gene diting tool CRISPR/Cas9 guided by DSI of BEO2gene was used on the
one cellstageof Tansheep zygotesreating eithebiallelic or monoallelicBCO2
disrupted modified animal®Niu, 2017) Biallelic animals (those with boBBCO2genes
mutated) had significantly more yellow color in fat.

Dematerializedor in silico, use

The volume of DSI bieag generated by whole genome sequemis already on the scalebig

datd. Some DSl is highly structured, such as that describing genomes B3hisunstructured,
such as graphic3he sciencef computational biology using the tools of bioinformatics provides
a methodological approach to unifying these variant kinds of information, further demonstrating
the interchangeability of information in various forms.

Some usesf DSImay again be ap@d to genetic resources directly, and someFatexample,
DSl adds value to GRFA by helping breeders and farmers to more efficiently select breeding
stock(Figure 7. Historically genes and variants of genes have been retrospectively associated
with paticular traits (phenotypes) and then the DSI of those associatasissed to screen out

of the breeding programethe germplasm with the fewest DNA markers for g of desired
traitsor with undesirablgenes and alleles of gen®@¥oolliams and Oldenbroek, 2037)

The DSI can have value beyond this use too. For example, the same databases can be applied to
management of wild GRFA or to assessdhersity in commercial livestock breeds or crop
cultivars(Yanget al, 2013)

DSI on GRFA does not have to only add value to GRFA. It can add value in otheftways.

9 increase the value of products when used to screen foods for pathogens or microbes
associated witlafety(Higginset al, 2018;Rantsiowet al, in press)

1 increase the value of produtktsoughlabel certification verify label ingredientsr
detect substitutianof endangered speciesfood productgDi Pintoetal., 2015)

1 be used to detect or diagnose both disease and infedismases in plants and animals,
or as an antibioti resistance surveillance tq@urgpean Food Safewt al, 2017)
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1 be applied to characterizing ecosystem function or conservation of speciesspesigs
through techniques suels barcoding or mefaarcoding(Orwin et al, 2018)

1 be used to design DNA or RNBased pesticides or therapeu(iegeinemanret al,
2013; Mogren and Lundgren, 2017)

With the miniaturization of collection tools, such as ket DNA £quencers and crediard
sized, reatime diagnostic devices, it is likely that more people will be contributing to the
creation of DSI. At such scalesnilaybe possible to create value chains from personalized
advertising and diredb-the-consumer saless is happening with human genome sequencing
(Contreras and Deshmukh, 2017)

As the cost of synthesis declines, ahduldtools for synthesis, such as the prototgpgtal-to-
biological converter become available, then DSI may add value through production of biological
material other thagenetic materigber s and may also be able to create genetic material from
what waspreviously considered to lmmly biological materialSuch products potentially inade

the manufacture of vaccines and peptide antibidticaddition, the larger the DSI databases
becomehe more useful they will be for the design and then production of novel biological (e.g.
enzymes or synthetic biological circuits) and/or biological genetic materials (e.g. genomes).

DSI GRFA
diverse
germplasm '
Genotyping | Genome wide "
/ association studies p g
i MAS o c
genetic resourceg e . E
& QrL o 8. = Rl
— . g 5
mutants mapping g b g Q
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Figure 7. Stylized depiction of plant arehimal breeding assisted by DSI
Source:(Varshrey et al, 2014)

Implications for access and benefisharing

An estimated annual cortttition of ~U$300000000 is provided by governments to maintain
>1 700 public databases. This cost is mainly borne by wealthier coumthiet,also largely host
the computers within which the databases reside. {t@mg public funding for the databadss
not guarantee(Editor, 2016)

Big data has big demands on infrastructure. The scale of genome sequence information alone can
be so large that even in developed countriessibisetimes more efficient to transpand

exchange hard drives théns to electronically transmit the dafslarx, 2013) What might take

a week or a month to transmit electronically in a developed country may be effectively

impossible to transmit ingorer countries. Thysvhile access may in theory be free or nearly so,

in some cases it is largely only hypothetical.

Turning access into derived benefit also has challefrdgmy et al, 2016) Processing power
and human resources aignificantlimiting factors to use

Whether or noiccess and beneBharing ABS) legislation includes thase of DSI on GRFA
for the conservation and sustainable use of GRFA, including exchange, access and the fair and
equitable sharing of the bensfarising from their use, the research and commercial sectors may
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react in unexpected ways. Some fear that any additional compliance or subscription costs may
slow the distribution o&ssets for upstream resea(dtanzella, 2016as the information is either
notgenerated or it is kept secretowever, as recorded interviews forthis study, failure of
legislation to provide a framework for ABS might have similar effects. Researchers and
businesses may prioritize the value of DSI to country of origin, or to indigenous peoples, and
either keep the data secret or abandon its cmleeltogether.

Conclusion

DSl as captured by thghysical media oflatabases arttbw it has been used for many decades

research, industry and public resources managenanexamined in this studyhisincluded

DSl on GRFAthat has added value to these genetic resaud&sfor examplehas been used

since the 1990s by companies that specialize in monitoring transgenes in international trade or
certify seed stocks as “ GMO f r e(deinemaonr20G7est f or
Heinemanret al, 2004)

The study also looked at new and envisioned uses relevant to GRFActlihkandespecially
potential valuef DSI on GRFAIs rapidly increasing becaukighly anticipatedhew
technologies would be impossible without it. Some of these technologies even convamt DSI
physical electronic mediato biological genetic material using only machines and chemical
precursors.

This study was informed by the latest scientific literature, with many examples taken from papers
in the last two yearsSome of these references inform the future looking nature of the study.
Thosereference$n generakome from premier, mainstream scientifiajoals or interviews with
scientists that are #te forefront of developments.

While DSI has long had value separate from the biological genetic material that it describes,
some of the projections future value mayail to be realized, or even later viewed as hype.
Neverthelesghere is widescale enthusiasm among both basic researchers and scientific
entrepreneurs for emerging technologies that can reify DSI as GRFA, or add value to GRFA.
Therehas been no abatemeof effortto further develop these anttieed even newer
technologiesSuch highquality projections cannot be ignored for the purposes of informing a
policy discussionespecially orpotentialvalue of DSI on GRFA.
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l. INTRODUCTION

This exploratory faetinding scoping study examines h@®! on genetic resources for food and
agriculture is being used currenthow it might be used in the future and what the implications
of its use are and might be in the future for the food andwgrie sector. The study covers:

1 terminology used in this area;

9 current status of biotechnologies (including identification, characterization, breeding
and genetic improvement and conservation of GRFA) in the management of GRFA
and agroecosystems and fi@ulevelopments;

9 the types and extent of current and future uses of DSI on GRFA in biotechnologies;
and

M actors involved with DSI on GREANd the relevance of DSI now and in the future
on GRFA for food security and nutrition.

1965 Nobel laurettd ac ques Monod f amous| yE.gdiistdueforthat “ What
e | e p hrheretwduld prove to be many exceptions to this prediction about thebaflag
bacteriumandanelephant. Nevertheless, Morodemarkwas insightful for guiding theew

science of molecular biology which was to eventually discoemmarkablesimilarities in how

genes and genomes work across all of life. The quality of the prediction he reagedally

evident when comparing organisms that do not describe the exéneds of the biological

spectrum(Lidder and Sonnino, 2011)

The modern equivalent of Monod’ s ane@gamsmi on i s
at leasimay be done in any other organisfrsimilar type When it comes to the use of DSI,

what is true for the elephant is true for the goat. What is truédndida albicanga pathogen) is

true for theSaccharomyces cerevisifétbe yeast used to make fermented beverages and bread).

For some uses of DSI, what can be doné.inoli can alsde done in the elephaftThis simple

prediction has been true enough to make the use of DSI routinedhataeterization

conservation and sustainable usdathorganisms that are and are not considered to be genetic
resources for food and agricukufGRFA)(CBD, 2018)

The Monodanecdote informs uhat ®metimes when discussing the use of DSI on GRFA, it is
both prudent and necessary to usexample involving an organism that some might not
consider to be GRFA (at least not at the moment). At the cutting edge of stirenerample
proves the principleAlthoughit remains to be seen how many proofs of principle will become
routine uses of Bl on GRFA, some uses DfS| havelong been part of biological researat
GRFA and its management

Monod's prediction has also increased in value
time. When the insecticidal qualities of the soil bacter@arillus thuringenesib®ecame

apparent, this species of bacteria became a GiRFéAthe very least a resource for management

of GRFA. Subsequently, individual fragments of DNA fr@mnthuringenesisvere found to

confer upon crop plants, such as cotton, sayis and maize, the trait of toxicity to insects

(Heisey and Rubenstein, 2018enetic engineering technology was used to create crop GRFA

that had one or meB. thuringenesigenes, making these bacteria unequivocally a genetic

resource.

In one way, the use of DSI is an incremental advance in that progres8iothofingenesifrom

soil microorganism to GRFA. Based on the DNA sequence of the geneB fioaringenesigor

the insecticidal traits, entire genes can be synthesized from chemical percursors and then inserted
into crop plant. Isolating the bacteria from soil is not necessary.

2 For example, the gene editing technique CRISPR/Cas9, which uses DNA molecules synthesized from
DSI, can be used in both coliand elephants.The plan sounds wild but eforts to make mammals more
mammothlike have been going on for a whileChurch says that he hadited about 14 such genes in
elephant embrydgReardon, 2016)
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In other ways, DSl is a significant advance on the u& tiuringensisDNA. For example, the

DNA sequence of the gene from the bacterium can be altered in such a way as to create the same
protein in plants, but is expressed more efficiently than would be the literal sequence from the
bacterium? Bioinformatics was the science of studying the sequences of genes that revealed
these differences between plants 8nthuringenesisAdditionally, DSI has been useddesign
andcreate novel combinatorial toxicities by combining regions of differedn genegHoneeet

al., 1990)

Comparative genomiasan useDSI| on genomes from different spectesdentify valuable
genesextending the use of DSI beyond natural breeding populaiongxample, theopy
number variatiofCNV) informationof the cattle genome was usedtald a high resolution
array tomap CNVs in the less well study genomes of gfatsitaneset al, 2010)

This makes it possible to extebx$1to organisms that are both outside the natural breeding

range and traditional descriptions of GRHAe kiwi bird isan example of an organism that by

law is notfood or farmed but is edible and historically was edtemas aunique genoméhatis
important to GRFA both for the genes for traits it carries, and for the genes it does not have. The
kiwi bird genome can besed by comparative genomicsamvide clues about what unknown

genes in organisms that we do -eéioth bird and mammal maybe responsible for traits that

may be improvedr eliminatedLe Ducet al, 2015)

Thevariety ofuses of DSI in biology in general is growing along with otle&ranges in
biotechnologyand computationThose changes are illustrated by improvements in three co
evolving teciologies (Figurés). The first of these is in scale of DNA sequencifhrgdding).*
The second is in scale of DNA synthesis to manufacture genémesng”) or make DNA

molecules used to modify existing genomediting’) . “ Si nce 1978 reading

platforms have exhibited increases in throughput of thi#lon-fold and onebillion-f ol d” and
million-fold reduction in cost in the past 10 years in both reading and w§@imari and Church,
2017)

The third of these is in computational power for analysis of DNA sequences along with increases
in storage and transmission of data. As an indicator of growth in processing power, the number of
transistors per chip has been doubling every two ye#ils2004 (Waldrop, 2016) Genomics

data is estimated to use exabytes storage by 20265tephengt al, 2015)

1.1 Co-evolving technologies

DNA sequencing technology has its origins in the 1§k dis, 2017) For many years
sequencing was done on a small scale, was laborious and egpé@asge public and private
investments in the genome sequencing projects of the late 1980s fertilized the development of
technologies that could affordably deliver the sequence of entire genomes.

With increased capacity has come decreasedMédt 2016) The first human genome sequence
delivered in 2000 is estimated to have cosDB&000000-1 000000000. Higher quality da
could be produced by 2006 at an estimated cost oflé&[14 000000-25 000000, and by the
end of 2015 it was as low &SD1 500 per genome.

DNA synthesis technology also has its origins around 1970, with the production of molecules
called oligomers composed of small numbers of nucleofiemrnarth and Broom, 197.7) his
technology too has improved to where now it is possible to synthesize DNA molecules that
correspond to genes (e.g. on the order of o\@¥Qlnucleotides)vhich are then connected to
make even larger, up to chromosome sized, molecules.

B This is due to different codon preferences for the same amino acid in the diffgy@mors.

1 Reading is defined as the usenadissively parallel sequencing technologies to decipher nucleotide order
and writing as the use of either geneetting tools or DNA synthesis to make changes in DNA
moleculegChari and Church, 2017)

15 A unit of information equal ta quintillion (10'8).

a
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The scale at which information about genetic resources can now be gathered, stored and
transmitted is vast compared to even the end of th€&agtiry, and capacity is rapidly
increasing. As many as 2aillion plant and animal speciese expected thave complete
genome sequences, and between 100 million and 2 billion pmagleave their genomes
sequenced, by 2025tephengt al, 2015) The rate of growth in this capacity, already possibly
doubling once evergevenmonths, portends a future where all genomes may one day be
described and variations in them recorded in near real time, globally.

Costs of sythesis are currently about 08.15 per base pafPetrone, 2016)The cost to
synthesize the human genome, as a collection of genersa@edules, would be
USD450000000. This would not include the cost of assembling the fragments into a whole
genome. Not only is the synthesis cost prohibitive, but presently the assembly would be
unmanageabl&erkel, 2017)

Nevertheless, there is growg evidence that in time technological advancements will overcome
barriers to the construction of viruses and organisms using only DSI. Small genomes can be
synthesized either entirely or in large parts that are then assembled in yeast cells in ttegyjtabora
(Perkel, 2017)The complete synthesis of five chromosomes of the Bsastharomyces
cerevisiads evidence that even larger genomes may soon be assembled, if not outright
synthesizedRichardsoret al, 2017)

Not just gemmes but also obtaining other material necessary for a virus or cellular organism
reproduceds becoming more independent of possessing the original biological m&&bsbn,
2014; Jewett and Forster, 2010)deed, the history of work dhis extends back many decades.

