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Breeders have selected for desired changes to our food
and companion animal populations
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Beef Cattle Champions 1950s vs 1980s
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US Cattle Inventory 1961 — 2019

Stocks Down (Million head; blue, left)
vs. Beef Production Up (Million Tonnes; red, right)
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2019 Global Beef Production Numbers
Cattle numbers (Million Head; blue, left)
vs. Beef production (Million Tons; red, right)
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The rate of genetic gain depends upon the
four components of the breeders’ equation

Genetic change per year =

(Accuracy x Intensity x Genetic Variation)
Generation Interval

Accuracy = how certain we are about an animal’s true genetic merit
Intensity of selection =fraction of animals selected as parents
Genetic variation = variation available in the population

Generation interval = time between generations
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Will gene editing allow an additional inflection point in
rate of livestock genetic gain?

Rate of genetic gain in marketed Holstein bulls has
doubled since 2009 genomic selection introduction
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http://www.farms.com/news/two-million-genotypes-in-u-s-dairy-database-125448.aspx Van Eenennnom si13/2019 Sander JD, Joung JK. CRISPR-Cas systems for editing, regulating and targeting genomes. Nat Biotech 2014;32:347-355. Van Eenennsam 6/15/2019

Gene editing to produce
Tuberculosis resistant cattle

BOVINE TB SPREADING

How might gene editing be used in cattle
CBivis breeding programs?

R CE—

Intraspecies POLLED allele substitution No horns/welfare trait Carlson etal, 2016 Cattle tested positive for bovine TB CRISPR used in cows to help

Intraspecies SLICK allele substitution Heat tolerance Sonstegard etal, 2017 = flgh?: tuberculosis

Myostatin (MSTN) gene knockout Increased lean muscle yield Proudfoot et al 2014 ¥ 235 2541

Beta-lactoglobulin gene knockout Elimination of milk allergen ‘wetal, Al - S

Prion protein (PRNP) knockout Elimination of prion protein Bevacqua etal, 2016

Intraspecies CALPAIN & CAPASTATIN allele substitution  Improved meat tenderness v, ds

Insertion of lysostaphin/lysozyme transgene Resistance to mastitis Livetal., 2013 &2014

CD18 gene edit Resistance to bovine respiratory  Shanthalingam et al, 2016
disease I 2010: |

Insertion of SP110, NRAMPL Resistance to tuberculosis W etal, 2015; Gao etal, 2017 .. 28,541

SRY ion onto X All male offspring Owen etal, 2018 e

NANOS gene knockout Infertile males (for surrogate sire and Ideta et 2016 J,i“ ﬁ Gao et al. 2017. Single Cas9 nickase induced generation of NRAMP1 knockin
gonial celltransfer) . e catte with reduced offtarget effects. Genome Bl feb 115(113.

undated and modified from Van F L2017 Current Qoinign in 44:27.34 . jorthwest A&F University, Yangling, China

Genetic improvement (permanent, cumulative)
\ as a solution to animal disease rather than
SDavIS antibiotics/chemicals

Gene Edited Polled Calves
Naturally-occurring bovine allele at polled locus
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Carlson DF, Lancto CA, Zang B, Kim E-S, Walton M, et al. 2016.
Production of hornless Gary cattle from genome-edited coll ines.
Nat iotech 34: 479.81
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dehorning i i i i
YouTubes https:// oot be/-Qks LMmodw Current polled dairy sires have |nfr|o

genetic merit a

Average NM$ of the top 50% of polled

and horned Holstein and Jersey bulls
registered with the NAAB in March 2018
900

800

<+Daughters of polled Holstein sires will earn
less over their lifetimes

<Polled allele frequency is 0.0071

<+Adding polled to selection indices is not
effective

“If used exclusively polled sires would
increase inbreeding & slow genetic gain

Lifetime net merit (NM$)
o
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Polled (PP)  Polled (Pp)

LLED allele into the US dairy cattle population.
eeeee 102(5):4215-4226,
adolidcoy

Gene Edited Polled Calves

Simulation of introgression of the POLLED allele via

ICDAVIS conventional breeding versus gene editing ccoavis| - Naturally-occurring bovine allele at polled gene
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Even a female cow has to get “made up”
s for a glamor shot! CDAVIS
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Princess gets her 15 minutes of fame
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Winter is coming Picnic Day
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What percentage of animal products like milk, meat, and
eggs currently come from animals that have been
produced using genetic engineering?