In the 1960s, researchers isolated and purifiadvo synthesized T4 andmbda( Aviyal

genomes and mixed them together with isolated and purified viral coat proteins to reconstitute
virusesin vitro (Edgar and Wood, 1966; Kaiser and Masuda, 1973; Weigle, 1Bg&002, the

7 500 RNA nucleotides long poliovirus genome was synthesized. To recreate the viral genome,
the researchers assembled together shortdnessimed DNA molecule@Vimmer, 2006) The

RNA genome was synthesized using enzymesaissgmble RNA polymers from DNA

“t e mp.IThetRBIA genome was combined étiger in a test tube with the enzymes that
increased the number of RNA genomes tnaduse RNA to construct proteins. This mixture was
able to produce infectious viral partici@immer, 2006)

The critical role of DSI in the reconstruction of the poliovirus was emphasized retrospectively by

one of the researchers. “Our expernamelythathas t h
the proliferation of cells ofpr that matter, viruses depends on the physical presence of a

functional genome to instruct the replication process. It was believed that without parental

genomes, no daughter cells or progeny viruses would arise. We have broken this fundamental law

of biology by reducing poliovirus to a chemical entishich can be synthesized on the basis of

information stored in the public domairan experimental proof of principle that is applicable to

t he synt he s i(esnphasis adulédlto Wimmeru2808)ace then, several other viruses

have been reconstructed in this weyimmer, 2006)ndicating that this proof of principle could

be extended to viruses relevant to GRFA

In the case of poliovirus reconstruction, the enzymes needed for the production of the virus

particle were isolated from human cells. This step may not be necessary in the future. Machines
such as -tobeotdggrcaal conver stedrcdn, fronhaantixolhr e now be
precursor molecules and an electronic DNA sequence, synthesize new DNA genomes and the

proteins(Bolesetal,2017) The converter “receives digitally
information and converts it into biopolymers, such as DNA, RNA and proteins, as well as
complex entities such as vir al(Boesetrat 20t7) es, wi t h

De novosynthesis fronDSI is neither always the intention nor the most important new

technology. Instead, the technology of gene editing, where an existing genome can be converted
incrementally to conform to a new desi@hari and Church, 2017; Perkel, 202%)ll more

likely be the more common application of DSI at leakd ihe foreseeable future. Its generality

was demonstrated by changimgltiple occurrences of a particular DNA sequeinceivo. The

DNA sequence TAG was changed at 321 separate locations in the ba&sciuenichia coli
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genome using short mut agenic” DNA mol ecul es,
code TAG to a new kind of amino acid for incorporation into prot@alagheret al, 2014)

Gene editing can be applied to GRFA. These techniques have been used to create new traits in
plants. This can be used to increase the efficiencysefiion of transgenes or to modify existing
alleles based on the DNA sequences in other species. For example, using a technique called
oligonucleotidedirectedmutagenesi$ODM), herbicide resistance traits were introduced into
canola and flaxSongstadtt al, 2017)

Complementing the changes in DNA reading and writing, and thegathysiormation

technology infrastructure, iabeen changes in bioinformatics, the science of working with
biological informationLidder and Sonnino, 2011; Oldhan@@®). Bioinformatics, including

genomics and synthetic biology, has been more than a field in which DNA sequences are
compared. Within this sector has emerged a culture of large shared databases, tools and software
for collaborative work.

The synergy bthe changes in the technologies and culture of working with large datasets
discussed in this section have reduced costs and increased capacity in genome sequencing and
DNA synthesis. Nevertheless, the direct costs, infrastructure requirements ang trainin

remain significant barriers to those in developing coun(tietmy et al, 2016)

1.2 Interchangeability of material

Bioinformatics has been applied to extracting information from both DNA sequences and the
scientific literaturgAl-Aamri et al, 2017) These kinds of information can be presented in very
different ways, ranging from highly structured to unstructured. They can also be carried by
different media, from DNA molecules, taitten text, to electronic media. Still, the informational
content can be studied using a shared methodelbiginformatics.

DNA sequence information, in the form of DSltriansferabldetween the DNA molecules of
organisms, to the media of electroastorage and transmission, and back to molecules of DNA
(Boleset al, 2017) These different kinds of material are interchangeable for holding
information.Information isthusfungible, allowing value tbe created from biological material
without access to the biologicgéneticmaterial in a laboratory, environment or country.

In addition information may be used in ways that are special to the medium, whether that be

electronic or biologicalA DNA molecule of a particular nucleotide sequence can be used in

ways that an electronic medium of equivalent informational content about the sequence cannot

be, and vice vers@heactual or potential valuef these two material forms of the same

informationmay \ary according to whether it is coupled or uncougled d e mat efromal i zed"” )
biologicalgeneticmaterial.

1.3What 6 s next

This report summarizes the findings of the study examining terms associated with DSI to assist
policy-makers and others tdentify similarities and differences in how different sectors may

view what is and is not DSI. Recognizing the existence of divergent views, it was a practical
necessity to adotworking definition of DSI for use in reporting the findings of the study.

This studyscopedooth current anéutureuses oDSI on GRFA with an emphasis on actual or
potential contributions to food security and nutritiomthe near and lorggrm future, the tools
and techniques applied to working with information in DNA sequence®eviixtended to more
biological materials than DNA, as well as more forms of DSI which will be used on GRFA the
way that either DNA molecules or DNA sequences are now.

The potential implications of the use of DSI on GRFA fordharacterizationconservatin and
sustainable use of GRFA, including exchange, access, and the fair and equitable sharing of the
benefits arising fronthe use of DSlarediscussed.
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Importantly, the use of DSI makes it possible to derive benefit from information about GRFA
that carbe used in other kinds of organisms or applications, and for information about organisms
that are not GRFA to be used on or for the management of GRFA. This report therefore includes
study findingsof GRFA becoming source opotential new pharmaceutioad industrial
productswhich constitute new potential income pathways for farmers.

A future looking analysis at the cutting edge of research in a scientific area runs the risk of
appearing speculative, of describing science fiction rather than sciemceepiint is therefore
built upon concrete examples in a series of vignettes. The vignettes are not meant to be a
comprehensive mapping of DSI on GRFA, but to demonstrate that which is, or nearly is,
possible.

The study upon which this report is based egsoratoryandscoping It presents abig

picture’ view of DSI on GRFA, nolimited to GRFA affected by DSIThe examples used
throughout this report illustrate the relevance of DSI to food security and nuttibough a
sectorby-sector analysis wasot requested, examples from all sectors are provideds&eibr
focused analysis could be useful in the future to answer more detailed questions about DSI on
specific kinds of GRFAThereport of the studgoes not present comprehensive anly

detailed information due toonstraints on length. However, its extensive bibliography will guide
those interested in more details
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Il. TERMINOLOGY AND DEFI NITIONS

DSI has no universally agreed definition. This is reflected in decision XIll/16 of the Convention
on Biological Diversity (CBD) and the decision of the Commission on Genetic Resources for
Food and Agriculturé CGRFA)to establish a new work stream on DBdth decisions note that

“there is recognition that there are a multipl
(including, inter alia, “genetic sequence dat a
i nformation”, “demat,eindiicdbt zkdzgehehf candsbhate

consideration is needed regar di(parggraph86 appr opr i
CGRFA, 2017)

How these and related terms are used in the relevant research literature will be described to
explore potential implications of the use of DSI on GRFA for the conservation and sustainable
use of GRFA, including exemge, access and the fair and equitable sharing of the benefits
arising from their use.

2.1 Terminology
2.1.1Genetic sequence data

Genetic sequence data (GSDaierm consistent witkhe nucleotide order in molecules such as

DNA. It is also a term usdaly the World HealtfOrganiation (WHO) in its Pandemic Influenza
Preparedness (PIP) framework. In context, it is clear that WHO is referring to nucleotide and/or

amino acid sequences associated with viruses because it recommends that GSD be stored in
GenBank othe Global Initiative on Sharing All Influenza Daf&ISAID), which do store this

kind of information. For example, GenBank is t
sequence database, an annotated collection of all publicly availslble Ds e q u(@enBaeks "

2.1.2 Genetic information, genetic material and genomic sequence data

DSl is a term so far rarely found in the scientific literai{iigure 3. The terms GSD, genetic
information, genetic material and genomic sequence data are more common. In the scientific
literature, genetic information is generally described in material terms. There is a long scientific
tradition of calling DNA sequences geigenformation or data, such as in the phrases
“genetically transmitted informatidrfAnonymous)or “genetic informatin in DNA is conveyed

by the sequence of its four nucleotide building blégk8atsonet al,, 2014)

Genetic material isometimesised in the scientific literature as it is used ernational

instruments such as the International Treaty on Plant Genetic Resources for Food and Agriculture

(Il TPGRFA, Treaty) to mean “any materi al of pl a
propagating material, containing functional unithoé r e @TIPGRFA). More often, it is used

to mearDNA, genes or genetic information. In the famous 1953 paper by James \&atson
Francis Crick describing the structure of DNA,
not escaped our notice that the specific pairing we have postulated immediately suggests a
possible copying mec h a(@Vatsomand @rick, 1053Jhe ageatior af i ¢ ma't
subcellular macromolecular structures with the genetic material was made in 1935 by Nobel

laureate H.J. Muller referring to structures on the scale of chromogMu#sr and Prokofyeva,

1935) This terminologyemains in common usageday(e.g. Griffithset al, 2000; Ofir and

Sorek, 2017Stegemann and Bock, 2009)

Different concepts of genetic material probably reflect different terminologies in agricultural and
molecular biology sciences. Prior to the consolidation of the hypothesis that@Nd\be the
material form of the gene, geneticists were restricted toingdn material of cellular or larger
scales and considered these to be the minimum reproducing unit.

Referring to genetic materi al aductiveaamdy mat er i al
vegetative propagating material, containing fu
management of GRFA, and is consistent with classical applied geloestmrssethe predominant
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toolisbreeding. The agricultural genetics literata f r om t he 1940s explicit

material” with that which «c¢ou(Wedissrlgd@maelladhee t he
cases decribed above from the molecular biology literature, gemefiicmationhad an

associated physicaiangible material. This is consistent with how geneticists view inheritance.

In nature, genetic information is routinedychangedetween different medi@nnex).'® The

essence of heredity is the transfer of DNA sequence informatbithe atoms of the physical
molecules of DNA that store the information. A child may contain no atoms from the DNA
molecules ohisher grandparents, bbhekhe inherits theigenes. The genetic information in the
grandchild has a physical continuity from the grandparents, but not a conservatiolecilar

material.

The commercial use of information may also take a material (Maveller, 2003)such as in the
following examples of a patent and a Material Transfer Agreement (MTA).

1 A patentgranted in 2004laimed any DNA molecule at least Pércenidentical to a
specified sequendeom the human and GRFA pathogércoli, and all computer
readable media that contain similar DNA sequeibdkon et al, 2004) Computer
readable media with DNA sequences were equated with DNA molecules ofemsequ
of nucleotides’

1 An MTA on genomic information that clearly defined dpta seas the object of
transfer. “A model MTA.defined ‘materi al
genomesequencelescribed in [name of the publication] ahé medium omwhich it is
provided (emphasis add@dThe MTA also covered modifications (e.g. multiple

sequence alignments and/ or gene prediction

data created by the recipient which contain/incorporate the material ardemelithout
being limiting replicated forms of the material and all cells, tissues, plants and seed

p

C

<

containing/incorpor at (renogntedin Manzelkar201@josf t he me
worth emphasizing that the MTA formally recognized that the genetic information is in a
physical- material- form whether it$ DNA or instead a medium used by a comptiter.

2.1.3 Dematerialized genetic resources

Dematerialization of the use of genetic resources was described by the Secretary of the ITPGRFA

(Treaty) as “the increasing trend for the info

be extracted, processed and exchanged in its own digtaihedfrom the physical exchange of
the plant genetic material: value is increasingly created at the level of the processing and use of
such infor mat i @mphasisatidettto BAD)2018)g e "

In paragraph 86 of the CGRFF6/17/Repor{CGRFA, 2017) “ demateri ali zed gen

resour ces” i s assoniadd with8ldDemaseriatized genetimresources could be

what some refer to as intangible genetic reses, or be included in derivative produ@sgley,

2016; Bagley and Rai, 2013; Tvedt and Young, 200ifangible when referring to property can
mean “information, reputation, an dphysidale | i ke”

a

property where owner'’'s rights surround control

abstract (Mdoep2000) type”

16 For examp, in the retrovirus lifecyclésee Annex
17*In one application of this embodiment, one or more nucleotide sequences of the present invention can

be recordedoncomputerm dabl e medi a. As used hreferetoanymedieoro mput er

that can be read and accessed directly by a computer. Such media include, but are not limited to: magnetic
storage media, such as floppy discs, hard disc storage medium, and magnetic tape; optical storage media

such as CEROM,; electrcal storage media such as RAM and ROM; and hybrids of these categories such

as magnetic/optical storage media. A skilled artisan can readily appreciate how any of the presently known
computer readable mediums can be used to create a manufacture coropnyinder readable medium

having recorded thereon a nucleotide sequence of the present inv¢billam et al, 2004)

18 Of course this is not to say that only when informationtmaeommoditized does it have actual or

potential value
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I ntangi ble genetic resoursibl dil sthhgumahiesnbahn
material and as a concept contrasts with materialistic scientific conceptions discussed above, but
also from “dematerialized use” where informat:.i
biological materih . As t he Secretary said: “Breeding is
resources asaw material$ (FAO,2013) | f t he focus is only this,
in embryonic form, address the noraterial values of genetic resources, such as Article 17, and

Articles 13.2a and b, you may, in seventotengéar t i me, find yourself wit
raw materials, rather than a dynamic framework which facilitates and governs the ongoing

innovative uses of genetic resources, at the level of their epistemic value, i.e. their information

and knowledge valuescluding characterization data, genomic data stieiid even

envi r on mgmD,2013)dikewise; in the First Meeting of the Expert Consultation on

the Global Information System on Plant Genetic Resources for Food and Agriculture (GLIS),
information associated with gerimphasaaemt waist des™T
(paragraph 6 GLIS, 2015)

The value of the genetic material of seeds is irbthgicalmaterial that may be used or

exchanged. Dematerializatiof the usef genetic resources, where value is created at the level

of the processing and usk for example, DNA sequence in databases, is made possible because

of the contextual and quantitative information embedded into it. As is discussed in more detail in
Chapterill, knowing DNA sequences of the plant genome can be used to identify or design

physical and analytic too($or “marker§)t hat can “be wused to foll ow 't
traits during the breeding csLl$, 2015 Tosadlaraseng phe
these is not to use the seed. As such, both use and value have been uncoupled from the seed or its
exchang, but it nonetheless supporfisr examplebreeding and conservation outcomes.

As is discussed in more detail in ChaptérandlV, information and knowledge content of

genetic material is being gathered on a scale that creates even more opgsidunilue.

Genome sequences have bectineescale ofbig datd (Rajan, 2015)Information on genetic

resources provides the basis for levels of analysis that would be impossible with smaller data sets.
Qualitatively new skills and knowledge emerge from this resource, not all of which require, or
must be applied to, biological maits.

2.2 Common characteristics of terms

The wide range of terms associated with DSI and discussed Aaggsome characteristics in
common. With the possible exception of the ter
refer to things with the ability to interchange information stored in physical material, such as

DNA, with informationin silico, that whch is used infor exampleglectronic media.

The terms differ in broadness of the kinds of information that apply to GRFA. GSD can be used

in a way that is more specific than is genetic information which is more specifimthgino

utilization and deraterialized use of genetic resources. Setting aside metadata, GSD could mean
no more than a series of letters, such as A,G,C,T, representing a sequence of nucleotides in DNA.

In practice, however, GSD is always linked to metadathschenta, which are cotextual

(Figure §. They range from such things as sequence orientation to geographic and phenotypic
data and are ubiquitous in the databdbtmzella, 2016)For an example of how contextual DSI
from biome studies is used in GRFA, see Bok. These data also may be used separately from
the sequence data.

The terms also have in common that they desdiit@s of information that are amenable to
study using the same methodologies. The same methodologies can be applied to information in
DNA sequences and the scientific literat(®é-Aamri et al, 2017) Bioinformatics is a science

of such met hods. I't is the “organization and a
usually involving the use of computers to develop databases, retrieval mechanisms, and data
analysis tools, especially in the fields of molecar bi ol ogy, structur al bi o

(NLM). Synthetic biology is another. It links bioinformatics and biologicgireering, from
design through to construction.
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2.2.1Beyond DNA

“[nls]t ead Whichesloiumrg e's ar e weanedadmptet or eddsekusrac e s ?’
biological resource not a genetice s 0 UAtag, the?answers to this second questiave also
pr oven (fvedtand Young2007)

While some of the terms used seem to be limited to information on DNA, other terms embrace
more than DNA. In fact DSI could be understood not to be limited to information on DNA
sequences. Instead, DSI could embrace all genetic informatioinig things. DNA sequence
information alone is not always sufficient to characterize diversity or select for desired
phenotypes of GRFA (Boi.2). The difference between a desirable trait and its alternative
therefore may be identified, stored and tramtadias DSI that is not a DNA sequence.

The over 1700 databases of DSI in routine {$able Il.1)range in coverage from familiar DNA

DSl such as in GenBank to LincSNP, which links single nucleotide polymorphisms (SNPs) to

disease, LNCediting, a databdsefunctional edits to a specific class of RNA molecules (and

which only occur in RNA), RCSEhatassociates genes and proteins whitieedimensional

protein structures, on to BioGRID that lists gene and protein interactions as well-as post

translational modifications to proteins and PlaMoM that aids prediction about macromolecules
transported in the plant phloem based on storedY2&8ious, 2017)° The European

Bioinformatics Institute (EBI) in the hltedKingdomis one of the largest archives of biology

data and only 1@ercentis DNA sequence@Marx, 2013)A1 I t he categories exc:
Genes and Disease” (with just two databases) h

In the First Meeting of the Expert Consultation on the Global Information Sy&eis) on

Plant Genetic Resourse f or Food and Agriculture, the exper
di fferent types of data available about PGRFA"
sequences, such as phenomics. Relevant expertise of experts appointed to the Scientific Advisory
Commt t ee on the GLIS Article 17 included “bioin
in particular genomics, phenomics and proteomics; management of environmental-and geo

spatial dataaboyt | ant g e n e (Appendix 5eGL 18, 2016)e s ”

2.2.2 Codes

Macromdecules, including ones that are not nucleic acids, are increasingly being discussed in the
scientific community as possessing forms of genetic information. Those discussions use terms
such as epigenetics, epigenome,-BiA inheritance and prions. A neveld being dubbed

“code biology is devoted to the actual or potential characteristics of diverse biological materials
to be amenable to bioinformatitge studiegBarbieri, 2018) How DSI on GRFA is used by
scientists now portents a time when DNA itself may not be center stage, or at least museshare th
stage with many more forms of DSI such as the metabolic, histone, sugar, splicing, tubulin,
signaling, ubiquitin and glycomic codé&3arbieri, 2018; Buckeridge, 2018; Gabius, 2018;

Marijuanet al, 2018; Prakash and Fournier, 2018)

19 The journal provides a Web link to the datasdlAR).
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Box I .1. DSI of therumen biome and its use in management of animal genetic resource

There are about 200 species of ruminant animals and nine species that are domesticatg
livestock, including cattle, buffaloes, sheep, goats, reindeer and camels. The estimated
population size is 3.6 billion animals worldwide, with the vast majority in developing cour
(Hackmann and Spain, 2010; Steinfetdal, 2006)

The rumen harbors a complex microbial ecosystem that allows these animals to digest
material that other animals and humans cannot efficientlyMs8weeney and Mackie,
2012) This is due to the particular mix of mieooganismdound in the rumen. These
microbial communities break down complex plant polysaccharides that are indigestible
unproductively used by monogastric anim@s Tarscet al, 2016)

The rumen in ruminant livestock hasighly diverseanaerobianicrobiome.The rumen
microbiomeis a source of metabolic diversitgnowledge about it can be applied to improv,
animal health and productivity, lignocellulose digestion tanithemitigation of climate
changgCampanaret al, 2017)

Within the last few years, several significant metagenomic surveys of the rumen microb
have been completedreating DSthat is applied to the duahallenges of increasing feed
efficiency and reducing greenhouse gas emisgicampanaret al, 2017; Hendersoet al,
2015) For example, mend product of anaerobic digestion is methane. Most of ther8ént
of anthropogenic methane comes from fermentation in therrafiminant livestock.
Unfortunately, methane is a greenhouse gas with 23 times the global warming potential
CQ.. Changes to fermentation efficiency could reduce methane emissions and improve
retention of feed energy for the aninf@erberet al, 2013; Hendersoet al, 2015)

In one study,umen microbiomes were surveyed from 742 animals from seven different ¢
regions(Hendersoret al, 2015) The diversity of the rumen microbiome was surprisingly
consistent. Differences weretime ratio of the sizes of the paptions of different species, ar
in which species had the largest populatiditee most important determinanttbése
differencewas diet because the majority of microorganisms in the rumen ferment the mg
feed(Hendersoret al, 2015)

Diet drove the demographics of the microbial community and the greatest variation was
the bacterian the microbial community of the rumed anyrumen bacteria are known only

through genomic DNA sequences. Howe®$| fromharvested DNA sequences could still
be used to predict the metabolic phenotypes of the microbes, not just infer the potential
description of the microbial speci¢zarenhetically, tis study is an example of both the val
of DSI for metagenomic analyses dnternational collaborations resulting in the release of
DSI onGRFA frombothdevelopingand developedountries

In a complemermnhary c"“ gne ppeoape to sumeyiogsdiffereat
ruminants on different diets, another study extracted rumen fluid (containing the microbi
and fedcultures ofthe same microbiome different diets. Metabolic pathways were constrt
based on detected genes from the netagiic sequencing because they differed dependir
on the polysaccharide/protein composition of the experimentally varied Geetgpanaret

al., 2017)

Thetwo differentmethodologiesised by these studietentified the keymicrobes contributing
to methane production. Such knowledge might lead to manipulations of the metabolomeg
rumen or diets of livestodior improved management of animal genetic resources.
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Box II. 2. DSI contributes to identifying link betweengenotype and phenotype

The genotype and the environment determine the phenotype. Over time, the environme
including anthropogenic influences through breedmagy select anémplify genetic
differences between populatiofogges®t al, 2013) However, the environment influence
phenotype in more ways thaust allelic variation. For exampldijfferent environments can
result variations in the proteins produced from the same géeeprotein diversityf a single
genome relative to the number -foidibycgnsigeeng
all [the RNA] splice forms per proteilivhen the ~300 [pogtanslational modifications] are
considered the number of distinct protein chains rises to around greater than 500,000. (
of this precise proteolytic processing can convert the parent chain to two or more stable
daughter chains ging rise to up to potentially 1,000,000 protein chaif@verall, 2014)

Critically, “understanding the genetic sequence alone does not provide this infofmation
(emphasis added to Overall, 201Mpt all traits can be identified from DNA (or more broad
genome) sequences. That is one reason why DSI on GRFA is not just DNA databases.

Functional omics is changing breeding of GRFA from the traditional approach of crossin
desired phenotypes to camtrate desired genetic traits the use of full phenotype and
genotype DSI to predict the “phenotype
accounting of all environmental effects. This is the approach that will eventually provide
extraordinary improvement in animal and plant proiucsystems, but is predicated on a
comprehensive understanding of (Boggesktalgi c
2013)

With the help of DSI, phenotypic detail at the omics level is accessed. Using omics DSI
informssearches for genes or consortia of genes that provide a particular phenotype. D¢
DNA sequences can be used as a tool for breeding, such as when the sequences are u
MAS to enrich for particular genes. Phenotype DSI can be used to synthesimeree dghat
produces the desired phenotype, or to edit a genome to create the phenotype. Through
uses of DSIDNA becomes the product, rather than the source, of the information that
produces value from a genetic resource. For example:

1 Researchers intested in finding new proteins that could be used in place of
antibioticsfound that theyould design those proteins from an analysis of proteing
with varying degrees of antibacterial activi§peckPlancheet al, 2016) Proteins
with antibacterial activities are made by all organisimsluding GRFA, just as they
can be used to treat infectioimsGRFA. The existing proteing/ereidentified through
DSl that is annotated DNA sequences or amino acid sequenéesnane scientific
literature. The fundamental information necessary was not DNA sequence
information, but either inferred or known amino acid sequences. Using bioinfcsm
approaches, models were built that could predict with high accuracy what seque
amino acids in a protein would have antibacterial activity against the largest nun
pathogens, or be specific to types of pathogépsckPlancheet al, 2016) From this
information, new genes could be sought in existing DNA databases to find the
organisms producing peptides with desired antibacterial activities, or new geftes
be synthesized that would correspond to proteins of the desired attributes. The
fundamental information necessary to produce value from an antibacterial peptic
came from publicly accessible databases, but the prodeceot just a recreation o
already described genes or extracted from an organism taken from a particular
environment.

1 Not only is the proteome diversity larger than can be predicted from the number
genes in a genon(®@Vilhelm et al, 2014) but also metabolite diversity is larger thar
can be predicted from the known number of enzyfisiya et al,, 2016) This
suggests that either enzymes have c¢
more diverse reactions than currently known, at thany unassigned genes encod
enzymes not assigned to particular substrate (metabolites).
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Where the DNAaloneis not eplanatory, DSI may reveal epigenetic or epiallelic variationg
(Fortes and Gallusci, 201 & pigenes leading to selectable traits can be mapped as epiQ]
analogy to QTL for genes. EpiQTL have been linked lerge number of important crop trai
and stability is important faruenesgo-type in cultivargsee Table 1 in Rodriguez Lépez an
Wilkinson, 2015) Where these are due to differences in DNA methylation, specific markg
can be developed, in analogy to DNA markers for MAS.

1 Genomewide changei methylationof DNA nucleotidesan occur during

This inspired researchers to search for DSI that described ersyjratrate structures
rather than DNA sequences of enzyme genes, because the latter approae$ requ
“functional associations to other i (
genome i n@oriyaetal, 2006) Using databases such as KEGG, the
researchersusedwhedet r uct ure comparison of su
of a pathway to identify the likely features of proteins that would serve as catalys
then to work from that to idéify DNA sequences that are predicted to give rise to
such proteingMoriya et al, 2016)

micror opagation of c¢clones, resulting i
in oil palm, mantled inflorescence syndrome was found to be associated with glq
changes to @nethylation status during micropropagation, and caused catastroph
reductons n yi el d among all affected pl a
(Rodriguez Lopez and Wilkinson, 2018henotypic variation from chges in
epialleles is an important source of diversity even in highly inbred staple crop
cultivars, and may contribute more phenotypic plasticity than allelic variation
(Rodriguez Lépez and Wilkinson, 2018)ethylation distinguishes epialleles of the
gene FIEL in rice and Pt in maize. These genes affect flower phenotypes or
pigments in the grai(Rodriguez Lopez and Wilkinson, 2015)

Tibetan pigs are adapted to the high altitude environment of 4,000+ metres.
Adaptation has been linked to various allelic markéirset al, 2018) The Tibetan
pig is now also being farmed in low land areas, providing an ideal comparator fo
identifying epigenetic markeesssociated witlacclimation to relative hyperoxic
conditions. The methylation status of genes in the genomes of pigs reared at diff
elevationsvas determined using bisulphite DNA sequencing identifying genes re
to hypoxia, oxygen transport and energy metabolism associated with significantl
different expression leve(dinet al, 2018)
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Table Il.1: NAR Database Summary Paper
Category List

Nucleotidesequencealatabases

RNA sequence databases

Protein sequence databases

Structuredatabases

Genomicdatabasefnonvertebrate)

Metabolic andsignaling pathways

Human and otherertebrategenomes

Humangenesanddiseases

Microarraydataand othegeneexpressiordatabases

Proteomicgesources

Othermolecularbiology databases

Organelle databases

Plant databases

Immunological databases

Cell biology

2.2.3 Epigenetics

DNA has been used as a synonym of the gene for over a half century. It is proven to be the
physical basis of inheritangeleinemann, 2004However, therare other materials that also
transmit some traits either infectiously or during reproduction, as does DNA. These are referred
to as epigenes and they also are the physical basis of inheritance of sort@ariaiger and

Schmitz, 2017)One kind of epigenetic inheritance is the propagation of diffieatenethylation
patterns on DNA.

DNA is composed of four chemically distinct nucleotides, A, G, C and T, and the sequence of
these nucleotides is part of what is archived by a genetic sequence database such as GenBank. A
common modification of nucleotidésto add a methyl group (GH The addition and removal

of methyl groups is associated with functions varying from protecting DNA from the actions of
nucleases to effects on gene expression and differentiation of cells in a multicellular organism, all
of which might also be the basis of important traits.