Surveyed public audience on gene editing
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How do you feel about the use of gene editing
to address an animal welfare concern?

June 19, 2019

88% of respondents at this event were strongly

% or moderately supportive of using gene editing to
& address an animal welfare concern (i.e. polled)
&
S
‘
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Strongly Support Moderately ~Strongly Oppose  No ldea Dedline to N/A
e Answer

W After Presentation

Public attitudes towards genetically
modified polled cattle

e “In conclusion, many participants
:g‘k‘zzéi:]l{w:‘\gdeslawavdsgmeu(alky modified re pon‘e d pos itive attitudes
towards GM polled cattle; we
- suggest that people may be more

likely to support GM technologies
when these are perceived to

benefit the animal.”

McConnachie E, Hétzel MJ, Robbins JA, Shriver A, Weary

DM, von Keyserlingk MAG (2019) Public attitudes towards

genetically modified polled cattle. PLoS ONE 14(5):

©0216542. hitps://doi.ore/10.1371/iournal.pone 021654
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Van Eenennaam, A. L. 2017. Genetic Modification of Food Animals. Current Opinion in Biotechnology. 44:27-34
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If we really want to incorporate editing into animal
breeding programs - need to edit the next generation
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Primers that flank the
entire knock-in region

Primers that only
amplify if knocked-in
amplified from left side

Primers that show
gender of offspring

No knock-in: 520 bp
Knock-in: 2349 bp

No knock-in: -----
Knock-in: 1326 bp

No knock-in: -----
Knock-in: 1206 bp

Male (XY): 189; 208 bp

Joseph Owen, PhD student, Van Eenennaam lab, unpublished



https://doi.org/10.1371/journal.pone.0216542
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Approximate time series for production
of edited embryos
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Editing as a Cherry on Top of the Breeding Sundae

It will be able to introduce useful alleles without linkage drag, and
potentially bring in useful novel genetic variation from other species

Genome Editing
In vitro embryo fertilization (IVF)
Genomic Selection

¥ Embryo Transfer

Artificial insemination

Progeny testing

Performance recording

Development of breeding goals

Association of like minded breeders

June 19, 2019

Accelerated rate of gain when promoting 1-20 genome
edits in genomic selection
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Jenko, J. eta. 2015. Potential of promotion of alleles by genome editing to improve quantitative traits in livestock breeding

What if we could replace the testicles of average animals
with the germ line of the best animals in the breed?
Surrogate sire technology

Donor male

Genome-edited Germline ablated recipient male

SSCtransplantation

Donor SSC culture

% S —
T

Donor progeny Sow
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Surrogate line: En
Bi

100s of embryos
Gene edit embryos to %
be germ cell deficient

[PoR sslssionof malsemiryos |

Establish ESCs

[ Genomicsaesionol suporor mais ESCs Q]

Optionto gene edit ESCs
(e.9. SRY, POLLED, SLICK)

Germline complementation
Embryo transfer (o recipient cow

Gestation & maturation

R [ Erveormertsty sdpted (o5 Erahman) b vith
superior beef production (e.g. Angus) sperm
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No additional regulatory requirements if plants could
otherwise have been developed through traditional
breeding

Secretary Perdue Issues USDA Statement
on Plant Breeding Innovation

Blog

Disital
| Press metenses (Wachington, D.C.. March 28, 3018) - . Secretary of Aericutture
ued 2 statement providing clarification on
iculture’s (USDA) oversight of plants
breeding techniques which

Press Rele:
Felease Mo, 007018

Contact: USDA Press
[p——

Hsue fesdback on the new
USDAgoV design?

4 suchas

bringing needed new varieties ta farmers.

are ot plant pests or deveioped utiag plant pects. Thisciodes >
set ofnew techniques that are incroasingly being used by plant breeders o produce new plant varicties

xpand traditional because they can
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January 18, 2017 FDA draft guidance 187
considers all gene edited animals whose genomes have
been “altered intentionally” to be drugs

That does not
sound very
risk-based,

more process-

based

June 19, 2019

> 86.5 million genomic alterations (SNPs;
Indels) between different breeds of cattle

i
Hayes, B. J. & Daetwyler, H. D. 2018. 1000 Bull Genomes Project to Map Simple and Compl
Genetic Traits in Cattle: and Qutcomes, Annual Review of Animal Z1 " -

1000 Bull Genomes Project: International consortium sequenced 2703
cattle to 11x fold coverage

lex

This variety could ot have

Were modern molecular

June 11, 2019

Presidential Executive Order

been developed through traditional
breeding techniques, o it is a plant pest
or was developed using a plant pest

N techniques used to intentionally 7
{0 introduce alterations (including nucleotide Y

insertions, substitutions, or deletions)
into the animal genome?