Breeding combines and recombines genetic diversity within different genomes represented by
changes in the DNA sequence in each gene, but also by changes to the DNA around a gene
(sometimes thousands ofateotides away) and to variations in the chemical modification of
nucleotides in a gene, and other wéyshafer and Nadeau, 2015)

Modification of nucleotides is a dynamic process that may occur multiple times within the life of
an individual cell, but may also be stable and in soreesheritabl¢Taoet al, 2017) Whereas



40 CGRFA/WGANGR-10/18/Inf.12

sequence variants of a gene are called alleles, modification of the same underlying DNA
sequence yields multiple variants of the gene, called epiafléihisciet al, 2017) Epiallelic
variation also can be the basis of desirable tthégprovide value fronGRFA (Gallusciet al,
2017;Springer and Schmitz, 2017)

2.2.4 Phenomics
Information from biological systems is also being used to augment, even replace, DNA DSI on
GRFA. Genomic DNA studies “wil!/l eventually pro

and plant production systems, but is predicated on a comprehensive amdiagsbf biological
proteomi cs an(Boggesst a&,l2@B)o mi cs”

Genotypgrom DNA ssquences from many individuals, breeds and species can be directly
compared. Similarities provide information on evolutionary refestdps and identify variations

in genes that are linked to desirable traits. DSI is as valuable as a tool to indicate what different
genomes do not have in common as it is to identify what théRelmingtoret al, 2005)

Comparing the flightless nocturnal kiwi bird genome to other birdsdemify genes that are
associated with different traits.

Phenotypes are the characteristics, or traits, of an organism. The correspondence of DNA
sequence to phenotypes is not the same for all phenotypes. Simple cases in which a single DNA
sequence aloneompletely determines a phenotype esenparativelyeasy to document.

However, many phenotypes are the outcome of many different genes and some genes influence
many different phenotypes. Moreover, phenotypes are the product of both genetics as reflected in
DNA sequence and also environmental influences including temperature, altitude, diet, water
availability and microbiome.

Phenomics is “the use of | arge scale approache
gene or the whole genome translateintbe f ul | set of phedfNdFAYypi c tr e
NSF, 2011) It draws uponnformation abougene by environment interactions that mmeasured

using techniquesacl | ect i vel y c¢al | @gidderamdrS8onairso;20ltl)e c hnol ogi e ¢

Omics technologies can identify the entirety of specific molecules in a tissue, cell or organism
(Heinemam et al,, 2011) Omics includes genomics, transcriptomics, proteomics, metabolomics
and even larger groupings. For example, liver and skin cells have very different sets of RNAs
(transcriptomics), proteins (proteomics) and metabolites (metabolomidshese differences

can vary across time or due to other variables, such as development or stress.

Omics techniques provide useful information but none alone provides a complete picture of an
organi sm. For example, “it i s -taslatienalproteir t o me a
modifications to reveal information about stress inducible sigaaeption and transduction,

transl ational act i vi(Ghataketald20i7niadditiendo thevatue&i n | ev
phenotypic data, omics DSI can be used to aughn
processes will provide more direct insight into stress perception then [sic] genetic markers and

might build a complementaryabis for future markes s si st ed sel ection of dr.
crops(Ghataket al, 2017).

The metabolome is the set of metabolic products arising from the sequence of reactions in
metabolism. Software platforms using databases such as Kyoto Encyclopedia of Genes and
Genomes (KEGG), MapMan, KaPRAew, MetaCyc and MetGenMap facilitateet

identification of the associated genes and metabolites by mapping metabolomic data onto
metabolic pathway§Abdelrahmaret al, 2017) This provides breeders withetdolomic
guantitative trait loc(mQTL) markers.

In one application, metabolites from the leaves of 289 distinct young maize lines were used to
asso@te metabolomics and agronomic traits to genomic ma(keeslelsheimeet al, 2012)
Genomewide association mapping linked 26 metabolites with SNPs. The power of the analysis
was sufficient to identify plausible candidate genes consigtitm the function of the metabolite

in maize.
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2.3 Conclusion

This chapter provided a summary of views on the terms associated with DSI. Consideration of
the terms identifies meanings that might be shared, or at least points to some common illustrative
examples of what they mean. Whatever terminology is used to describe DSI, it is important that it
be inclusive for theurrent and potential future uses in the food and agriculture sector to avoid
becoming irrelevant.

With inclusivity in mind, this reportises DSI to meainter alia that which could be held by any
existing or future database of the types summarizedumjeic Acids ReseargWarious,2017)
on its websitd NAR) and used within the science abimformatics
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. CURRENT STATUS OF BIOTECHNOLOGIES USING DSI IN THE
MANAGEMENT OF GRFA A ND AGROECOSYSTEMS AND THE TYPES AND
EXTENT OF CURRENT USES OF DSI ON GRFA INBIOTECHNOLOGIES

DSI has many existing and potential future roles in GRFA management &R used in
biotechnologies. Key applications have relevance to the three objectives of the Commission and
the Treaty, conservation and sustainable use of GRFA and the fair and equitable sharing of the
benefits arising out of their use.

This chapter bridy discusses the conservation and sustainable use of GRFA, including
microorganisms, fungi, plants and animals. Each section includes at least one substantial vignette
that maps an existing or emerging role for DStharacterization;onservatioror sustinable

useof GRFA?°

These vignettes are intended to illustrate scientific and commercial uses, drawing from the
credible, peereviewed and latest scientific literature. That necessarily restricts examples to the
past,present or near future. Howevdrig evident that all the kinds of information described in
the previous chapter are being taken from and used on GRFA.

3.1 Characterization

“Scientists can now rapidly read the DNA of an orgariszmen a plart-anywhereResearchers at the

Royal BotanidGardens, Kew, have recently reported on their use of a handhetdrred)NA sequencing
device that allowed them to identify the various species of an entire field of plants far faster than could be
done using previous methodshis was the first time gemic sequencing of plants has been performed in
the field. They highlight the new opportunities that +tale nanopore sequencif®TnS) offers for plant
research and consenaii (Palminteri, 2017)

DSl on GRFA is applied to describe and characterize genetic resources. Characterization
provides information about organisms and ecosystems that may be used for basic research,
identification, nonitoring and to draw comparisons with other organisms and ecosystems.
Molecular markers, phenomics and bioinformatics are used in the characterization of GRFA
(Lidder and Sonnino, 2011)

Characterization involves the systematic collection of information atematgpes, traits,
phenotypes, genetic diversiand distance, population structure and size and geographical
distribution(Lidder and Sonnino, 2011)

Molecular markers are used to identify and track alleles for quantitative traits. When different
combinations of alles of different genes cause different phenotypes, the trait is said to be
guantitative. DSI is used to create the tools for following different alleles through breeding.

Barcoding is a technology that improves identification particularly of speciearthdifficult to
distinguish between by morphology. Barcodiusgs DNA sequences from a gene or genomic
location for species identification and discovéridder and Sonnino, 2011A variation of
barcoding is metabarcoding, where an estimate of biological divessigrived from direct
isolation of DNA from a sample, such as a soil sar{pisvin et al, 2018)

DSI has becomenaimportantcomponent of breeding by contributing to the rate and accuracy of
trait mapping to develop targets for MAS. Moreover, it is important for calculgéngmic
estimated breeding valgarshneyet al, 2014) It also assists in setting priorities for the GRFA
to be conserved.

Vignettelll .1.1: DSI from whole genome sequencing for MAS in yam

Thewhite Guinea yanDioscorearotundatg grown in West and Central Africes both96
percentof yam produced globallgnd an important crop for local food secufifiamiruet al,
2017) A breeding programefor yam could help to reduce their susceptibility to disease and
nematodesBecausehe yam are usually propagated clonadly tubersbreeding for these traits

20|t is possible that a vignette could apply to more than one section of the report.
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is slow Further complicating improvement is the high heterozygosity of yam beitanakes
themnot amenable to linkage analysis using the segregating profeny=2 generation and
recombinant inbred lines

DSl plays an impdant role in other approaches to yam breeding and managB&efrom

whole genome sequencing was used to identify a genetic marker for sex identifteatioould

be used at the seedling stagbe DSI resources underpin MAS in a genoraissistedreeding
progranme. Mdlecular markers, such as simple sequence reff@8Rs), indels, and SNPs, can,

for the first time, be developddr various applications in Guinea yam, includlimkage

mapping, genomeide association analysigenomic selectiorand MAS (Tamiruet al, 2017)

By providing improved tools for breeding, DSI on yams contributes to food security and nutrition
of local communities and increases the potential for income from the crop.

Vignettelll .1.2: Metabarcoding DSI to characterize microbial ecosystems

Food security and nutrition is improved by healthy soils, which in turn are dependent on soill
micro-organismsMetabarcoding, a higthroughput variation of barcoding using metagenomic

or genomic DNA, can be applied to describe the microbial ecosystem on everything frem store
packaged foo@Higginset al, 2018)to large agroecosystems. While barcoding can be used as a
tool for the conservation of species, metabarcodindearsed for conservation of ecosystem
functions.

Quantitative microbial community structure descriptions were built d&hof 165 rRNA DNA

profiles of ecosystems dominated by five different uses, natural and planted forest, vineyards and
improved and unimproved grasslands in New Zea{@rdiin et al, 2018) Metabarcoding

profiles based on nucleotide sequences correlated well with the more traditional tool,
phospholipid fatty acid profiles, and as reliable predictors of ecosystem function.

Describing the microbialanmunity helps to identify land uses and diagnose soil furesioch
asnutrient levels and decomposition ratésr example, soils with higher levelsAfidobacteria
may have less drought tolerance than soils witinobacteriafor those soil functions
Ultimately, DSI built from metabarcoding might help to improve food security and nutrition
through either direct supplementation with specific kinds of microbes or amendmeiaigethat
the soil microbial communitst.

Vignette 111.1.3: Characterization ofepigenetic markers ifiorestrytrees

Forest trees are in general long lived #mgs can experience significant environmental

variability. Their long generation times makamore difficult to breed them for adaptive traits.

This creates special challersg®r breeding and management of tree biology and forestry.

Fortunately, trees tend to have a high degree of phenotypic plasticity. Understanding the

underlying heritable basis for plasticity is a key goal for breedibiyerse environmental

stresses anldybridization/polyploidization events can create reversible heritable epigenetic

marks that can be transmitted to subsequentrgenei ons as a form of mol ec
Epigenetic changes might also contribute to the ability of plants to colonisesistpn variable

envi r o (Braatigamst al, 2013)

DSl of epigenetic markers is important for forestry. An examplex@jpggenetic marker is DNA
methylation of DNA sequences. These markers have imshto demonstrate, among other

things, a relationship between response to water deficit and the genes associated with phenotypic
plasticity in poplayan important insight for breeding heritable epigenetic markar

eucalyptis has also been linked tphenotypic variation in cellulose conteah importantrait

for use(Brautigamet al, 2013)

21 Another example is the Ecobiomics Projé€BD, 2018)
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3.2 Conservation

Plant and animal genetic resources are needed fostdityand nutrition andfor breeds at

risk, genetic resources are neededrfaditions and cultural values or to satisfy emergent niche

market CGRFA, 2012)With* 75 percent of crop genetic diver
century,; 17 percent of thebwomlgdas Irisé&sobbdclexb
these resources are under th{¢®O, 2017)

Strategies for conserving genetic diversity incledesitu, ex sitin vivo,andin situ conservation
(CGRFA, 2012, 2014 Effective management of diversity requires that the particulaomix
conservation strategies is suited to the objectives, which are specific to the genetic (espurce
see Table 1 of CGRFA, 2012h general, all three strategies must to some degree ensure that
relevant organisms ardentified and that thpopulation is large enoudh hold representative
genetic diversity in the collection or environment, the organisms or germplasm are viable, the
diversity can be accessed when needed, and information is available and easily aliegegig

by electronic meankCGRFA, 2014)

DSl in the form of species surveys also contribtibespecies conservati¢€BD, 2018) DSl is
frequentlyuse for identification of species and for assessing genetic diversity within species.
Other tools, such as metabolomics and proteomics, can provide even more detailed assessments
of diversity. Diversity measures based on emomeonly can miss other heritlbdifferences in
diversity, for example by selecting populations that tend to produce a certain kirdlesfme

Moreover, those measures exclaghigenetiacharacterizations. What appear to be similar
populations based on DNA sequenoes/ not beequivdent based on epigenetically determined

traits (seeBox I1. 2).

Vignette 111.2.1: DSI applied to halting loss of planBRFA

DSl contributes to therpservation of genetic diversity, contributing to improved food security

and nutritonl t al y's Cil ento region is a UNESCO herit
origin of the Mediterraneadiiet. Italy is home to several common bean landraces. Some

landraces are in danger of extinction. Ovep6é€cenibf thecommon bean ecotypesveabeen

lost over the last 100 yeafldammeret al, 1996) In order to describe the genetic diversity

among landraces, as part of a conagon effort, 12 differenitalian landraces were barcoded.

Barcodes refer to DNA sequences that are diagnostic of the origin of DNA in a sample. In
conservation work, the objective is to use spespExific barcodes to identify all species
representeth a sample. Both the tools (i.e. primers) for amplifying diagnostic barcodes from a
sample, and the barcode itself, are stored and transmit28la$ DNA sequences in databases.

The amplified DNA from the landraces was sequenced and then comptr&sl in

international databaséBe Lucaet al, 2017) The study found tham situ conservation by
farmers,geographical isolation, and the biology of the bdhoomtributed to genetic

distinctiveness of the landraces. The tools and methods developed in the study are an ongoing
resource to help preserve the genetic diversity of the landrmades c hparaaf the sdcial

history and cultural identity of thecomu ni t i es | i vThenswdy authors doreluded e a ”
t hat t highlightea th&t cohservation of landraces is importanbniyt for the cultural

and socieeconomic value that théwave for local communities, but also because the time and
conditions in which they have been selected have led tgénatic distinctiveness that is at the

basis of many potentialgronomical applications and dietary benéf{3e Lucaet al, 2017)

Vignettelll .2.2 DSI applied to halting loss canimal GRFA

“The increasing availability of genomic tools, acce
of massively parallel higthroughput sequencing (HTS) technologies and computational resources, will

create new avenues for research in the fielcboservation genetics...Moreover, genomic tools can be

directly used in wildlife management by helping to diagnose the causes of population declines, for testing

the health of managed wildlife populations, and by directly improving the fitness of mamamgdtions

through ‘' omi cs (LeierandZayedd20l¥y eedi ng”

DSI contributes to theonservation of threatened species, such as pollipammngibuting to
improved food securityBeesprovide food as honegnd they are essential pollinatéos >80
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percentof flowering plant specieimcluding plant GRFALSpezUribe et al, 2017) Bees
pollinate an estimated o#tlkird of the food we consume and boost agricultural productivigno
estimated twahirds of cropgSuniet al, 2017) In many environments, bee populations are
threatened although the causes are khadys known and may be multiple, including habitat
destructiondisease and agrichemicél®zier and Zayed, 2017)

DSI on bee genomes and microbiomes can contribute to preservation and restoration of bee
populationsWhole genome sequences of 11 bee species are already available. This important
resource is just a start, however, because Hreian estimated 1600 bee specidtozier and
Zayed, 2017)One application of these sequences is to test the possibility that DNA or RNA
based pesticidgsee vignette 4.1)Zould cause offarget acute, chronic or behavioral effects on
beegLundgren and Duan, 2013ioinformatics using DSI helps to inform testing of these
pesticides for effects on be@dogren and Lundgren, 201Hrom aliterature surveyl0lsmall
double stranded RNAs that were designed as pesticides because they cause gene silencing in a
target pestwerefound by bioinformatics analysis potentially capable of binding target RNA
molecules in honey beeSuchin silico analysis is insufficient to either prove or disprove the
possibility of offtarget effect of any dsRNAyhich also requires a plausitd&posure pathway,

but it helps to identify risk hypotheses that can then be further tg&étemanret al., 2013)

3.3 Sustainable se of GRFA

Global food security depends on the ability to produce a nutritious food supply without depleting
the ecological resources upon which it relies. Genetic resources in food and agriculture are under
increasingdemands to feed more people on less land, or in warming oceans. The means of
production are challenged by natural disasters and the increasing intensity of weather events due
to climate change.

Sustainable agriculture is dependent on sustainable develbpntkhiodiversityThis is

recognized in th&ustainableDevelopmentGoalssuch as 2 on food security and sustainable
agriculture, 14 on life below water, 15 on life on land, as well as 12 on sustainable consumption
and productiofFAO, 2017) Agriculture is not just a way to produce food, but also a way to
practicein situconservationimprove child health and gender equalifaberletet al, 2008;
UNEP/UNCTAD, 2008)Some2.6 billion people worldwide are directly engaged in agriculture,
and in developing countries-380 percentof all livelihoods come from agricultural and allied
activities(IAASTD, 2009)

DSl contributes to these broad goals of sustainabldtuseused in reproductive biotechnologies
such as sperm and embryo sexing in animals, diseageogiics anaontrol (e.g. vaccine
development)chromosome set manipulation, tissue culture, Mekfsigenetic engineering,
among other¢Lidder and Sonnino, 2011pSI is developed to track the movement of genes
between domesticated and wild populations of GRFA. For examplesmant from
domesticated to wild species might endanger small wild populations if itccau®eeding
depressiorfLidder and Sonnino, 2011)

DSl is used to discover and design new pesticidiegertilizers and probioticf.idder and
Sonnino, 2011)

Furthermore, sustainablseihas economic dimensions. Farmers need adequate returns from their
products. Certification and traceability add value to agriculture by meeting consumer demands.
DSl is used to meet certification and traceability standards, as well as to ensure cemplianc

some food safety standards.

Vignettelll .3.1 Landscape genomics DSI used in anim@RFA breeding

Improvementdéo GRFAthrough breeding contribute to food security and nutrifidre use of

defined markers can help to accelerate breeding progeaby enabling the identification of

desired traits even before they are evident by observaiigaré 3. For example, sequences

from the chromosomes linked to improved performance of cereal crops under drought conditions
(e.g. seedling establishment, re@or, or transpation efficiency) have been identified
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(Richardset al, 2010)as has a markdor resistance determinants to stem rust in wheat
(Periyannaret al, 2014) Using DSI, variants in alleles of genes can be used to select individuals
with desired combinations.

SNP analysiss a tool that uses D$Box 2). A SNPis the position in a genome where a single
nucleotide (A, G, C or T) differs between two genomes, with one usually being a reference
genomgYanget al, 2013) Up to 90percentof the differences between genomes within the

same species are SNfKoopaee and Koshkoiyeh, 201Zhe different versions of the DNA
sequence are called allelescB@enome can contain thousands of SNPs that can be used as
physical markers for breeding and conservation of species. SNPs can be identified using DSl in
specialist databases, suchLascSNP(Various, 2017)

SNPs are used in, for example, dairy cattle to predict performance (yield, milk protein content,
fertility) in different environments (e.g. high altitude, heat, humidity) to choose indisithet

will perform best (predict how offspring will perform in a different environment based on SNPs,
e.g. bull from Europe, offspring in Australihlaile-Mariamet al). A library of at least 1000
SNPsis generally required for genomics analysis of livesi@@bkolliams and Oldenbroek,

2017)

The distribution of SNPs in genomisaised to infer relatednebgstween individuals. In

conservation of endangered species, whether natural populations or livestock breeds, SNP data
can be used to choose the most appropriate (usually least related) individuals for breeding
progranmes to ensure the highest possibleajendiversity in the population.

SNPs contribute tdandscape genomieghich examines the order of genes in genomes, which

genes belong to the same neighborhoods, how often this is true in a species and between species
and finally links such data to phatypes( B r dt al,&2016) Landscape genomics can also be

used to detect selection signatuteandscape genomics is a promising apprdacloptimizing

genetic potential by adapting breeding stock to locations. The alternative approach, to optimize
traits under a defined set of conditions, fails when those conditions cannot be recreated where the
livestock are raised.

Researchers have used SNPs, geographical data and information about production systems to
describe indigenous goat populations in South Affiddladlaet al, 2017)* Adapt ati on of
animal genotypes to the environment is central to the coping of local livestock populations to
changing climatic and production objectives and is a key parameter to use in conservation and
improvement po g r a(Mdldtlaet al, 2017)and therefore to food security and nutrition

Landscape genomics studies on gaadyations validateother approaches to identifying breeds

of unique genetic character and potential value. The combination of lower costs to generating
relevant DSI for such studies and the diversity of traits represented by locally adapted animal
populations cold produce important gains for marginalized farmers in less developed countries
(Mdladlaet al,, 2017)

The field of landscape genomics illustratesd| how local climate and topography data must be
combined with DNA sequence data to extract greater value from a genetic resberaetual or
potential value of some forms of DSI cannot be realize@sdonnectedrom other formsof DSI.

In anotherapplication of landscape genomics, the genoméseindigenous African cattleere
sequence@im et al, 2017) These cattle breeds are spraambss highly different

agroecological zones. Because of this, the place in which the cattle live can have a significant
effect on their genes over time. If a quantitative trait such as greater heat tolerance or tick
resistance is desired, those traitsragee likely to be revealed through comparisons of genomes
of cattle adapted to environments that significantly differ in temperature and types of pests.

“African cattle populations represent a unique
of natural and artificial selection in the shaping of the functional diversity of a ruminant species.
Moreover, unravelling their genome diversity may provide new insights into the genetic

mechanisms underlying their adaptation to various-ageoo s y gKineetna, 2017)
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The sample size was far from exhaustive as an examination of cattle genetic resources-in Africa
with an estimated 150 breeds on the contirdnit sufficient to demonstrate Afriespecific
adaptations. Geograpigenome patterns werddntified that likely associatpantitative trait

loci (QTL) of populations of cattle more tolerant of heat and othmzas of the climate and

local diseases, among other things.

Vignettelll .3.2 Epigenome DSI used in plant and anim&@RFA breeding

A study of three pig breeds, the western Landrace and Tibetan and Rongchang Chinese breeds,
investigated differences in the pattern of adipose tissue depdsiti@®12) These traits are
important for breeding livestock that produce the most desirable tibatlawest resource

input. The study revealed that the fat distribution pattern wapmenetidrait arising from the

pattern of methylated nucleotides in around 100 genes in each of 44 groups from eight adipose
tissues.

Variations in the epigenome snhe environmentally induced or part of the developmental

pattern of the organisiiSpringer and Schmitz, 201 Hor example, the frequency of methylation

on cytosine (C) nucleotides varied more between leaves of the same inflorescence on the shrub of
Lavandula latifolia grown commercially for productionf essential oifor aromatherapy and
fragranceandalsofor honey production ankorticultural valuethan they did on average

between individual shrulf&lonsoet al, 2017) The size and number of seeds produced by the
leaves in an inflorescence was correlated with environmentally influenced sectorial methylation
levels.

A methylation pattern may be propagated in two different w@ye is vihere the pattern persists
through gametogenesis, as in imprint{bget al, 1993) and, at least in plantghe other is

where the organism may be propagated clonally, as through c{ipgsger and Schmitz,
2017)

In addition to modification of DNA, the proteins that bind to chromosomes and control their
structure, called histones, are also chemically modified. This variatimodiification of the

histones influences how tightly packed a chromosome is in different regions, further modulating
the expression of genes in that reg{Birzyz, 2017)Histone modifications vary over time and

by type of cell, but can also be heritable and are thuophdw different cells in a multicellular
organism differentiate to create different tissues and organs. Histoneaaibalis have been

called the histone coddenuwein and Allis, 2001; Prakash and Fournier, 2018; Rando,.2012)

A recent patent emphasizes the commercial importance of epialleles of epigenetit GRIEA.

The primary claim of the patent is to provide a method to maintairopplants commercially
important epigenetic traits through breedifge patent distinguishes not between plants with
different DNA sequences in their genomes, but different epialleles of DNA identical genes. The
agronomic performance is dependent on the stable inheritance of the epigenetiqFnanker,

2017)

As has been highlighted elsewhere in this report, DSI is stored wititeaof contextual
information (i.e. metadatand schenta) that makes the representations useful. Increasingly,
contextual information includes epigenetic markers such as DNA and histone modifications
because they are the basis of traits with actuabtanpial value. Databases specializing in
methylated nucleotide patterns includethDB for DNA andMeT-DB for RNA methylation
(NAR). Databases providingSI on histones and modifications include CR Cistrome, HHMD,
Histome, Histone Database, and WERANAR).

Vignettelll .3.3: Microbial metagenomic and metabolomic DSI used in food safety

Food security is dependent upon access to food that is safe@Séaan and will more
frequently be used to ensure food safetyr. example, mtagenomic anthetabolomic DSI
contributes to technologies and approaches limgpjlage.

The DNA in a samplef microbial communities found on various retail foeglsonverted into
DNA sequence to develop esemagenomi@rofile (Higginset al, 2018) DSI generatetfom the
DNA sequencesan be used to identify specific potential metabolic activities or link species
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identification with known speciespecific traits, or to identify pathoge(ising et al, 2017) The
type of communities on food varied depending not just on product, but theesociomic status

of the neighborhoodl he information has the potential to improve food safety by identifying and
controlling risks at the local levelhe data was used to predict the range of microbial metabolic
activities, finding a predicted 761 ontlate and 710 on deli me@igginset al, 2018) This
information reflected whatutrients werevailable to the microbes and what they would
produce, helping to predict the likelihood of dpge.

Metagenomicgyenerated genome DNA sequences can be coupled with transcriptomics

(sequencing all RNA molecules) or proteomics (identifying all proteins) on food samples to

describe the physiological state of the community, further increasing cordidetiee
association between a species’ i (Hiegrettal, f i ed geno
2017)

When combined over time or geography, or by industry, these types of local analyses contribute
to “big datd sets. Trends or other diagnostic indicators of causes to either threats to food safety
or opportunities for improvements may be identified.

Vignettelll .3.4: DSI on microbes applied to the utilization of GRFA

“I'n sever al i ndu s theaithadenceeand regolatonytbadies]esg. Fopdwamd IDiug
Administration (FDA), Centers for Disease Control and Prevention (CDC), Public Health England,
European Center for Disease Prevention and Control (ECDC)] are now usingWi&@& genome
sequencingtoutinelyto characterizeclinical isolates of selected foodborne pathogens and to support
epi demi ol ogi c éinphasis addes to Rantsieual dnnpeess)

Food security and sustainable income for farmaeesiependent on confidence of access to safe

food. A significant challenge comes from pbstrvest loss due to contaminationrhicrobes that

can be human pathogens. DSI generated from whole genome sequencing of foodborne pathogens
is used in surveillance programs. WGS is replacing older technologies and approaches to
monitoring foodborne pathogefRantsiouet al, in press)

Dedicated databases suchGenomeTrakim the Lhited States of Americandthe ECDCin the
European Union help to link outbreaks with the food or environmental source of the pathogens
(Rantsiouet al, in press) The databasesill also be able to identify genes that contribute to
antibiotic resistance or virulence, and thus help to inform medical responses.

Vignettelll .3.5: DSI for plant and animalGRFA health

Food security and use of GRFA is dependent upon the health and vigor of (BRI€fious

diseases that are important in horticulture and animal husbandry can have multiple effects on

GRFA. They can threaten entire industries; such was the worry Rdeardononas syringaev.

actinidaewas f ound on New Zeal gMc@anmet ak POh3) Theywant vi nes
threaten trade such as the foot and mouth outbreak innitediingdomin 2001(Knight-Jones

and Rushton, 2013)

Finally, they can be the source of pathogens that transfer to people, such as influenza from birds
and swingWHO, 2016) This is not only an important consideration for human health, but

carries the risk of reputational damage as illustrated by the concerns surrounding bovine
spangiform encephalopathin cattle from thdJnitedKingdomin the 1990¢Hope, 1995)

Importantly, pathogens are an important resource for the design and manufacture of medicines
such as vaccines. For example, instead of sersdied influenzaiwses to different countries for
largescale vaccine manufacture, they can now be synthesized on location using transmitted DSI
and amplified for vaccine manufactyii@onner, 2013)Vaccines could be made available kse

or monthsearlier.

Other important veterinary and medical respons&s @n be expedited using DSI.
Epidemiologyof antibiotic resistant bacteriarough genotyping of strains can provide good
predictions of which drugs the pathogen will still resptmend, even if they have some
resistance, how much drug should be U&dnhamet al, 2017; Carriceet al, 2013) The



CGRFA/WGANGR-10/18/Inf.12 49

database Resfinder is dedicated to identifying genes or gene variants that occur in resistant
bacteria(ResFinder)Baceria can travel quickly through both wild and domesticated animals or
infected plant material, and they do not respect political borders. The collection and sharing of
DNA sequences from such pathogens for the primary purpose of informing diagnosis and
therapy, thus containing outbreaks as early as possible using the minimum amount of antibiotic,
is an example of DSI providing shared benefits.

Vignettelll .3.6: DSI for product certification, labeling and traceability

Sustainable use of GRFA dependent upon access to markets and consumer confidence in
supply.Many consumers participate in food systems through product labeling and certification
schemeg¢Clarke, 2010) Their choices help shape industry and government priorities.