Not subject to new

Not subject to regulation as a
animal drug regulation

genetically engineered organism

£ 22120109, m Ja f00d Yoner £ E0od Subgitied.

Executive Order on Modernizing
the Regulatory Framework for
Agricultural Biotechnology
Products

The Secretary of Agriculture (Secretary), the Administrator of the Environmental
Protection Agency (Administrator), and the Commissioner of Food and Drugs
(Commissioner), to the extent consistent with law and the principles set forth in

section 3 of this order, shall
“use existing statutory authority, as appropriate, to exempt low-risk
products of agricultural biotechnology from undue regulation.”

May 29, 2018

Canada has novel product based regulations

;lmating dehorning in dairy cattle *
E=m = nn o b recombinetics  SEMEX

Recombinetics formed an alliance
with Semex, a Canadian-based,
farmer-owned cattle genetics
organization to implement a
precision breeding program to
introduce hornless into elite dairy

|%:-ﬁ'¢‘:f | cattle genetics using genome editing|

(=] o b | \ 7
X -
L X
O
temporarily? Whelan Al, Lema MA.
3 s the final r gene editing anc
Not subject to regulationasa Yes product No '°ng "h‘ e 4
enetically engineered organism free of other new breeding
o~ techniques (NBTs)in
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Australian Office Gene Technology Regulator

October 31, 2018

Brazil has ruled an intraspecies allele substitution not a GMO

POLLED GENE

B ot gene technology Template-
not GMOs, not regulated guided

regulated,

B gene technology, not deletions
GMOs, regulated

Natural
mutati

+template  [E

oligonudeotde  long template

Inserting
transgenes

Would gene-edited polled Holsteins be subject to
additional regulations in this country?

July 25, 2018

European High Court rules all genome edits are “GMOs”

JCDAVIS ™ : ——- :
NimaL sciEnce Country Additional Regulations? | Basis of trigger/regulation?
4 ‘Court of Justice ofthe European Union Argentina . No Novel DNA sequence/transgene
bor SR Organisms obtained by is are GMOs —
g, within the meaning of the GMO Directive, in so far as Australia £ Yes Use of repair template
e All edits are the techniques and methods of mutagenesis alter the * .
going to be genetic material of an organism in a way th.al does not Brazil No Novel DNA sequence/transgene
i —— occur naturally. It follows that those organisms come,
8! in principle, within the scope of the GMO Directive @ik No Trait novelty (i.e. novel product risk)

*

as GMOs . and are subject to the obligations laid down by that

directive.

European Union Yes Is a GMO if used a mutagenesis

- technique not in existence before 2001
The Court states, however, that it is apparent from the

GMO Directive that it does not apply to organisms
woe oObtained by means of certain mutagenesis
: techniques, namely those which have conventionally
been used in a number of applications and have a
long safety record.” (defined as before 2001)

Japan No No exogenous genes

New Zealand Using of in vitro technique that modifies
the genes/genetic material

United States Yes New Animal Drug

1
7

Can’t Stop the Feeding
coavis|  YouTube: https://youtu.be/COMBIOBANHg
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Conclusions
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+ Gene Editing offers an approach to precisely knock out undesirable traits and
precisely introgress desirable traits in food animal breeding programs

It opens up new opportunities for animal breeders to address critical problems such as
disease resistance, animal welfare and resilience, and product quality traits

Currently there are a patchwork of proposed regulatory approaches for the use of gene
editing of food animal species which will potentially result in trade disruptions

Harmonizing the regulations associated with gene editing in food species is imperative to
allow both plant and animal breeders access to gene editin? tools to introduce useful
sustainability traits like disease resistance, climate adaptability, and food quality
attributes into global agricultural breeding programs.
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Thanks for inviting me!
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