Product labelingerification using DSI can both be used for traceabiyltanaet al, 2018)

and compliance with laws that promote the conservation and sustainable use of genetic resources.
Fish fillets traded in one Italian market were found to be mislabelgei@2ntof the time, and
someimes species of high conservation value were substituted for those listed on the label

(Filonzi et al, 2010) In another market, products were mislabeleg&&entof the time and
substitutions included threatened speéiRisPintoet al, 2015)

“The study also highlighted that threatened, V
Endangered (CR) species considered to be facing a high risk of extihes been used in the

pl ace of commercial species..Additionally, trac
related to fish safety, as well as guaranteeing product authenticity, providing reliable information

to customers, enhancing supgigle maagement and improving product quality and

sust ai (DaFintoktali2915)

Vignettelll .3.7: DSI for generating new products fror&RFA

New products from GRFA increase both income security and the financial sustainability of
farmers. DSl is a critical element in new product developmdmworld food system is
estimated to be worth W8 trillion (Chaudhry and Castle, 2011)comegenerating activities in
this market include reducing food production and jpostiuction waste. Along these lines,
nanotechnologies are expected to contribute new products to the food system relevant to
production (e.g. agrichemicals and feed additivesi¢cessing, safety (e.g. detoxification),
preservation (e.g. antimicrobials in packaging), taste, absorption of nutrients, and labels for
traceability and authenticifChaudhry and Castle, 2011; Chen and Yada, 20HB value
contribution of nanotechnology to food packaging alone is estimated to éx&&2d billion, up
from the2006 value of onlyJSD4 million (Chaudhry and Castle, 2011)

Bionanotechnologies may also provide new income from waste products. One source of new
products is animal blood as a source of proteins and new bioactive comBahdsal, 2013)
Presently, blood is collected @battoirs at a rate of4 perceniof carcass lean meat.ista high
volume material but ismainly sold as lowvalue animal food or fertilizer, or incurs a cost for
disposal.

New uses of blood would be an income for farmBtsod carries high concentrations of the
protein hemoglobin. Thus, new applications fus fprotein could create a new value chain for a
by-product. Amyloid fibrils with useful bionanotechnology qualities can be made from
hemoglobin(Jayawardenat al, 2017)

DSI canbe used to predict whether a protein will form an amyloid fibril. Under the right
conditions, all proteins denature and may refold as aggreg@atewles and Buehler, 2011Pne
form of aggregate is an amyloid fibril. Fibrils may be used to form nanowires.

Linking a small domain of one protein that damrm amyloid fibrils to another protein is often
sufficient to cause the second protein to also form amyloid fitkilswledge of the amino acid
sequence of that fibrflorming domain was used to make a variant of the metalloprotein
rubredoxin which thespontaneously assembled into an electricity conducting nanowire
(Altamuraet al, 2017)
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Some proteins that form amyloid fibrils also are prions, proteins that behagefikéc material

performing information storage and transfer functi@@sernoff, 2004; King and Diaavalos,

2004; Knowles and Buehler, 2011; Wickmral, 2004) The domains of the proteins that confer

this ability are predictkusing sophisticated models trained on D®lombset al, 2012) and

thus may be identified in DSI or modified from the DSI of existing genetic resoi#oamets

and Nizhnikov, 2017)This is useful both because some prions are associated with
neurodegenerative diseases in people and ani ma
and because protes forming these nanostructures may be grown as potentially valuable

nanofiters.

Amyloids have a number of exploitable properties, ranging from a biological matrix for surface
adhesion to catalytic scaffolds as well as adhesives and structures fordge sfqeptide
hormones, and as a genetic matgalowles and Buehler, 201I)hese properties can be used

to construct nanotubes through which a nanowire can form, or to construct biosensors and drug
delivery medigHamadaet al, 2004; Hauseet al, 2014)

3.4 Conclusion

DSI may be used in various ways to support conservation and sustainable use of GRFA
promoting food security and nutritiolm priority areas of breeding, DSI is being used to

associate desired phenotypes with genotypes that then might be amplified or improved through
breeding. It is also being used to identify and then select genotypes that are likely to display
desired phenotypes. Thasses are complementary and may be combined.

DNA information is becoming as important for the discovery of new traits and biological
functions and genes as are observable phenotypes. The CBASPS/istem of bacteria, which
now is the basis of a powerfudl for gene editing, was discovered first as an unexplained
feature in genomic DNA sequendgdsarraffini and Sontheimer, 2010pnly later were these
sequence features linked to traits.

The examples show that DSI other than strictly Dééuencénformation(and associated
metadatapre also used fahe conservation and sustainable use of GRFA. In some cases, DNA
sequence information alewould not be enough to achieve the same outcome. For example,
having whole genome sequences from indigenous African cattle would not identify putative
guantitative trait loci associated with heat tolerance. Only when combined with meteorological
and otler kinds of data is it possible to identify relevant genes and desirable alleles. Likewise, it
might be possible one day to use metabolomic data to characterize ecosystem function, or to
reconstruct that function.
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V. WHAT ROLE DOES DSI HAVE IN RESEARCH AND PRODUCT
DEVELOPMENT AND GRFA MANAGEMENT?

DSl has predominantly but not exclusively been a descriptivausaal in the biotechnologies of
characterization, conservation and sustainable use of GR#tAexample, genomic DNA is
sequenced artthe sequences aused to help select genomes with alleles of genes that are
associated with desired phenotypeigre7). DSI is taking an ever increasinggtive role in
management and manufacture of GRFA. In this evolving rolewilSaugment capaty in

GRFA management but also significantly increase potential for uses that could cause harm.

Theshift in the value of DSl is increasingly uncoupled from a source biological matéiiglis
in part due to the degree of independent specialization@those who use DSI or supply
analyses based on DSI, and to the way technologies use DSI.

4.1DSI in the management of GRFA

DSI from both GRFA and organisms that are not GFRA can be used to improve food security
and nutrition. As discussed previously, DSuUsed in comparative genomics drawing from-non
GRFA organisms to associate traits with genes, and alleles with QTL. Organisms that are not
GRFA are also important to optimize food production, limit waste and maximize farmer income.

Vignette 1V.1.1: Micr obiome DSI applied to quantitative traits of plant amgiimal GRFA

“We' re all of a sudden h a vesmtherthao single midrabess/s Madgie ent i r e
Wagner, a plant biologist at North Carolina State L
go out prospecting and cataloguing microdefrat ' s exactly what I ndigo has s

doing. With its network of colladrators, the company has collected microbes from plants all around the
world” (Zhang, 2016)

Microorganisms comprise the greatest biological and genetic diversity as well as numbers on the
planet, and have domse far longer than any other kind of organidrau et al, 2017) These

organisms are not only a source of nutrients such as from fermented foods, but underpin all
agricultural productivitySoil can harbor thousands of different species of microbes in every

gram and soil environments are among the most confBieser, 2017; Laet al, 2017) Many

of the microorganisms are only known through DSI, because they cannot be grown in the
laboratory.

DSl from both netagenomis andmoleculeshat are not nucleic acid®rwin et al, 2018)

sourced fronsoil can inform farmers about soil functionality and its limits, possitagileg to
customized management advice or products including supplements and probiotics. Alternatively,
microorganisms might be harnessed asrbporters to monitor soil conditions or processes that
would otherwise be difficult or expensive to monigbrerer, 2017)Soil microbes interact with

plants and mimals, and have demonstrated the potential through this interactions to mitigate
effects of climate changéauet al, 2017)

A microbiome may be unique each organism or speci@sd so then, within limits,
microbiomesamight beimportant for influencindiow each responds to dmteven affects
reproductionThus, DSI generated frooharacterizatioof the microbiome is the basis for

optimizing food production and increasing food security and nutritibcrobiomes may form
specifically around different genetic variaf@hu, 2017; Luct al, 2018) In the fruit fly

Drosophila melanogaster a ma | berhesinfluamcesifeoundity, and has other trans
generational effects, and thus provides a mechanism for how the microbiome and genome could
co-evolve(Morimoto et al, 2017)

Geneby-microbiome interactionsould be improved througbreedingust as arguantitative
trait loci. Metagenomic surveys of plant root biomes are intended to idgatifgby-

microbiome interactions to determihew microbial consortia interact with individual plants to
increase yields, and reduce the impacts of abiotic stresdisegaséBusbyet al, 2017;
Mauchline and Malone, 201 7)ikewise, the microbiome of the rumenruminant livestock is a
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target of manipulation to lower methane gas emissions and assist in efforts to combat climate
changgTapioet al, 2017) Metagenomes of ruminants can be combined with animal genetics to
help to redue methane emissiomsid contribute to climate change mitigation

VignettelV.1.2: DSI for pest management

Weeds insects and diseabavesignificantimpacs on preharvest crop lossé®Poppet al,

2013) Weeds can lower the nutritional value of the crop or introduckesirable toxins or
allergensand insects can also help spread infections from bacteria andfl@gigémann, 2007)

DSI from genomicand metagenomic profiles beingused to design DNA or RNA pesticides
(Sammont al, 2015b; Tuttle and Woodfin, 2014)hese pesticides are often referred to as
types of “Bi ol ogBicall & doidistmduish’gn fiorm syhthetic cherical
pesticidal active ingredient$hein vitro produced nucleic acids are introduced into cells of pests
using chemicals that lower the barriers to uptake of nucleic é8idmer and Beckie, 2013;

Tuttle and Woodfin, 2014)

The new pesticides could be much less toxic to humans and damaging to the environment
because the active ingredient specifically targets a complementary RNA or DNA sequence in the
cells of theintended target, and may not cause such an interaction in organisms of other species
(seevignette 3.2.2%% In the case of RNAesticides, the small RNA molecule may be used to

cause silencing of a critical gene, as in RNA interferéHegnemanret al, 2013) or similarly

to a gene drive system as a guide to attack the DNA of the targéN@#t2016)

To achieve this specificity, the base order of nucleic acid active ingredient is synthesized
accordng to the expected DNA or RNA sequence derived from the genomes of the pest species.
In other words, the active ingredient molecule(s) is made using DSI.

Biologicals show promise as herbicides and insectidilammonst al, 2015b; San Miguel and

Scott, 2016; Vamet al, 2011; Zhwet al, 2014) With real time monitoring, these pesticides could

be further refined to work more effectively witttal variants of pests, and to counter the

evolution of resistance. Future advances may also see them developed to target mammalian pests
or as livestock therapeutics, including prophylactically changing susceptibility to pathogens

(NCB, 2016)

The use of RNA or DNAbased pesticidesould also be linéd todifferent technologies.

Presently, herbicides based on RB&ive ingredients are being developed to silence the genes
that make weeds resistant to a cherdi@aled herbicidéSammonst al, 2015b) The RNA
molecule makes the weed susceptible again, and the chdragesd herbicide kills the weed.
Together, the two active ingredients restore the effectiveness of the chibasedlingredient.

It might be possible talso genetically engineer crops with particular alleles of resistance genes
(e.g. transgenespld together with the herbicidal combinations of RNA active ingredients and
chemical herbicide to which they are immune, but would be toxic to both wesalsrop plants
raised fromother genetically modifieerbicideresistant germplasi(Aderet al, 2011,

Navarro, 2014; Sammores al, 2015a)

4.2DSI in synthetic biology applied to GRFA

In general terms, synthetic biology is the field of science where biological function is fabricated
and may be applied at a manufacturing or environmental @alggioet al, 2017) DSI is used
to both discover molecules with the desiréaldgical functions or to design and manufacture

22This is aspirational and controversial. Sgg¢FRA, 2014; Heinemanaet al,, 2013)

23“Transgenic crops with one or mdrerbicide tolerances may need specialized methods of management

to control weeds and volunteer crop plants. The method enables the targeting of a transgene for herbicide
tolerance to permit the treated plants to become sensitive to the herbicide. FdeezargPSPS DNA

contained in a transgenic crop event can be a target for trigger molecules in order to render the transgenic

crop sensitive to application of the correspondingy p hos at e ¢ o n(Aderietral, 20l) her bi ci de
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them.The completén vitro synthesis of a genome that was designed to be the minimum
necessary to support viability of a cellular organism and its reproduction profoundly
demonstrated how synthetic biologgn be use@Gibson, 2014)Future applications range from
manufacturing biofuels and fogllayden, 2014)0 ecosystem management throtghene

drive systemgPiaggioet al, 2017)

Synthetic biology goes beyond creating just a new substretgme pair and encompasses
“building, modeling, designing and fabricating
components that result i n (Tgagietialf2016)iThelfdbricatedr eat e d
genetic components therefore do not have to be copies of existing biological materials, such as
existing alleles of genes, or even produce existing proteins. Indeed, synthetiegemerbeing

built using an altered genetic code allowing incorporation of novel amino acids into synthetic
proteins(Chin, 2017) The fabricated genes, however, are designed based on observation of the

natural world including its genetigwrsity inspiringhumanengineered combinations.

The goal of some synthetic biology work is to be able to predictcuttiponent interactions
that are stable through reproducti@ynthetic liology can use multcomponent, heritable
interactions to bud biological computerAbels and Khisamutdinov, 2019)NA, for example,
can be the means of computation and environmental s¢dsioz de Murieta and Rodriguez
Paton, 2012)vhere the computer could beapkd inside genetic resourd@se Economist,
2012)

Switches, especially those with switch state memory, are important for the developing field of
biological computing. Describinthose swiches can yield new informati@bout component
function(Hayneset al, 2008) Switch state memory can be useda tool for monitoring an
environment to improve productivity and quality of crops, livestock, forestry and fisherietn an
maintain healthy populations of wild species.

Switches can take different forms. A simple switch with memory is achieved with an invertible
DNA sequencéHayneset al, 2008) More complicated switches arise from alternative heritable
physiological state@Kotulaet al, 2014) Paradigm examples of-btable transcription state
switches are the lageron switch state inheritan@dovick and Weiner, 1957nd the bacterial
virus| lifecycle decision svtch (Ptashnest al, 1982)

Some examples exist of engineered swit¢iémlil and Collins, 2010)The virusl epigenetic
switch has been used in context to amplify a biological sigtgihemann, 1999More recently,

it was engineered to develop bacteria that served as environmental sensors with relevance to
management of GRFA. I&. coli the engineered switch was set to detect low levels of antibiotic
when passing through a mouse gastrointestinal system, but which could easily be applied to
livestock. Bacteria that had sensed the antibiotic remained in a stable epigenetic state
distinguidable from the prexposure state for up to five day&otulaet al, 2014)

4.3 DSI can have value separate from biological genetic material

“23andMe has managed to amass a collection of DNA information about 1.2 million people,

which last year began to prove its value when the company revealed it had sold access to the data
to more than 13 drug companies. One, Genentech, antd8Dp0 million for a look at the

genes of peopl e wThatimeaRsa2BakdMe is manetizng DNAsatharshe .

way Facebo k makes money (Regaladm 2@é)r ‘1 i kes’'”

Big data is a term about the scale of data, but also the scale of data that is difficult to use.
Structured datarethe easiest form of data to analyze. Unstructured ftataxampletext
heavy, pictures or inconsistent formats, and oniscsopmmonin many complex agricultural
systems.

24 Gene drive systems are being developed in tested in many different kinds of organisms, including
mammals. The controversial systems are discussed for use as prest and poettal¢Esvelt and
Gemmel, 2017; Neves and Druml, 2017)
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Big data platforms shift the use of data from analytics to prediction, where patterns in the data
inform new questions rather than questions that are answered by finding patterns in the data.
There are many potential usgfisthe information separate from the source (or destination) GRFA
and therefore potential new value chailiseady, these approaches are being used to find lead
drug candidates based ionsilico screens, that is, uncoupled from screening using enzymes o
tissue cultures. A candidate cystic fibrosis therapeutic specific to patients with a SNP in their
cystic fibrosis transmembrane conductance regulator (CFTR) protein was identified from over
500000 compounds using only computétosta, 2014)

The utility and availability of DSI might decrease the need to exchange GRFA for some uses. For
example, biochemists looking for a particular substeaizyme pair will have reduced need to

access biological material from which to extract enzymes. Howthayr may increase their

demand for biological material that is currently unegresented in databases, such as biomes of
deep sea sulfur vents. It would be premature to conclude that as DSI grows in relevance,
biological materials will decrease in redace or be used less.

What the actual future balance is between using DSI or biological material will also be

influenced by cost and convenience where the uses are substitutable. Interest in a research project
or product development might be influen@egriori depending on perceptions of cost and
convenience. Thus, the balance between DSI and biological material could in part be determined
by how many scientists choose questions that are specialist to one or other resource.

Different entrepreneurial oppoinities emerge when data collection is distributed, because of the
scale of data that can be collected and the value that may be extracted from such coliactions.
the technologies of miniaturization improve and costs decline, collecting DSI likelgagitime

more distributed, as has happened with access to mobile phones hndriiestand is happening
with human genome sequencif@pntreras and Deshmukh, 201Rgtail consumer goods, phone
“app$ andinternete-mail providers either provide discounts or free services in exchange for
monitoring consumer behavior. Analyzing the behavior of individuals produces custom
advertising, maximizing consumer willingness to spend; analyzing the behavior of groups of
people has even more diverse benefits.

Collection and collation of microbiomes of livestock to soil ecosystems and waterways could

soon be possible as machines capable of real time metagenome profiling are developed.

Sequencers the size of a mobile phorg: @awered by a USB slot in a computer have been

avail able for several years, prompting predict
formerly boutique scientific insffrong 80d46)t t hat

In-field real tme pathogen diagnosis for livestock and plant diseases could improve treatment
outcomes and provide epidemiological data for couwide surveillancef GRFA A credit

cardsize cartridge holding a microfluidic chip that couples with a mobile phone for imaging has
been developed to detect target DNA sequences in samples taken from Diveaét al,

2017) The prototype was used to detect pathogens that cause equine respiratory infections to
demonstrate its general use by veterinarians monitoring livestock. The prototype could monito
for eightdifferent pathogesspecific DNA sequences simultaneously, and thus will detect

multiple causative agents if present in a sick animal. Its detection limits were reportedly as good
as commercially available laborateppsed equipmeriChenet al, 2017)

These technologies could also have various law enforcement uses. They could be used to monitor
infringement of intellectual property rights on crops and livestock, find raided livestock or verify
product label information.

4.4 Conclusion

DSI can and is being used disconnected from biological material to support conservation and
sustainable use of GRFA. In some cases, the value comes famuapiing the DSI with

biological material, such as in the use of metagenomics to identify praméatieria to add as

soil amendments. The inability to detect a species of bacteria in soil might be the trigger for
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seeking a probiotic amendment, or to add a nutrient that could amplify the species from
undetectable to biologically relevant levels.

In othe cases, value is created from DSI without using biological ma{&uwaika, 2014)An
example of this was the inventionaflevice that used DSI to detect horse pathogens. Another
example, from Chapter lll, was using DSI to discover the gene editing td8IRRRCas9. This
discovery has kto over 600 patent claims since 2@B4gelieet al, 2016)
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V. ACTORS AND ACCESS

5.1 Actors

Diverse atorsareinvolved with DSI on GRFAFor the purposes of this study, thegre

identified from a varietyf sources including scientific literature, the 2017 online forum on
synthetic biology for the Convention on Biodiversiyd patent database searches. These actors
wereclusterednto groups to inform an assessment of the relevance of DSI for foodtgeadti
nutrition.

5.1.1 Governments and public sector institutions

The names of various databases holding DSI have been mentioned throughout this report. In the
main, these databases are maintained by public and dedicated stewardship of public imstitution
There are about 7100 databasg®NAR) estimated to cost UB00 million per annum to maintain
(Editor, 2016) They sit alongside mainly public investment in among other tlergstustorage

of biologicaland germplasmaterials in the form ojene banks, medical specimen and museum
collections(CGRFA, DiEuliiset al, 2016; Fowler, 2016)DSI does not replace eithersituor

ex situgenetic resource conservation strategies but provides an important complementary role
and adds res#ince as a form of redundancy in storageeanfain kinds obiologicalgenetic

materia) for exampleDNA .25

Publicly funded databases have generally been either open access or ope(Micelse

2003), making them easily accessible to anyone with the correct kind of computing device and
Internet access. For example, the International Nucleotide Sequence Database Collaboration
(INSCD) consisting of NCBI/GenBank (US), EMBEBI (EU) and DDBJ (Japarnas a policy of
permanent free and unrestricted ace&SAID EpiFIuTM database requires users to register
and agree to terms, but anyone may sign up koilvever, pressure on public databases has
resulted in some charging subscriptions for ac@idagden, 2016)

Public availability is not the equivalent of public contrdhe location of servers holding DSI and
Internet traffic potentially can be controlled, even blocked, by state &kamrsen, 2017)It is

not possible to say whether all infrastructure and mirror aredeld by the country
administering the database, but it is clear that those iGbklen Sét, for example, are
concentrated in the economic North (Tatl&).

Thus, the transfer of information on GRFA as DSI could depend on the will of the cauntry i
which the DSI physically resides or that controls the infrastructure or transmission, rather than
the country from which # sequenceformation originated.

Developing countries also may lack the necessary infrastructure for ready access to DSI on
GRFAand thus potentially fail to benefit from ®o work with the often unstructured form of
biological DSI requires more local storage of information downloaded from international
databases. The amount of storage is signififatx, 2013) Terabytes (18) of storage are
routinely used for genomic comparisons.

An even larger barrier is transmission time. It can take so long to up or download data that even
in developed countries it is not unusual to manually transfer it on portable hard drives rather than
through arinternetnetwork. BGI in China has the capgdit sequencsix terabytes a day on its

25Tissue, cells and DNA as genetic resources:
http://www.nies.go.jp/biology/en/aboutus/facility/capsule.htBiNA as a genetic resourcerhere is a

fifth type of genetic resource that differs from the other four types because it cannot be used to regenerate
an organism and usually is not held in geneba@lened DNA sequencesyr genetic material from other
organisms incorporated into c®py molecular techniques (for example, a gene from the baBtribus
thuringiensisused for resistance to insect{heisey and Rubenstein, 2015)

26 “ S gifieally, no use restrictions or licensing requirements will be included in any sequence data
records, and no restrictions or licensing fees will be placed on the redistribution or use of the database by
any phatp:/fwww.ifisdc.org/policy.html
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157 sequencers, but can transmit arigterabyte of data a day. It takes 20 days to send the raw
data of just 50 human genom@éarx, 2013)

Despite the high speed links between Europe and North America,ceseabased in the United

Statesof Americawer e frustrated by downl oad times from
resolved by creating mirror sites closer to the US researchers. More mirror sites can and are being
made, but mainly in developed countr{®farx, 2013)

Publicly funded databases put minimal to no restrictions on opportunity to access DSI, but this is
not the same as saying that they are sufficient for equitable access. The latter requires
overcoming significant inequalities among potential users to dadrdad work with the data
(Helmyet al, 2016) Indeed, public availability is nger sea benefit, but a preequisite for any
benefits that could arise from use of DSI.

Table V.1. Database owners

Number ofdatabases Location Examples
55 Europe EMBL

45 us GenBank

6 Canada DrugBank

6 Japan DDBJ

2 Republic of Korea miRGator

1 TaiwanProvince of China miRTarBase

Source:(Galperin et al., 2016)
5.1.2 Journaleditors andgranting bodies

Many journals require the submission of DSI generated in the course of research to be submitted
to a recognized database as a condition of public€BenBank; Nooget al, 2006) Failure to do

so forfeits acceptance and publication. There are many reasons behind journals adopting this
policy and strongly held views amongst those in the scientific community to enf{¥tarx,

2012; Nooret al, 2006)

Sciencana ga z i n e suppors the dffarts of databases that aggregate published data for
the use of t he (Sdaence)itte kiridiofdatacirelotes) but istngt timited to,
microarray data, protein or DNA sequences, atomic coordinates or electron microscopy maps for
macromoleculartsuctures, ecological and climate ddtashort, all the forms of data that have

been highlighted in the vignette examples of this report. The minimum requirements are in
accordance with MIBBI (Minimum Information for Biological and Biomedical Investayes)

st andar ds curated infortmative and aducational resource on data and
metadatatandards interrelated tadatabasesind datgolicies’ (MIBBI) .

Research scientists, especially those in the public sector, depend on public funding in the form of
salary, direct research support, grants and contracts to support their research, including
generating DNA sequences and omics data. Often publicationdssag to meet employer
expectations or conditions for advancement.
(Rawat and Meena, 2014)

Thereforgfor many public scientists at least, there dedactorequirement that DSI arising in

their workeventuallymust be made publicinless they have a contractual relationship with a
private funderPrivate sector actors do not need to disclose similar information unless they wish
to publish.

Th

Researchers in devglimg countries thadtack the necessary infrastructure for ready access to DSI
on GRFAmay be reluctant to release data because of the fear that those with superior
infrastructure will use and perhaps publish the information before theettamand Buckland
Merrett, 2017)
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Like journals, public grant bodies can also put requirements on researchers to make public DSI
arising fromwork completely or partially funded through them. For example, the US Department
of Energy Joint Genome Institute provides funding for DNA sequencing and synthesis projects,
but requires public release of the data including Sanger trace files, improgetbhss and
preliminary aut orpothetvalda ciaidhendb t chdtiaoa™n.s,

These examples of journal and funding agency policies could have two different effects on
researchers, especially those in the public sector. On the one hand, if access abbubaof

fewer legal requirements than does the use of biological genetic matedahus fewer

compliance costsnore researchers may shift their work away from biological material to DS,
where they can. On the other hand, failure to establish acué&®nefitsharing provisions for

DSl in legislation might shift some private and public sector researchers away from generating or
using DSI, because they have no way to meet what they perceive to be their obligations for fair
and equitable sharing of befits from traditionabr sovereigrknowledge.

A scientist that was part ofansortium of microbiologists from New Zealarevealed in an
interviewthathevi t hdr ew a 2IBellB0 Springs Matagendme Project: An analysis

of the microbiak o mmuni ty function of New sdendtéddotheds geo
JGI Community Science Program because of JGI ' s
The project would have completed microbial metagenomic profiles of 100 geothermgsé sprin

New Zealand, gathering unique information of international scientific, conservation and cultural
value. The principle scientific investigator o
requirements because he was comfortable with themtiat the funding was from the public

and the data should be public, and was himself an advocate of the value of freely accessible DSI.
However, he had also carefully and fastidiousl
indigenous peoples of Nedealand, with whom resided cultural and property rights over the

majority of hotsprings from which samples were to be taken. His proposal was authorized by

tribal leaders, buheJGI policy requirement was inconsistent with his commitment to the

partnersh p. The governing groups for wvarious Maor.i
vast description of indigenous knowledge without any specific provision for how benefits could

be shared or without having a clear role in governance/use of DSI su¢haligned with their

cultural values.

5.1.3 Private sector and private acting public institutions

Otheruses and generatsiof DSI are private companies and technology transfer or company
incubator arms of public institutionfar exampleuniversities. A few companies dominate the

market of building sequencing machines, but their business model has generally been focused on
hardware supply, not servi¢Earr, 2016) There is speculation that this might cha(garr,

2016) However, even iit were to, it would be premature to speculate that these companies

would also become oligopoly suppliers of DNA sequences much less other forms of DSI.

The goal of others generating DSI may be to estalritsliectual propertylP) includingfor

licenshg income(Bagley, 2016) This maycome from proprietary information or a mix of

private and public informatiorzor example, a genetic linkage maCuafffeaarabicalL. (coffee)
including QTL for yield, plant height and bean size was developed using a combination of public
(SOL Genomics Netork) and proprietaryCenicafe)database@Moncadeet al, 2015) In

addition to database content, tools for accessing or using the content can be proprietdey.

or proprietiry databasehatcould hold critical information necessary to extract maximum value
from public databases, are growifWyelchet al, 2017)

Some instruments dP can encourage transparency in DSI. However, transparency is not a
requirement o@ll IP instrumentssuch as trade secré®vedt and Young, 2007 hus,
accessibility and sharing of benefits may depend on current and future types and uses of IP
instrumens.

The entrepreneurial activities of public institutions including universities and government
agencies might in general also threaten their abilities to provide public good through the use of
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DSI. Historically, for example, universities could conduct research on inventions claimed by
patents under the research exemption rule. However, court cases in the Uniteof 3taksca

have begun to put restrictions on the exemption, noting that #iedss of a university was in

some cases actually business, with the potential to use the exemption to gain unfair advantage
(Heinemann, 2009; Mueller, 2003)

5.1.4The public

“A farmer finds a lgh-tech solution: DNA testingThanks to his background in advanced bioldgypmas

recognized that DN testing could hold the key wistinguishing between Chinese and black truffleBy

analyzing a small piece of truffle with it, Thomas can look for a telltale area of DNA that is present in the

black but not the Chinese trufflidow, besides cultivating his own truffles, he also acts as a consultant to

ot her grower s, selling them seedlings that have beece
fungus, assessing and sampling the growing truffles, and helping distaiba verify the valuable harvést

(Barnett, 2016)

The publicare private actors but may engage with DSI for a variety of reasons not primarily
including income ofP. They may be school children learning about bioinformatics or competing
in sdence fairdiGEM). They may be people satisfying their curiosity, wish to take a role in
science communication, or may be looking foridgourself options in the garden or on the

farm.

Thepublicis transforming from a user of DSI asiarsilico product to a manufacturer of
biological materials, including new genetic resources and DNA.

A number of products have already been developetthéopublic BioBricks Foundation

describes t sel f as “bi ot ec h n(BibBaclgsy. The oompahygroypdasb | i ¢ i nt
biological material derived from D&t the form of DNA encoding functional modules that may

be combined by users in different arrangements. An assemiglgrktie purchased online, for
example from the biotechnology company New England BiqldE®). This company also sells
other tools related to the use of BioBricks, such as bacteria into which the recombinant DNA can
be inserted. Bacteria that receive the DNye@d themselves because they are transformed into
being resistant to an antibiotic through a linked mafi&EM). Widescale adojuin by people
untrained in the use and proper disposal of antibieststant bacteria could also have biosafety
implications. Sewage water treatment, for example, does not destroy antibiotic resistance genes
that have the potential to be acquired by ptfeeteriqWanget al, 2017a)

One use of machines such as the digadiiological converter is to satisfy an anticipated neairk

for homebased manufacturin@oleset al, 2017) Such machines are expected to shrink in size
and cost, aided by developments in microfluidics. Inputting DSI, the home user would be able to
synthesie not just DNA, but potentially a variety of different macromolecules including
everything needed to print their own virus or antibo@Bdeset al, 2017) However, any

checks and balances that migktgut in place when ordering synthesized DNA molecules might
be lost when home synthesis becomes available.

5.2 Access

“Accesgo online data has becoméasic requirement for conducting scientifgsearch, but the growth
in data, databases, websitgglresourcedas outpaced thedevelopment of mechanisms and models to
fund the necessary cyberinfragtture, curation and loAgrmstewardshipf theseresources.a single,
viable framework fosustainablend lorg-term stewardship of data and resositasnot emerget
(Bastow and Leonelli, 2010)

DSl is a fundamental component of the characterization, conservation and sustainable use of
GRFA. Any instability in the infrastructure or impediment of access to DSI could therefore
undermineefforts of nations, private and public institutions and multinational agencies to fulfill
provisions of conservation and sustainable use of GRFA or ptbeisions to the benefit of
human welbeing
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Unless DSI on GRFA is maintained and remaasilyaccessible to allt will be difficult to

ensurehe fair and equitable sharing of the benefits arising itsmse.Without adequate

confidence in the systems of data preservation, dissemination and maintenance, those who create
DSI may be increasingly reluctant to share it.

An important warning on this point comes from the development of GISAllBough GISAID

contert is not GRFA, the issudaced arem ot s p e c i a Whileé tbe gé&hkti rdkddp and

the necessary associated data of the different viruses are distinct requiring separate
databases/compartments for unambiguous anallisisnodi operandi for sharingegetic data

are generit (emphasis added to Shu and McCauley, 20Tlg GISAID cétabase provides a

global public goodbutinitially there were problems getting countries and individuals to trust in

it. “In 2006, the reluctance of data sharing, in particular of avian H5N1 mafuéruses, created

an emergency bringing into focus certain limitations and inequities, such that the World Health
Organi zation (WHO)'s Gl obal Influenza Surveil!/l
Surveillance and Response System (GISRS)) was agitics several fronts, including limited

global access to H5N1 sequence data that were stored in a database hosted by the Los Alamos
National Laboratories in the United StétéShu and McCauley, 2017)

ResearcheriElbe and Buckland/errett, 2017haveidentified three obstacles to sharing data
via GISAID, which can be extrapolated to participation in other databases for sharing genetic
dataon GRFA

1 Science publications and recognition

The conpetive naturef science and winning funding creates a perverse incentive to withhold
d a t laa cortextvhere the standing of scientists, and the research incomeaheenerate, is
heavily linked to their publications, citatiorand scientific reputations, theigepressure to be the
“ f 1 to publish findings..scientists are concernétht sharing such information in an open and
timely manner might enable others to publish findings with ttiaia more quickly than they
themselves could(Elbe and Buckland/errett, 2017)

1 Governmentand trade and access to medicine (or veterinary medicines or vaccines)

Governments can have a variety of reasons to withhold Bitae and Buckland/errett, 2017)
These include such things as cems about reptuational damage (e.g. as the source of a
pathogen, perhaps theme of a companthat uses an endangered species in a product) and IP
considerations.

1 Practicalchallenges such as confidence in database viability

Existing and futurelatabases require supp(Bastow and Leonelli, 2010; Elbe and Buckland
Merrett, 2017; Hayden, 2018yresently this comes from those who generate DSI and choose to
send it to a dabase, and actors providing financial resources to maintain infrastructure,
reliability and protect against tampering. Future support is not guardiieitar, 2016; Elbe and
BucklandMerrett, 2017)

The 16yearold Kyoto Encyclopedia of Genes and Genomes (KEGG) was under threat of
closing in 2011 due to funding insecurity. The US National Science Foundation withdrew
funding from the primary database specific to information from the plant famralyidopsis
(TAIR) that had accumulated data for 14 year22016 the Human Genome Research Institute
announced plans to reduce support for fiwedel organisrhdatabases from WHEL7.6 million

by 30-40 percentHayden, 2016)

Optimistically, DSI can be salvaged by transfer to other more financially viable platforms as
necessary. Fiscal uncaitty is therefore not in principle a threat to the information or an
existential threat to databases. However, neither the hardware nor the software of DSI is static.
Just like it is now impossible to use a floppy disk ig presently commonomputer, tke way in
which DSl is archived, transmitted and manipulated changes over time. Because different
databases and individual DSI providers may use different standards, resurrecting information
across systems may not always be possgidigor, 2016) Loss of continuity might put some

DSl at risk of extinction.
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5.3 Conclusion

DSl has become an intensely debated topic in the context of fair and equitable access and the
sharing of benefits dBRFA. The study attempts to inform the debate by clarifying the diversity
of relevant actors. This includes those groups most connected to the operational use and
generation of DSI.

The different future ways that DSI is envisioned to be used will be bbg people, and be used

in more ways. Many of the new ways will be disconnected from the biologiwaihaterial In
particular, a larger role for theublic will emerge as technologies combine to increase distributed
data gathering capabilifjainet al, 2018) ard customized commercial products can be directly
marketed to individuals collecting data.

Whether or not ABS legislation includes tige of DSI on GRFA for the conservation and
sustainable use of GRFA, including exchange, access and the fair and egh#aibig of the
benefits arising from their use, the research and commercial sectors may react in unexpected
ways. Some fear that any additional compliance or subscription costs may slow the distribution
of assets for upstream resea(dtanzella, 20163as the information is either not generated or it is
kept secret.

However, as recorded in this studsijure of legislation to provide a framework for ABS might
have similar effects. Researchers and businesses may prioritize the value of DSI to country of
origin, or to indigenous peoples, and either keep the data secret or abandon its collection
altogethe.
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VI. CONCLUSION

To get value from a genetic resource once required possessing it, or at least iTBHREN&NO
longer the case.

With increases in the global capacity to generate DNA sequences and to share them, DSl is
sufficient to make significant uge the information from GRFA for characterization of
biodiversity and improvement of GRFA through breeding. For many, access to this information
does not require access to GRFA.

Moreover, sing onlyDSl it is possible today or in the foreseeable future to obtain, transfer and
re-construct significant parts of the genetic information from organisms without having possessed
the organism or transferred its DNA from one place to another

The objective of thi report is to assist with discussions abwlther, and in what ways, DSI
now or in the future may substitute for genetic material to do research and development on
genetic resources for food and agriculture, and to create value from genetic resooocgs th
DSI.

The purpose dhe scoping studyvas to bring together the terminology being used in what is
referred to as DSI, reflect on how it is being used in biotechnology or on genetic resources for
food and agriculture or may be used in the foresedatulee, and what DSI might look like in

the future.

(1) A variety of terms that differ between actors are used in discussions on DSI. Terms include
but are not limited to genetic sequence data, genetic information, dematerialized use of genetic
resourcesin silico utilization, and bioinformatics. Actors are those participating in discussions
within international agreements, different kinds of bioldgged scientists, the biotechnology

and agricultural industries, farmers ahd public

What emerges from the landscape of terms and associated examples is that what an actor may
mean when referring to DSI on GRFA is much more than an electronic equivalent of a sequence
of nucleotides as could be written on a whiteboard. Seemingly differetg &f data are

routinely combined to provide information on GRFA. Even the most basic and ubiquitous
conception of DSI as an electronic DNA database already combines multiple forms of data that in
everyday practice must be used together.

DSl on GRFA whether it be DNA sequence information or any of the other kiodsred in this

report have characteristics in common. In some situations special toaidat is not DNA

sequence informatiomay have the power to replace DNA sequence information. silosotainly,

these other kinds of information are indispensible for making full use of DNA sequence information
and are part of the value adding activities of DSI.

This links the view of DSI that it is DNA sequences only, to views about it being genetic
information, tangible or intangible, or it being that which can be utilized. Optimistically, the
characteristics that all terms have in common might both form the basis for determining what DSI is
relevant to GRFA, and for DSI to be defined in a way thaivalit to be managed, constructively

and appropriately, as envisioned in international agreements.

(2) What is evident from the series of vignettes is @t can be and is being generated from all
kinds of GRFA: microbes, plants and animals. It contebuo conservation and a variety of
value chain activities that rely upon taxonomic description, trait identification, breeding,
certification, raw materials and new produdtse examples are distributed across microbes,
plants and animals to reveal thector independence of hamuchDSI is applied.

(3) The value of a genetic resource is also no longer restricted to its biology. The scale and speed
of information gathering about organisms can generate future uses and revenue independently of
the organisnthat originally provided the genetic materialS| hasachieved the scale of what is
called"big datd. The use of big data can link value to GRFA quite distinct from possession, use
or management of GRFA, while also providing assistance and prodtictséowho do possess,

use and manage GRFA.
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(4) DSI will be used by more people and organizations in the future. However, that may not
ensure either equitable accésdenefitspr fair opportunity to benefit from DSI. In this evolving

role, DSI would augment capacity in GRFA managemaumit at least some of the technologies it
supports, such as gene drive®l certain kinds of pesticideare controversial and potentially
damagng toa The use of DSI will also require considerable scientific and infrastructure

capacity. Those lacking such capacity might therefore, at least in the short term, benefit less from
DSI.
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GLOSSARY
Alleles Mutantsor variants in the DNA sequence at a single gene or lo
Amyloids Aggregates of certain proteins folded into a shape that allows 1
copies of that protein to form fibrils.
Big data Data of a very large size (structured or unstructured), typically

the extent that its manipulation and management present signi
logistical challenges; (also) the branch of computing involving §
data.

Bioinformatics

The branch of science concerned with information and informal
flow in biological systems, espially the use of computational
methods in genetics and genomics.

Database

Usually a set of data held in computer storage and typically
accessed or manipulated by means of specialized software.

Epiallele

Alleles that are DNA identical (no sequence eliince) but presen
distinct epigenetic profiles due to differences in chromatin marl
such as DNA methylation that may be associated with changes
gene expression depending on the location of the modification

Epigenetics

Heritable states that are rahie to a change in DNA sequence.
Different molecular mechanisms may apply includifa):covalent
modification of DNA such as methylatip(b) covalent
modification of DNA binding proteins such as histones whose
modification state has a hereditary compunand(c) genetic
switches of stable regulatory states.

Epigenomics

A large set of epigenetic information from a single organism.

Gene drive systems

Alleles that when they are heterozygous convert the alternative
allele into another copy of the gedeve allele.

Gene silencing

RNA or DNA directed biochemical pathway that inhibits either
transcription or translation.

Genomic selection

The use of genetic markers that are spread throughout the ger
to select individuals with desired predictereeding values.

Histone

Any of a class of small basic proteitgtare found in association
with DNA in chromatin, and play an important role in the
regulation of gene activity.

Histone modification

A histone modifications a covalent podtanslatioml modification
to histoneproteinsthatincludes methylation, phosphorylation,
acetylation, ubiquitylation and sumoylation.

Landscape genomics

The study of genomes and their changes as a function of
geography.

Metabolomics

A large set of informatioabout metabolic intermediaries in an
organism.

Metagenomics

Thecultureindependent genomic analysis of all the micro
organisms in a particul@nvironmenal sample.

Metadata

Data about other data.

omics

Refers to genomics, transcriptomipspteomics, metabolomics ar
S0 on.
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Phenomics The use of largscale approaches to study how genetic instruct
from a single gene or the whole genome translate into the full s
phenotypic traits of an organism.

Prion A protein with alternative cdormations where one conformation
is contagious.

Proteomics A large set of information about the proteins in an organism.

Quantitative trait loci
(QTL)

Some traits can vary continuously in a population, for example
size of individuals. These traitse influenced by many different
genes, also called genetic loci, with the allelic state of each ge
contributing a small amount.

Transcriptomics

A large set of all RNA in an organism whose informational cont
originated in a DNA sequence.

Traits

Any measurable aspect of an organism, including morphologic
biochemical and molecular properties.
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ANNEX

Interchangeability of information between media in nature.

The retrovirus lifecycle illustratdsow information can bédematerializetifrom a source

biological material. Information is transmissible between different n{&dimre). Retroviruses

have genomes built from ribonucleotides (RNA) (Panel A). The order of ribonucleotides guides
the construction of a strand of a ridkentical deayribonucleic acid (DNA) (Panel B). This

strand in turn guides the construction of a-iaentical second strand of DN@®anel Cto form

a doublestranded DNA molecule (Pan). By this time, the information in the RNA genome

has been transferred by higical processes two times resulting in both chemically different
molecules and base sequences. The information is sequentially returned to a strand of RNA
(PanelsE-F). The descendants of a retrovirus contain no atoms from the RNA molecule of the
originalinfecting virus, but they do inherit the same genes.
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Arguably the conservation of information in the digitized representation of the physical order of
nucleotides in a strand of DNA is no more dramatic a contrast with the strand of DNA itself than
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is theconservation of information transferring between two different nucleic acids, as it does in
nature.

The transfer of information using muiubunit multiprotein complexes as required by
retroviruses would be no easier to design than woattie computertransfering such
information Natural systems through which information is conserved through physical
transformation of medium are analogous to hutmailt systems that transform the sequence
information from chemical to digital, and increasingick through thecapacity to synthesize a

DNA mol ecule. They serve to highlight the obse
‘“pl ant genetic resources’, i.e. genetic mater:i
food and agriculturecontaii ng ‘ functi onal units of heredity’
techniques in genomics that transl ate both the

(Manzella, 2016)



